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The use of implantable pumps for the heart support has proven to be a promising option for the treatment of advanced heart failure. Avoiding hemolysis and achieving high efficiency rates represent two of the main challenges in the miniaturization process. For the miniaturized pump configuration, the outlet guide vane is replaced by a volute. A method, based on the concept of constant angular momentum, is developed to facilitate the design process. The index for global prediction of the hemolysis MIH is modified for a local application, which enables to locate and understand the sources of hemolysis. A reduction of the pump's dimensions by more than 60 % is achieved, while improving the hydraulic efficiency and reducing hemolysis rates. An optimization of the impeller airfoils is still in progress.

INTRODUCTION

Heart failure is a form of cardiac disease in which the heart's pumping power is weaker than normal. This chronic disease is spread over twenty million people worldwide, out of that one million people need heart transplantation because of their advanced heart failure. In contrast, only 3000 people are donating hearts each year, which urges us to develop a technical solution as a substitute. Technical solutions can be distinguished as, (a) total artificial heart in place of natural heart, (b) heart support system called as Ventricular Assist Devices (VADs). Both solutions can be realized as intracorporeal (inside the body) or extracorporeal (outside the body) solutions. The use of intracorporeal solutions brings much higher life quality for the patient. The patient can leave the hospital and enjoy a "normal" life with work and leisure activities. The application of an artificial heart or a VAD could be following: The development status of total artificial hearts is very low. Only few applications are reported and the remaining life expectancy of the patients is relatively small. In the majority of heart failures, the left ventricle is damaged primarily. Therefore the main focus of research is dedicated on VADs for the left ventricle. The current research paper deals with an intracorporeal VAD for the application b), c) and d). The following requirements for the applications of heart support system can be defined:

• flowrate Q = 2,5 -10 l/min ; head H = 80 mmHg • high efficiency (very low heat and temperature rise tolerance for organism) • lowest damage of erythrocytes and thrombocytes in the blood inside the support system (erythrocyte damage has the higher importance) • low noise level (patients and their families feel very disturbed by noise emission) • life time longer than 2 years at least with low MTBFvalues • small dimensions • easy to implant (safe and easy attachment to the heart) • costs as low as possible A promising concept is the realization of a VAD as an axial flow pump. It has the advantage that the drive can be integrated into the pump easily and the most affected left ventricle can be supported by this concept optimally.The axial flow pump consists of the hydraulic part of the pump and the drive where the rotor is placed within a magnetic bearing. These pumps are available today and have already been implanted in a couple of thousands patients. It is usually placed below the heart as shown in Figure 1. The biggest disadvantage of the available solution is the relatively large dimension which restrict to use it. These VADs cannot be implanted in children and the use in women is limited because of the required space inside the body. The main target of our research work is the drastic miniaturization of the hydraulic part with respect to all of the above mentioned requirements. A simple way to reduce the dimensions of a pump is to increase the rotational speed. Unfortunately, this leads to non-acceptable damage of erythrocytes. The damaging mechanisms of the erythrocytes are complex. Very high shear rates for a short exposure time or lower shear rates for longer time, both can rupture the blood cells membrane, which is called hemolysis. Therefore, one of the leading parameter in the development of a VAD is to reduce the hemolysis inside the pump. Miniaturization of the pump and reduction of hemolysis are focused as main objectives in the current research work.

METHODS

Design of the pump

The requirements on the pump and the available space lead to an unusual design of the pump to some extent. The hydraulic part of the existing pump consists of an inlet guide vane, an impeller and an outlet guide vane. Miniaturization requires the modification of the pump, which leads to the idea to replace the outlet guide vanes by a volute with a radial discharge line. This configuration allows the attachment of the VAD in the direct vicinity of the heart. The suction line can be implanted directly into the heart and the discharge line is located parallel to the apex of the heart. The miniaturization gives the possibility to implant by using minimal-invasive methods.

For the impeller design two different methods are used, a semi-empirical method with consideration of cascade effects [START_REF] Wolf | Ein einfaches Berechnungsverfahren für Verdichtergitter[END_REF] and a method of singularities. Both methods are tested, in order to find the best method for the required pump data and small dimensions which lead to an unusually high …… ratio between the gap (impeller to impeller casing) and impeller diameter. For the design of the casing a method based ontthe principle of constant angular momentum is developed and used. One of the main challenges is to redirect the axial impeller outflow into a tangential outflow graft. Spiral volutes can be designed with various different cross-sectional shapes. For this specific application the shape is defined by splines in order to facilitate the most efficient use of available space and to leave many degrees of freedom to the designer. The result is an asymmetric volute that expands in radial and axial direction.

