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Abstract. This work presents a design methodology for oscillating blade pumps using numerical simulations. The aim is to
design a pump with low frequency and efficient. The blade performs a propagating transversal wave. Contact between the
blade and the pump case is avoided and the velocity between blade and pump case should be low. A numerical simulation
tool is required since an analytical solution is not feasible. The Finite Elements Method is used to solve the Navier-
Stokes equations and the blade movement is represented through moving boundaries. A search algorithm is employed
to determine inflow velocity. Numerical simulations were performed. The efficiency and pressure head were computed
for twenty sets of design parameters. Twelve electromagnetic actuators and five differential capacitors had been built to
control the blade movement. Amplitude of oscillations and frequency of oscillations are design variables. A map from
design variables to efficiency and head pressure was computed.
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1. INTRODUCTION

The aim of this work is to develop a design tool for a pump with low frequency of ondulatory movements of a
single oscillating blade. Several authors are developing oscillating blade pumps, Laser (2003), Triantafyllou (1996),
Triantafyllou (1995), Gopalkrishnam (1994). Through a deep analysis of fish movements the principles of oscillating
blade propulsion were explained and used in pumps. On one side, there are oscillating pumps which mimic ostraciiform
fishes and the movement of the blade is called oscillatory, Nakasone (2005). On the other extreme, there are pumps that
mimic anguilliform fishes and the movement of the blade is called ondulatory. The design tool developed in this work
is concerned with ondulatory movement of the blade, which is expected to generate lower hemolysis rate in a biological
context.

The numerical simulation of the flow through the pump gives the field of velocity and the pressure field. The velocity
and pressure fields are used to compute the efficiency of a particular pump design. Once the efficiency can be computed,
a procedure to find an optimal set of design parameters can be implemented.

1.1 Moving Boundaries

It is necessary to solve Navier-Stokes equations imposing the movement of the blade. This is accomplished using
the concept of moving boundaries. Moving boundaries can be implemented with or without mesh deformation, Turek
(1998). The implementation of moving boundaries is accomplished without mesh deformation and this region is called
artificial moving boundaries. The fluid has null normal velocity relative to the moving boundary. The moving boundary
corresponds to a region that moves inside of a fixed domain, it imposes restrictions to the velocity field.

1.2 Control Volume

The domain represents a duct of square transversal shape. On one extremity the blade is hinged. On the other extremity
the blade is simply supported. The imposed boundary conditions are the outlet surface mean pressure, the inlet surface
velocity distribution, blade shape, blade amplitude and blade movement frequency. The flow of an incompressible fluid is
represented by the Navier-Stokes equation (1) and the continuity equation (2),

i, — VAT +aVi+Vp=f (1)
Vi=0 2)

where p is the normalized pressure, namely, pressure divided by density, see equation (3), p is the density, u is the velocity
vector, and f is the vector of field external forces.
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1.3 Blade Movement

The blade movement is given by equation (4), which is a propagating sinusoidal wave, attenuated at the extremities by
equation (5). The product of these two equations is called as blade wave equation (6).

Asin (g(x —xq) — (bAt) 4)
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where z( and y are the coordinates of the origin of the blade, z and y are the coordinates of a point of the blade, cv is the
blade length, ¢ is the angular velocity and ¢ is time.
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Figure 1. Blade wave equation.

2. Methodology

The basic tools to search for the optimal design parameters are a numerical pump, which is an algorithm for the
determination of velocity and pressure fields, a performance index, which is the mechanical efficiency of the pump in
the present work but can be extended to incorporate the hemolysis rate in a future work. An experimental pump is under
development to evaluate the performance of the numerical pump. In the following paragraphs the status of these three
basic elements are described.

2.1 Experimental Pump

The dimensions of the experimental pump are the same as dimensions of the numerical pump. The adopted fluid in
this work is water and, therefore, the kinematic viscosity is 0, 993¢—6 m/s at 20°C.

To control the blade shape, 12 electromagnetic actuators were developed and it should work as shown on Figure (2),
which represents only one side of the pump. The blade is made of ferromagnetic 0.02 mm thickness stainless steel.

The current intensity on each actuator is determined by feedback control, given the blade movement. Equation (6)
determine the target displacement history on each actuator.

The non linear characteristics of the electromagnetic actuators must be taken into account. The control strategy is a
MIMO state-space pole allocation algorithm.

2.1.1 Electromagnetic Actuators

The electromagnetic actuator have a core made of silicon iron blades with oriented grains overlapped with Epoxy
layers. The force induced by one solenoid is given by equation (7), Boffi (1977), which represents a non linear relationship
between force f and current ¢, as well as, a non linear relationship between force and distance y.
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Figure 2. Schematics of electromagnets acting on the blade

where n is the number of turns of the solenoid, y is the electromagnetic permeability of air, [ is the width of the solenoid
and d is the length of the solenoid.

2,2 72
o nZi- 1
fmag = Hbomba T ? (8)

The electromagnetic attraction force over a blade region was experimentally determined, as shown in Figure (3).
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Figure 3. Electromagnetic attraction force over a blade region. Note the hyperbolic behavior of the force.

Having determined experimentally the electromagnetic attraction force, it was estimated the average electromagnetic
permeability of aluminum, water and electromagnet core, see Figure (4).

