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Abstract. Cardiopulmonary bypass with extracorporeal blood oxygenation has become one of the most frequently
performed classes of procedures worldwide. Cerebral damages after cardiac operations have been widely recognized
since the early days of open-heart surgery and it happens because emboli are introduced into the patient’s arteries.
Interposition of a filter in the arterial line of the extracorporeal circuit has been one of the proposed methods for
avoiding cerebral damage during a cardiopulmonary bypass. The presence of the blood filter will induce a resistance
to the blood flow and this resistance can be described in terms of pressure drop across the arterial blood filter and its
level must be kept below a threshold value otherwise red blood cells will be damaged. The aim of this work is to
evaluate the pressure drop across arterial blood filter and visualize the global flow structure inside the filter. A test
bench was developed and visual tests and pressure drops were measured at different flow rates. Finally the flow across
the filter was simulated and numerical results were compared with the experimental data. Results shown a good
agreement between both methodologies.
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1. INTRODUCTION

Nowadays cardiopulmonary bypass (CPB) with extracorporeal blood oxygenation is a very common practice.
Microembolization occurs during CPB due to the presence of bubbles air, thrombi, platelet aggregates and pieces of
plastic into the arterial line as cited by Waaben et al. (1994). Microemboli can cause organ dysfunction, especially in
the brain, liver, lung and kidney. The use of a blood filter in the arterial line of the extracorporeal circuit has been one of
the proposed methods to retain microemboli thus avoiding organ dysfunction.

Interposition of a filter in the arterial line of the extracorporeal circuit has been one of the proposed methods to
avoid cerebral damage during CPB (Aris et all., 1986). The use of these filters has increased in the last years.
Accordingly Mueller et all. (1999), three reasons seem to justify the systematic use of arterial line filters.

e They are excellent gross bubble traps,

e There is an increasing evidence that membrane oxygenators are associated with significant reduction, but not
complete elimination, of microbubbles delivered to the patient,

e And finally, their wide use suggests that there is a little adverse effect from their use.

The use of an arterial line filter has also some disadvantages. A pressure gradient can be built up across the filter
inducing a switch to an external bypass line. There is also a risk for air embolism because air trapped in the filter during
initial filling may be ejected later into the patient. Finally line filters may damage blood elements. Although the foci of
thrombus formation and embolization in the arterial filter were recognized, no quantitative information about rate, size
and amount of emboli shed from the filter, nor about the interrelationship of trapping of emboli in the arterial filter and
thrombi formed and emboli shed from arterial filter is available (Dewanjee et all., 1992).

The analysis of flow through the arterial blood filter and its effect over the blood cells constitute an essential tool to
the development of arterial blood filters. The development of blood filters available in the market have been made by
the trial and error method which is a long, expensive and inefficient process. Flow analysis techniques used in
engineering can be a great support in the project of blood filters. The flow analysis have been done through experiments
or by the use of numerical solutions. Andrade et al. (1997) made use of a flow visualization technique to improve the
project of a blood pump. Pinotti e Paone (1996) used the laser Doppler anemometry technique to study the flow inside a
blood pump and estimate the damage occurred due to it. Castellini et al. (2004) made use of the particle image
velocimetry to evaluate the flow in a cardiac valve. Huebner (2003) utilized flow visualization technique by dye
injection, Laser Doppler anemometry and Particle Image Velocimetry to evaluate the flow of several blood filters
produced in Brazil. Burgreen et al. (2004) and Untaroiu et al. (2005) made use of flow visualization techniques in
conjunction with numerical simulations to evaluate the flow in a ventricular assistance device. Gage et al. (2002) and
Gartner et al. (2000) evaluated the flow in membrane oxygenators using computational fluid mechanics. It can be
noticed that the use of numerical simulations together with experimental techniques can be usefull in the development
of devices like blood pumps, oxygenators and arterial blood filters.
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The aim of the present work in to evaluate the pressure drop across an arterial blood filter. A test bench was
developed and a solution of water and glycerin was used as working fluid. Finally the pressure drop was analyzed
numerically and the results compared with the experimental data.