Fluid mechanical optimization

The investigation and optimization of the flow field is done by using numerical methods. Three-dimensional numerical models of the entire pump are created in order to perform URANSE simulations at different load conditions. For the investigation and optimization the commercial software package ANSYS CFX is used as a solver. To perform transient simulations, the k-ω-SST model is selected as it combines the advantages of the k-ε and the k-ω model. Curvature correction and the Gamma Transition model are used in order to account for the strongly curved streamlines and the low Reynolds numbers inside the pump respectively. Blood has non-Newtonian properties up to a shear strain rate of approximately 100 s -1 . At higher shear strain rates Newtonian properties can be assumed [START_REF] Oertel Jr | Bioströmungsmechanik. Vieweg+Teubner[END_REF]. The shear strain rates in all components of the pump are much higher than 100 s -1 so Newtonian properties with a constant dynamic viscosity of 0,0035 mPas is assumed for the blood. All simulations are performed on structured meshes with maximum values for y + aimed to be around 1 in order to fully resolve the boundary layer.

Optimization regarding hemolysis

As mentioned above, one of the main assessment criterion of the design of VADs is a limited hemolysis generation. Hemolysis is defined as the destruction of red blood cells (erythrocytes) under the influence of high shear rates. As a result of the cell disruption (lysis), the hemoglobin is released into the blood plasma irreversibly, whereby the erythrocytes lose their ability to bind oxygen [START_REF] Oertel Jr | Bioströmungsmechanik. Vieweg+Teubner[END_REF].

The standard way for the numerical hemolysis prediction is the use of a global criterion. In this project, the standard way is extended by use of a global and a local hemolysis prediction model. Both models are based on an empirical power-law approach, which takes into account the parameters involved in the lysis, shear stress and time of exposure to these stresses [START_REF] Oertel Jr | Bioströmungsmechanik. Vieweg+Teubner[END_REF]. The power-law correlation of Giersiepen et al. [START_REF] Giersiepen | Estimation of shear stress-related blood damage in heart valve protheses-in vitro comparison of 23 aortic valves[END_REF] is used, which rests upon the measurement of the ratio of plasma-free hemoglobin (∆ ) to the total hemoglobin concentration ( ) in the blood (Equation ( 1)).
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For the global hemolysis prediction model, the quantity Modified Index of Hemolysis MIH is derived from the damage fraction by means of = , ⋅ 10 . The MIH is an often used quantity for evaluating blood damage in medical devices. Following the idea of Garon and Farinas [START_REF] Garon | Fast Three-dimensional Numerical Hemolysis Approximation[END_REF], a time averaged, global MIH value is defined through Equation ( 2).
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where % is the rate of hemolysis production per unit time. This quantity can be depicted with respect to the power law by Equation ( 3).
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The correctness of the constants and exponents in Equation ( 1) and ( 3) has been called into question by research workers. This is due to the fact that the power law together with these exponents overrates the hemolysis to a significant degree. The reason for this error was additional damage to the blood cells due to the seal in the experimental device [START_REF] Taskin | Computational Characterization of Flow and Hemolytic Performance of the UltraMag Blood Pump for Circulatory Support[END_REF]. In spite of this fact, these constants and exponents have been widely used by many researchers.

In complex medical applications it is common to replace the shear stress tensor by a scalar representation [START_REF] Pauli | Transient Stress-and Strain-Based Hemolysis Estimation in a Simplified Blood Pump[END_REF]. In the present paper the scalar shear stress is calculated using the eddy viscosity, dynamic viscosity and the shear strain rate (Equation ( 4)).
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Through Equation ( 2), ( 3) and ( 4) and the time averaged quantities of a numerical simulation, it is possible to determine a single value, which can be used to estimate and classify the overall hemolysis behavior of a blood pump. However, local hemolysis information cannot be derived from ! .

The second, modified way of hemolysis assessment allows to predict hemolysis locally. This opens the possibility to pinpoint the location of high lysis inside the computational domain of the medical device [START_REF] Garon | Fast Three-dimensional Numerical Hemolysis Approximation[END_REF]. The model based upon solving a scalar transport equation in the computational domain. The solved scalar quantity is the linear damage fraction 8 . This parameter can be derived from the relation 8 = √ :.;<= . A hyperbolic partial differential Equation ( 5) is obtained through this definition. This equation is implemented in ANSYS CFX by use of the option Additional Variable [START_REF]CFX Documentation[END_REF].
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The source term % of this equation is the same quantity as in Equation ( 3). In post treatment, the linear damage fraction is transformed into local MIH values A = 8 .

