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Abstract. Computational Fluid Dynamics (CFD) has been used for developing and
evaluating a novel axial flow blood pump. The pump embodiment includes two counter-
rotating impellers with independent motorization. This device could be used as an
implantable pump for boosting blood circulation in patients whose hearts are not pumping
at an adequate cardiac output. The blood pump was designed for a flow rate of 5 L/min
and 100 mmHg of head pressure and a combination of counter-rotational speeds of 8400
rpm and 3900 rpm for the inlet and outlet impellers respectively. From the CFD results it
is concluded that an embodiment including two counter-rotating impellers is hydraulically
feasible.
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INTRODUCTION

The design of rotary blood pumps is a trade-off among several features. Antitraumatic and
antithrombogenic characteristics in this type of cardiac assist devices are difficult to obtain
simultaneously (1).

Axial pumps generally include an impeller and a stationary diffuser with fixed blades at
the outlet of the impeller (2-4). A stationary diffuser de-accelerates and redirects the flow
to boost pump performance. However, it can generate stagnation and recirculation zones
where probability of undesirable blood clot formation is increased (5-8). The novel design
under study has a second counter-rotating impeller instead of a stationary diffuser. The
flow at the pump outlet is axial (absolute velocity vectors parallel to the rotation axis) for
predetermined combinations of counter-rotational speeds of the impellers.

Computational Fluid Dynamics (CFD), which is widely used currently as a tool to analyze
and test rotary blood pumps (9), has been used for design, development and validation of
the hydraulic concept of two counter-rotating impellers.

Materials and Methods

The novel design includes a pump housing and two counter-rotating impellers. Each
impeller has three blades and an 8 mm diameter hub. The fluid flows in a 15 mm diameter
duct (Figure 1).

If we assume one-dimensional, stationary and ideal incompressible flow, then the
continuous fluid flow behavior through a rotary pump fitted with blades is mathematically
defined by the Euler equation (10-12).

According to the Euler equation an axial flow is obtained for a given speed of the outlet
rotor, moreover if an axial inflow is considered, the following expression is concluded
(13):

g.H, __ g.H,

n,.0, n;.0,

o;, Mi, Hi, g angular velocity, efficiency, head of each impeller and acceleration of
gravity.

Where sub-indices 1 and 2 are for the first and second rotor respectively.

Having (H; and H;) and (1, and M) positive signs, the previous equation is valid only if
®; and ®, have opposite signs. This is the reason why the proposed configuration includes
two counter-rotating impellers. A stationary diffuser is no longer necessary in this
arrangement.

Counter-rotational speeds of 8400 rpm and 3900 rpm for the inlet and outlet impellers
respectively were set for this analysis
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Bench Test

H-Q curves of the pump were obtained in a bench test using a solution of glycerin and
water with a viscosity of 3 cp. The pump was connected to a 500 mL reservoir with %2 in.
PVC tubes, and a screw clamp was applied to produce the require conditions. Flow
(L/min) and differential pressure (mm Hg) were measured for fixed combinations of
counter-rotating speeds

Numerical method and CFD model

A finite volume numerical solution technique and multiple frames of reference were used.
ICEM CFD Hexa (AEA Technology, Ontario, Canada) was used for grid generation.
CFX-TASCflow (AEA Technology) CFD software package was used for boundary
conditions setup, solving and post-processing of results.

Runs with increasing mesh refinement were performed to determine sensitivity of the
computed solution to the mesh size. Two models of turbulence were analyzed, a standard
k-€ model with a mesh of 137,747 nodes and a k-0 model with a mesh of 271,679 nodes.
The principal difference between these two meshes is the finer near wall mesh for the k-
® model.

An axial flow of 5 L/min was set as a boundary condition at the inlet. Given that the flow
was considered incompressible and we are interested in differential values, an arbitrary
pressure of zero Pascal was set at the outlet. Frozen-rotor interface at the sliding face was
used for simultaneous simulation of both counter-rotating impellers.

A skew of 3 and a physical advection correction were used for discretization. All walls
were considered hydraulically smooth. Blood was assumed to be a Newtonian fluid with a
density of 1.055 Kg/m’, and a viscosity of 3 cp

K-¢ analysis

As a first step of a general efficiency analysis a standard k-¢ method was utilized, which
is widely used for turbulence models (14-20). It has proven to be stable and numerically
robust. A logarithmic velocity profile and a scalable wall function were set as a wall
boundary condition. The wall-function approach in CFX-TASCflow is an extension of the
method of Launder and Spalding (21). The near wall tangential velocity is related to the
wall-shear-stress by means of a logarithmic relation. Scalable wall-function formulation
developed by CFX can be applied on arbitrarily fine grids and allows the user to perform a
consistent grid refinement independent of the Reynolds number of the application. The
basic idea behind the scalable wall-function approach is to assume that the surface
coincides with the edge of the viscous sublayer, which is defined to be at Y+ = 11. This is
the intersection between the logarithmic and the linear near wall profile. The computed Y+

1485



M. Chimenti, L. Varela, E. de Forteza, R. Favaloro

is not allowed to fall below this limit. Therefore, all grid points are outside the viscous
sublayer and all fine grid inconsistencies are avoided.
The time step was reduced to 0.01 (s) to promote convergence.

K-o analysis

k-® SST (Shear Stress Transport Model) model of turbulence is more adequate for low
Reynolds number. It was used for a more detailed study of the fluid flow. A fine enough
grid was used near the walls in order to have approximately a Y+ number below two in all
walls.

One of the major problems of standard two-equation turbulence models is that they often
fail to predict the onset and the amount of flow separation under adverse pressure gradient
conditions. The k- based Shear-Stress-Transport (SST) model of Menter (22) was
designed to give a highly accurate representation of the separation phenomena by the
inclusion of transport effects into the formulation of the eddy-viscosity. The superior
performance of this model has been demonstrated in a large number of validation studies
(Bardina et al).

The time step was set to 0.0002 (s) in this case to promote convergence.

RESULTS AND DISCUSSION

Figure 3 shows experimental and CFD characteristics curves of a pump with two counter
rotating impellers.

Four combinations of rotational speeds were evaluated experimentally. These curves show
the range of operation of the pump and its capacity for working in different regimens. One
combination of rotational speeds was evaluated numerically using a k-€ and k-® models of
turbulence. The k-€ model agree well with the experimental data at values of flow rates
close to 5.5 L/min and the k-® model agree better for values of flow rates close to 5
L/min. However for greater values of flow rate experimental differential pressure values
are below CFD analysis and the opposite for lower values of flow rate. A similar tendency
was reported by Wood and Mitoh (23-24), This disagreement has not been solved yet and
further study is required to solve this problem.

CONCLUSIONS

According to results, a two counter-rotating impellers pump could be a new approach for
the solution of the left ventricle assist problem. Additional experimental in-vitro tests are
necessary for design validation. CFD is a useful tool for hydraulic design and
development, however it is a one-sided perspective.

Correlation of results with experimental data must be improved and further studies are
required.
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