2. METHODOLOGY

2.1. The Blood Filter

The filter studied is used in cardiopulmonary bypass procedures. The filter is made of acrylic and polyester is used
in the filtering element. The filtering element has a porosity of 40 um. The filter inlet and outlet connectors have a
diameter of 9,5 mm and are made of reinforced acrylic. The filter is projected to be used in adult patients and can be
operated with a maximum flow rate of 6 liters per minute. It has a bypass line that can be used in situations where the
filtering element pores are closed and another line is used to eliminate air trapped by the filter. Figure 1 shows a
schematic view of the tested filter, its elements and how it works. In figures 1, blue arrows are used to indicate
unfiltered blood while red arrows indicate filtered blood.
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Figure 1. Schematic view of the filter
In this filter blood flows through the inlet connector, located at the upper part of the filter, and describes a
descending helical movement while it flows along the inlet channel. During this helical movement the blood flows
through the filtering element, reaches the outlet channel and flows in direction of the outlet connector, located at the
bottom of the filter.
2.2 Numerical Model
The flow can be modeled by the Reynolds-averaged Navier-Stokes equations (llinca et al., 1997):
Continuity equation
Vi=0 (€
where, i represents the velocity vector.

Momentum equation
puVG =-Vp+V|(u+ Vi + Vi) @
where p represents the density, p the pressure, u the velocity vector, u the fluid viscosity and ur the turbulent viscosity.

There are many two-equation models used in practice today. Among them is the k-¢ model, which has been used
most frequently for low-speed incompressible flows in isotropic turbulence (Chung, 2002). In this model the turbulent
viscosity is computed as
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The system is closed by including the transport equations for k and «,

pli.Vk =V. [u+u—Tij}+uTP(U)—pe (4)
— O-k
I P g’
piVe=V|| u+ Ve |+C, < 1 P(@)-Cop - ®)
| o, k k
where the production of turbulence is defined as
P(d)=va(va+va") ®)

The constants C,, , Cy, C,, ok € o, values are those proposed by Launder and Spalding (1972). The value of each
constant is shown on table 1.

Table 1. Constants values for the K-¢ turbulence model

C,=0,09 | Ci=1,44 |C=1,92 | 5,=1,00 | 5,=1,30

The boundary conditions for inlet were defined with a pressure reference, subsonic flow regime and k-¢ turbulent
flow. Values of k and € were evaluated accordingly the equations (7) and (8) (Versteeg e Malalasekera, 1995).

3

=TS ™
3/2

e=c)* K (8)

0,07L

where U, is the average velocity along the inlet section, L is a characteristic length, in this case the connector diameter
and T; is the turbulence intensity equal to 5%. The boundary conditions for walls were the no slip. For the outlet, the
boundary conditions defined with subsonic flow regime and mass flow rate accordingly the flow simulated.

The effect of the filtering element was simulated using Darcy law (Gage et al. 2002). The pressure drop is included
in the source term of the momentm equation along the radial direction.

ap=H v ©)
KP

where P is the mean static pressure, p is the dynamic viscosity , K, is the permeability of the porous media e V is the
superficial velocity.

Simulations were performed considering a working fluid with transport properties similar those of the blood during
extracorporeal circulation. The simulations were performed considering flow rates of 1.5, 3.0 and 4.5 I/min and the
results compared with experimental data.

The SOLIDWORKS™ software was used to generate a virtual model of this filter, including every component.
Three different volumes were created: the region where the blood flows before the filtration, the filtering element and
the region where the filtered blood flows. A small extension was added to the entrance and exit connectors, attempting
to approximate the real conditions of the flow. The volumes were exported to the ANSYS™ Workbench which
generated the meshes of each part of domain. The software used to perform the numerical simulation was the CFX™
V11.0. Figure 2 shows an overview of the mesh at the surface of domain.
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Figure 2. Overview of discretized domain

Figure 3 shows details of the mesh. At the left side, it can be seen the detail of the attachment of inlet connector with
the filter body. At the right side, it is possible to notice the fine grid near the wall surrounding the exit connector. This
fine grid was applied in the generation of every solid surface of domain, making the pressure drop more accurate.
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Figure 3. Mesh details

Figure 4 shows the mesh used in the filtering element and at the outlet channel.
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Figure 4. Mesh used in the filtering element and at the outlet channel.