⋅ 10 for the hemolysis estimation in the medical device.

A connection between the local and global model can be found through Equation [START_REF] Pauli | Transient Stress-and Strain-Based Hemolysis Estimation in a Simplified Blood Pump[END_REF]. A verification of the local hemolysis criterion is feasible using this equation.
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As mentioned above, the hemolysis in blood pumps is overestimated when ! is calculated using Equation ( 2) or [START_REF] Pauli | Transient Stress-and Strain-Based Hemolysis Estimation in a Simplified Blood Pump[END_REF]. Because of the overevaluation, its not reasonable to compare the numerically determined, overall MIH value with tolerable hemolysis indexes for blood pumps from experiments (e.g. in [START_REF] Franco | Advanced Therapy in Cardiac Surgery[END_REF]). However the numerically computed, global MIH value can be used to qualitatively compare the overall hemolysis behavior of different blood pumps. So it provides a means to classify medical assistant devices and is therefore a valuable engineering tool [START_REF] Garon | Fast Three-dimensional Numerical Hemolysis Approximation[END_REF]. Since the local hemolysis model also uses the Equation (3) as a source term, hemolysis is overestimated with this approach as well. Nonetheless, it is possible to identifiy and highlight regions with high lysis qualitatively.

Use of the modified method for hemolysis prediction

For the prediction of local hemolysis, additional transient numerical simulations are performed for the new impeller at nominal load. An additional transport equation is solved where the calculated scalar quantity is the linear damage fraction 8 . As initial condition, the damage fraction is assumed to be zero in the computational domain at time = 0 and similar to Taskin et al. [START_REF] Taskin | Computational Characterization of Flow and Hemolytic Performance of the UltraMag Blood Pump for Circulatory Support[END_REF], the transported quantity at the inlet and the scalar flux through the walls are set to be zero as boundary conditions. The calculation is executed over 40 impeller revolutions with time averaging for the last three revolutions. This long time period is due to the initial condition, because the blood damage by hemolysis must develop from zero to a statistically steady state. During the last revolutions, attention is paid to that the term F B3 ⋅ CD 8 '7
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shows a periodical behavior at the outlet of the rotational domain to guarantee reasonable time averaged values.

Optimization of the airfoil-shape regarding hemolysis at varying inflow conditions

Airfoils produce the lowest flow losses when the vector of the velocity meets the airfoil tangential to the camber line. The losses, and in our application the hemolysis, can increase significantly at varying inflow angles. The operating condition of VADs vary permanently with multiple factors like the remaining activity of the failed heart or the physical stress of the patient. In order to ensure low rates of hemolysis in the broadest possible range of operating conditions, an optimization process is in progress. A pulsating flow is realized as inflow condition for the optimization.

A full cardiac cycle takes around 0.8 seconds and the impeller of an axial VAD is rotated by several thousand revolutions per minute. Therefore more than one hundred revolutions of the impeller about its axis are simulated for a single cardiac cycle. In order to test different optimization algorithms the optimization problem is transferred into a 2D setup with an airfoil in a relative frame of reference as the first step.

The geometrical model consists of an airfoil section at a given radius of the impeller. Cascade effects are accounted for by the angular spacing between translational periodicities (Equation ( 7)). Assuming swirl-free flow at the inlet and constant revolutions per minute, the velocity components are derived from the velocity triangle. For the relative frame of reference the circumferential component G H is the reversed circumferential velocity and is constant over time. Since the flow rate varies over the cardiac cycle, the meridional velocity is time dependent as shown in Equation ( 8). This is realized using a discrete Fourier transformation (DFT) with a length of series of three (Equation ( 9)). The result is a pulsating meridional velocity, corresponding to a flow rate that varies from 3.2 to 6.1 l/min over a period of 0.79 s. The resulting inflow condition is shown in Figure 2. Radial velocity components are neglected. 
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The airfoil geometry is defined by a constant stagger angle and camber line which is superposed by a variable but symmetric thickness distribution. For the parametrization the bi-superellipse-profile (BSP) method by Bross [START_REF] Bross | Entwicklung neuer Schaufelgitter aus Profilen variable Geometrien zum Einsatz in Leiträdern drallgeregelter Turbomaschinen -Teil II[END_REF] is used. With this method the shape of an airfoil can be defined by a set of parameters just like NACA airfoils are described by their digits. The algorithm for describing the airfoil is based on the superellipse-equation (10).
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The camber line is described by a circular arc. The upper and lower surface of the airfoil are each defined by three separate super-ellipse curves for the front, middle and back part. This way the thickness distribution of the upper and lower surface could be described independently from one another but doing lso would alter the blade angles at the leading and trailing edge. This would mean that the circular camber arc does not coincide with the aerodynamic camber. In order to maintain the same pressure increase at BEP the blade angles must not be varied. For this reason the upper and lower surface of the airfoils in this study is always modified symmetrically to the camber line. A visualization of the BSP geometry definition is shown in Figure 3. Variable parameters for the optimization are the maximum thickness dmax, the location of maximum thickness xd and three more parameters n1, n2 and m2 which define the slope of the airfoil. All other parameters are kept constant.

