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Abstract. In this paper, research of optimization parameters of continuous flow heart pump is 
presented. The application of centrifugal pumps as heart assist devices imposes design 
limitations on the geometry of the heart pump. Geometry and pump parameters affect the 
performance and the hemocompatibility of the heart pump. The main quality assessment factor 
for heart pump is the pump hemocompatibility i.e., the amount of mechanical damage caused 
by a pump on blood cells. Besides stagnation zones and recirculation zones, wall shear stress is 
parameter that is used to predict pump hemocompatibility. Second important factor is minimal 
volume of heart pump with acceptable anatomical fitting. Additional factors are high efficiency 
and durability. The aim of the research is to propose the optimal design of bladeless centrifugal 
heart pump. The dimensionless optimization parameters of the heart pump design are derived 
from Navier - Stokes equation. In conclusion, dimensionless optimization parameters of 
bladeless centrifugal continuous flow heart pump are presented. 

1. Introduction 
In recent years, ventricular assist devices (VAD) and total artificial hearts (TAH) had become 
unrivalled tools for replacing a failed heart. Heart pumps are typically used to bridge the time to heart 
transplantation, or to permanently replace the heart in case heart transplantation is impossible. 
Through previous development and implementation, it was observed that pumps with continuous-flow 
output cause less blood damage and have superior properties than volumetric pumps with pulsating 
output [1]-[2]. Furthermore, a centrifugal pump is superior to axial flow device [3], [4].  
 Clinical data showed major complications with infections (80%), thrombosis (19%) and 
hemorrhagic events (14%). Most hemorrhagic events occurred as a result of antithrombotic therapy. 
This suggests that influence of heart pump on blood can be significant, hence the hemocompatibility 
should be priority when designing heart pump. Also, 10% of patients experienced a failure of the device 
[5]. Reliability, lifetime and bearings also have significant impact on hemocompatibility [6]-[8]. 

Indicators of hemocompatibility i.e., the amount of mechanical damage of blood cells, are: leukocyte 
and erythrocyte damage (hemolysis) as well as unwanted platelet activation causing thrombus formation 
(thrombosis) according to ISO 10993-4 [9], [9]. 

Numerical and experimental results show increased hemolysis as a direct result of higher shear 
stresses and longer residence times [4]. Hemolysis was found to increase linearly with exposure time and 
exponentially with respect to shear stress [11]. The exposure time is increased as a result of stagnation 
and recirculation zones. 

The wall shear stress (WSS) is the parameter that can be used to predict thrombus formation [11], 
[12]. Generally, thrombus formation occurs when WSS is less than 0.4 Pa [13]-[15].  

http://creativecommons.org/licenses/by/3.0
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Besides stagnation and recirculation zones, wall shear stress is main parameter that is used to 
predict pump hemocompatibility. Further research aims to improve pump design in order to achieve 
greater hemocompatibility. 

2. The design of bladeless centrifugal heart pump 
The aim of the research is to propose the design of the bladeless centrifugal heart pump by adaptation 
of the principles of Tesla pump (Figure 1 and Figure 2). The bladeless centrifugal heart pump creates 
less shear stress, as the flow is created due to adhesive and cohesive forces, without impact of blood 
cells on rigid blade surfaces resulting in greater hemocompatibility. 
 

 

Figure 1. Geometrical model of bladeless 
centrifugal heart pump [16]. 

 

 

Figure 2. Cross section of bladeless 
centrifugal heart pump [16]. 

 
 Research of pump properties is based on applying turbomachinery principles, fluid dynamics 
theory and dimensional analysis. The influence of design parameters on the pump hemocompatibility 
is researched. Design parameters are pump head and flow ( ,p Q∆ ), internal and external disc diameter 

( 1 2,R R ), distance of discs (h), and angular velocity (ω ). 
Essential criteria in heart pump development are pump head and flow. For the essential criteria it is 

necessary to develop blood pump of acceptable hemocompatibility. Second important factor is 
minimal volume of heart pump with acceptable anatomical fitting. Additional factors are high 
efficiency and durability. 

3. Optimization parameters 
Research of pump properties is based on applying turbomachinery principles, fluid dynamics theory 
and dimensional analysis on the differential volume of the fluid between two discs (Figure 3). The 
dimensionless optimization parameters of the heart pump design are derived from the continuity 
equation and the momentum equation (Navier - Stokes equation). 