2.2 Displacement Sensors

Differential capacitive sensors were built to serve as displacement sensors. One plate of the capacitor is a gold covered
cupper square electrode of 1cm?, attached to the pump case inner wall and electrically isolated of the pump case. The
other plate of the capacitor is the blade itself. The electric potential is measured between the cupper electrodes and blade,
as shown in Figure (5). The fluid is the dielectric element. When the blade moves, the gap on each capacitive sensor
changes.

According to Webster (1999), the capacitance is governed by the equation (9),

C=C(s,x,pn) 9
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Figure 4. Effective electromagnetic permeability of aluminum, water and electromagnet core.
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Figure 5. Differential capacitive displacement sensor.

where s is the area of the plates, & is the distance between the plates, u is the magnetic permeability of the work fluid,
L 1s relative the magnetic permeability and p is the dielectric constant of the vacuum. The variation of the capacitance
throughout the distance = becomes

dc Hr oS
o~ 11
dx 2 an

Therefore, the sensitivity of the sensor is inversely proportional to the square power of the distance between the
electrodes.

2.3 The Numerical Pump

The Finite Elements solver, Featflow-1.3RC3 (2005), is capable of imposing artificial moving boundaries and uses a
multi-grid strategy to search for the solution of the Navier-Stokes equations. The multi-grid strategy gives robustness and
speed for the computation. Typically the more refined mesh has 6 thousands nodes. The elements used were quadrilateral
elements with piecewise rotated bilinear shape functions for velocities and piecewise constant pressure approximations.

The initial input velocity profile is a required initial boundary condition to solve Navier-Stokes equations through
Featflow. A simple iterative algorithm was made to impose this initial condition. The average initial input velocity was
taken as the smaller average velocity that gives positive pressure head.

2.4 Performance Index

The power efficiency was computed considering the power given by the pump divided by the power given to the pump.
Three terms are evaluated, the power given to the pump by the inlet surface F;,,, the power given to the pump through the
blade displacement Py, and the power given by the pump through the outlet surface F,,;, see equation (12).

Pout
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(12)
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The term Py, is the integral of the work done by each element of the blade. The displacement of each element of
the blade is computed by equation (6) and a certain time interval A¢. The resulting force on each element of the blade is
evaluated using Newton’s second law, which implies taking into account pressure on both sides of the blade, shear forces,
and inertial forces.

The term P, is the integral of the work done by each fluid element on the inlet surface. The displacement of each
element is computed as velocity times the time interval At. The external force acting on each fluid element is evaluated as
pressure times element area. The work done is the product of external force on each fluid element times the displacement.
The pressure and velocity fields are given by the solution of Navier-Stokes equations.

The term P,,; is the integral of the work done by each fluid element on the outlet surface. The displacement of each
element is computed by velocity times the time interval At. The external force acting on each fluid element is evaluated as
pressure times element area. The work done is the product of external force on each fluid element times the displacement.
The pressure and velocity fields are given by the solution of Navier-Stokes equations.

2.5 Dynamic Blade Control

A FEM structural model was used to represent the blade with six beam elements. The number of elements was chosen
such that each node lies in the position where an electromagnetic force is applied. On the same nodes displacements are
measured. The control algorithm limits the transversal displacements in y direction. The longitudinal displacements, in
z direction, are neglected. The shortening of the blade is not considered in the structural model of the blade. Taking into
account actuators and sensors, the system state is controllable and observable. Therefore a pole allocation linear control
strategy can be implemented

2.6 Numerical Results

Twenty sets of design parameters were numerically simulated, according to table 1. Each simulation required 4 hours
on a Pentium 4, 2.2 GHz. The performance behavior, of some simulation is shown on Figure (6). Observe the pulsatile
characteristic of the pump with the chosen parameters. Note also that when the frequency is doubled, the number of pulses
per second is doubled.

Table 1. Sets of design parameters

Freq. [Hz] | Amplit. [cm] | Ang. Speed. [rad/s] | Wave Length [cm]
1 0.10 T 12
0.15 107 12
10 0.20 207 12
15 0.25 307 12
20 - - -

amplitude 0.25cm
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Figure 6. Power efficiency vs. oscillating frequencies.
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Results of efficiency versus frequencies for several amplitudes are shown in Figure (7). Results of pressure head versus
frequencies for several amplitudes are shown in Figure (8).
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Figure 7. Efficiency vs. frequencies for several amplitudes.

head press
0.35 : : : : :
¢ 0.10cm
% 0.15cm
©- 0.20cm
031 = 025cm 1
a
o
0.251 E
a
. o02f " 4
S
[e]
£
0.15F o E
%
0.1f © R
*
e}
o
0.051 * o g
. o
0 i . . . . . . . .
0 2 4 6 10 12 14 16 18 20

8
frequency [Hz]

Figure 8. Pressure head vs. frequency for several amplitudes.
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3. Final Comments

A design methodology for ondulatory blade pumps was developed including a numerical simulation methodology to
compute the mechanical power efficiency, an algorithm to determine the inflow velocity and a map from design parameters
to efficiency and pressure head. An experimental ondulatory pump is being assembled using the results of the numerical
simulations presented. The experimental pump will be used to compare numerical results and measurements of pressure
heads and flow.
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