A genetic algorithm from the MATLAB Global Optimization Toolbox is used in the first to create the populations and evaluate the fitness of the individuals because of its ability to find a global optimum. The maximum value for the wall shear stress that occurs on the airfoil over a full cardiac cycle is defined as the fitness function since high shear stresses are a main cause for hemolysis. In addition, low wall shear stresses indicate a smooth guidance around the airfoil in off-design conditions.

The transient simulations have been carried out with a time step size of 5•10 -5 s so that a full cardiac cycle is completed within 1580 time steps. In addition 200 initial time steps are given for each simulation to settle. These are ………... ……………………………………………….. 
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disregarded for the evaluation of the fitness function. The optimization by using BSB-profiles is still in progress and results will be shown in future studies. 

RESULTS AND DISCUSSION

The optimization process of the new components lead to a miniaturized pump with dimensions which are 60% less than those of the existing product, while being designed for the same flow rate. This will allow a much broader use of this new VAD. The placement of the new VAD compared to the existing one is shown in Figure 4. It can be seen, that the required space within the body is drastically reduced. The VAD could be implanted by using minimal invasive methods.

Despite the miniaturization, the new pump design outperforms the existing design in terms of hydraulic efficiency as shown in Figure 5. Hydraulic efficiency is very important in VADs since the dissipated losses lead to heating of the fluid and structures which may result in clotting of the blood. One of the reasons of the improved efficiency is the shortened cannulas that result from the intraventricular placement of the pump. Here and in all following diagrams, the operating points for both designs are the same and cover the normal range of an average adult's cardiac output. This excludes the upper of required flow rates, since these rates usually occur for very short periods of time. 

N ^= _ . .,`M& &&&&&&&&& a _ . . &&&&& b 2 3 (11) 
The plot of a normalized pressure loss coefficient, defined as in Equation (11), is shown in Figure 7 for both designs at nominal load. Even though the flow from the impeller approaches the guide vane blades without incidence, wide regions of pressure losses can be observed within the first part of the vane passage. This is due to a non-uniform flow field. Furthermore, there is a separation of the flow nearby the trailing edge, which causes mixing losses in the wake region. Inside the volute, there is a small zone of high losses right behind the volute tongue. It is caused by a minor separation zone. The losses increase over the volute's circumference and into the diffuser but remain on a much lower level ………… In Figure 6, the pressure head curves for the existing and new impeller are shown at the operating condotions where both pumps deliver the required normalized pressure head of 1 at Q/Qopt=1. As a result of the higher efficiency and the lower losses inside the volute, the impeller needs to provide a lower pressure head. The flatter progression of the pressure head curve is required by medical reasons and is realized in the impeller design. In Figure 8, the curves for the global hemolysis index ! of both designs are shown. While the values are nearly the same at BEP, the new pump shows significantly lower rates of hemolysis at both part load and overload conditions, despite the miniaturization of the pump. The increase in efficiency and decrease of hemolysis are caused by lower pressure losses inside the volute. Another explanation for the lower rates of hemolysis is the lower and flatter pressure-head curve of the new impeller.