 

Figure 3. The cylindrical differential volume (red) [16]. 
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3.1. Cartesian coordinate system 
The cylindrical differential volume is fluid volume between two cylindrical discs. The distance of 
discs is h, also fluid has constant density and dynamic viscosity. The cylindrical differential volume is 
rectified (Figure 4). The coordinate axis θ  correspond to coordinate axis 1x , coordinate axis z  

correspond to coordinate axis 2x , and coordinate axis r  correspond to coordinate axis 3x . 
 

 

Figure 4. Cartesian coordinate system [17]. 
 

The fluid is assumed Newtonian and incompressible. The flow is stationary, planar and laminar 
with fully developed velocity profile. The effect of gravity is neglected [17], [18].  
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The laminar flow is described with continuity equation and momentum equation [17], [18]. The 
continuity equation: 
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The equation (1) applied on equation (2) results in 2 konst.v C= =  The momentum equation: 
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The equation (4) further develops in: 
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After second derivation and implementation of boundary conditions 2 10,x v u= =  and 2 1,x h v u= = , 
equation (7) becomes: 

 ( ) 2
1 2 2 2

1

1 d

2 d

p
v x x h x u

xµ
 = ⋅ − ⋅ +   (8) 

The equation (8) shows that velocity is a function of angular velocity and radius, 

1 ( ) ( )v f u f rω= = . Therefore, it is necessary to observe the above mentioned problem in the 
cylindrical coordinate system.  

3.2. Cylindrical coordinate system 
It is impossible to exactly solve fluid flow in cylindrical coordinate system (Figure 5), so the velocity 
profile from the equation (8) is obtained. The application of equation (9) on Navier-Stokes equation in 
cylindrical coordinates is acceptable approximation [18]. The velocity profile in the cylindrical 
coordinate system: 

 

Figure 5. The cylindrical coordinate system of the 
differential volume [18]. 
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The wall shear stress (WSS) is the parameter that can be used to predict thrombus formation. The 
wall shear stress in cylindrical coordinate system is: 
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The equation (10) is further solved: 
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The equation (11) can be simplified with next expression: 

 
∆

2

dp p

d rθ π
=  (12) 

Finally, the wall shear stress is shown with next expression: 
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p
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The wall shear stress have maximum and minimum quantity on the surface of the discs ( 0,z z h= = ). 
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The other important factor is pump flow. The pump flow in cylindrical coordinate system is 
defined with: 
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After solving double integral in equation (15), pump flow is derived: 
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3.3. The dimensionless optimization parameters 
The pump flow equation (16) can further be rearranged [19]. The second part is divided with 2

1R , and 

then the whole equation can be multiplied with 
2
1

2

hRω
, resulting in: 
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The Reynolds number is: 

 1Re
R hρ ω

µ
⋅ ⋅=  (18) 

The Reynolds number formula is implemented in equation (17): 
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The equation (19) can be further rearranged in dimensionless form [9]: 
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In equation (20), dimensionless optimization parameters are: 
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In the turbomachinery theory it is normal that dimensionless parameter of pressure is a function of 
other dimensionless parameters, the equation (20) is further rearranged in following manner:  
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Furthermore, the equation (13) that shows final form of the wall shear stress can also be displayed 
in dimensionless form: 
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4. Conclusion 
The dimensionless optimization parameters of bladeless centrifugal continuous flow heart pump are 
presented:  

� dimensionless pump flow parameter: 
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� dimensionless pump head parameter: 
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� dimensionless radius (geometry) parameter: 
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� dimensionless wall shear stress parameter: 
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The essential criteria are pump head and flow (,p Q∆ ) which are defined with exact values. 
Furthermore, the value range of the wall shear stress with acceptable hemocompatibility is also defined.  

The rest of design parameters: internal and external disc diameter ( 1 2,R R ), distance of discs (h), 
and angular velocity (ω ) have to be determined. The unknown values of design parameters (

1 2, , ,R R h ω ) have to be determined in a way to fulfil constrains of the dimensionless optimization 
parameters with respect to minimal volume of the heart pump. 
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