………………. …………

The theoretical specific work c .d developed by the impeller is defined in Equation ( 12) where 3 N H disappears for swirlfree inlet flow. In that case the generated pressure head is the product of the impellers rotational velocity u2 and the fluids circumferential velocity component cu. High tangential velocities induce high shear stresses inside the clearance gap while the circumferential velocity leads to increased shear stress behind the impeller due to higher fluid velocities. This correlation is supported by the increasing gap in hemolysis rates and in the pressure-head curves of both designs towards part load and overload conditions. The local assessment of hemolysis allows the understanding of the main reasons for hemolysis. Local hemolysis is analyzed for the impeller. In a first step, the local hemolysis prediction model is verified. The averaged global MIH value is calculated on the basis of Equation ( 6) and the term B3 ⋅ CD 8 in post treatment. It shows a relative deviation of less than two percent from the MIH value determined with Equation (2). So, the local model is able to reproduce a global MIH value, which is comparable to the value of the global prediction model. Another source of hemolysis in that region is the leakage flow path between the rotor blade tip area and the impeller casing. To analyze this, the time averaged source term % of Equation ( 5) is shown on the impeller surface in Figure 10. This term describes the average rate of hemolysis production. High values between % ≥ 0.3 … 0.5 can be observed at the whole blade tip area. From this follows that the plasma-free hemoglobin concentration is increased (the erythrocytes are damaged because of shear stresses and release their hemointo the plasma) when the blood flows from the blade pressure side to the suction side through the gap. Because the plasma-free hemoglobin concentration and the local MIH value are linked through the Equation ( 1) and the relation A = ⋅ 10 , high MIH values are observable in that section. Furthermore, Figure 10 shows that there is a region with a high rate of hemolysis production at the leading edge of the blade. Thus, this region appears to be a source of lysis, too. However, only a small area with high MIH values can be identified on the blade suction side in channel 1. That is because the blood with a high plasma-free hemoglobin concentration at the leading edge is transported into the direction of the impeller casing by centrifugal forces. Together with the damaged blood from the leakage flow it is accumulated in the leakage vortex. This vortex structure can be clearly seen in Figure 9 

CONCLUSION

A numerical analysis and optimization of a transplantable heart pump was presented. It was possible to reduce the pump dimension by 60 % without negative changes in the pump characteristics. There are even improvements in the new design, for example a higher hydraulic efficieny and a reduced potential for blood damage. Furthermore, regions of pressure losses were analyzed and visualized by using CFD methods to find the main reasons for the better characteristics of the new, miniaturized turbomachine.

In order to further improve future pump designs, two new concepts were tested in the paper.

The first one was the analysis of local blood damage by using A &&&&&&&& . Sources of hemolysis were found at the blade's tip and leading edge and the impeller casing region. The idea of finding local blood damage sources could be used to further optimize impeller parameter like the blade's leading edge angle or the clearance gap.

The second concept was the optimization of the airfoil shape regarding hemolysis at pulsating inflow conditions. Unfortunately, the optimization process is still in progress. These results will be shown in future studies. 

NOMENCLATURE

  (a) Bridge to bridge: use until another therapy can be started (often used for a couple of hours only). (b) Bridge to recovery: use until a heart recovery happened (it happens in few cases only). (c) Bridge to transplant: use until a heart transplant is available (often used for a couple of months or years). (d) Destination therapy: use as a final solution until the end of life.

Figure 1 .

 1 Figure 1. Placement of the existing VAD-design.

Figure 2 .

 2 Figure 2. Volume flow rate equivalent to the meridional velocity for the simulated cardiac cycle.

Figure 3 .

 3 Figure 3. Bi-super-ellipse-profile definitions for a) camber line b) thickness distribution and c) the superposition of camber and thickness [9].

Figure 4 .

 4 Figure 4. Placement in the body of the new VAD compared to the existing one.

Figure 5 .

 5 Figure 5. Hydraulic efficiency of both pump designs.

  to the guide vane. As a result, the integral values for the pressure loss inside the guide vanes (7157 Pa) are almost twice as high as inside the volute (3637 Pa).

Figure 6 .

 6 Figure 6. Normalized pressure head curve of both impellers.

Figure 8 .

 8 Figure 8. Normalized global MIH of both impellers.

Figure 7 .

 7 Figure 7. Comparison of normalized pressure loss coefficient within the outlet guide vane (left side) and the volute (right side). N ^ definition bases on equation (11).

  The time averaged, local MIH valuesA &&&&&&&& are displayed in a cut plane through the impeller domain in Figure9. The values are normalized with the global MIH value calculated with Eqation (6). High magnitudes above be seen in the clearance gap region nearby the impeller casing. A reason for the high MIH values can be found in high shear stresses, which are present in the outer boundary layer owing to the no-slip condition of the fluid.

Figure 9 .

 9 Figure 9. Contour plot of the normalized, time averaged local MIH values in a cut plane through the rotational domain.

  as a large area with high local MIH values above A &&&&&&&& ! &&&&&&&&&& i ≥ 4 nearby the impeller casing and the inlet of channel 1. The plasma-free hemoglobin concentration is distributed within the blade channel while the convective movement of the fluid. As a consequence, large areas with ………. noticeable at the lower cut plane in channel 1. A Figure 10. Contour plot of the time averaged source term %̅ on the impeller surface in an isometric view, the cut plane shows the location of the contour plot in Figure 9.

Abbreviations

BEP:

Best Efficiency Point

MTBF:

Mean Time Between Failures

SST: Shear Stress Transport

VAD:

Ventricular Assistent Device

MIH:

Modified Index of Hemolysis