A convergence criterion of 10 was adopted to the root mean square of the residual (rms) considering all domain. The
last simulation has used a mesh with 600.000 nodes.

2.3 The Test Bench

A test bench was assembled in order to reproduce the flow condition observed during a cardiopulmonary bypass.
Figure 5 depicts schematically the test circuit.
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Figure 5 — Schematic view of the test circuit

Working fluid was pumped through the turbine and blood filter returning to the circuit reservoir. Line 1 represents
the bubble trap and was used during the circuit filling up. Pressure drop across the filter was monitored by a differential
manometer, indicated by the dotted lines 3. Flow rate was monitored by a turbine flow meter and the pump rotating
speed was controlled changing the input voltage of a brushless motor. All elements were connected using PVC flexible
tubes.

The pressure drop was measured changing the flow rate and reading the differential pressure in the manometer. The
flow rate varies in a range of 1.5 to 4.5 I/min, with an increment of 0.5 I/min. Tests were performed in a non-pulsatile
condition and a solution of water and glycerin, with glycerin concentration of 40%, in mass, was used as working fluid.
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3. RESULTS

Figure 5 shows the location of the four planes (N, S, O and E) used in the results analysis.

S

Figure 5. Top view of the filter showing the planes positions

Figure 7 shows flow streamlines inside the filter. The color variation indicates a maximum velocity of 2.12 m/s near the
outlet conector.
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Figure 7. Streamlines along filter and velocity vectors on a horizontal plane

The flow enters the filter and hits the opposite wall and the the main flow moves downward, clockwise. Near the outlet
connector is noticeable a flow division where a part of it moves clockwise. These results follow the pattern obtained on
visualization tests with coloring injection made by Huebner [2003], shown on figure 8.

Figure 8. Top view showing the flow direction and the division at the exit connector neighborhood (Huebner, 2003)
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Figure 9 shows velocity vectors along planes N and S. At plane N, it can be seen a presence of a jet coming from the
entrance connector and a flow pattern moving clockwise inside the filter.
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Figure 9 — Velocity vectors at plane N-S

Figures 10 shows velocity vectors along planes E and O. At plane E can be seen a flow direction change and a splitting
at the inner bottom.
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Figure 10 — Velocity vectors at plane E-O

Figure 11 shows pressure variation along the plane localized on the filter’s upper region. The plane was positioned
along coordinate Y taking the entrance connector’s line as center basis. The pressure gradient shows a maximum value
near the entrance and the space of each color indicates a constant variation. Therefore, the flow is fully developed in
agree with the experimental data presented by Huebner [2003].
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Figure 11. Pressure field on the upper plane.

Figure 12 show the pressure variation along planes N-S. It is observed that the pressure is greater at the region near the
wall and it decreases at filter’s inner region.
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Figure 12 — Pressure field on plane N-S

Figures 13 and 14 show kinetic energy and dissipation distribution on the upper plane, respectively. The turbulent
kinetic energy maximum value occurs at the region where the jet coming from the entrance hits the filter’s wall, forcing
a flow change of direction. The dissipation has a maximum value at the entrance connector’s neighborhood where the

flow is exposed to an expansion.
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Figure 14 — Turbulent Eddy Dissipation on the upper plane

Similar results were obtained with an outflow of 1.5 and 3.0 I/min. Table 2 shows values of pressure drop obtained
numerically and the percent variation compared with the results introduced by Huebner[2003].

Table 1. Numeric and experimental values of pressure drop

Outflow (I/min) Numeric(Pa) Experimental (Pa) Difference (%)
15 1081 1039.65 3.98
3.0 2778 2777.75 0.01
4.5 5556 5443.54 2.07

The values show a maximum difference of 3.98% between numerical and experimental results. These results can be
improved with a better correction of coefficients used on Darcy’s Law to model the pressure drop at the porous media.
The results introduced along this work indicates that despite the difference between the numerical and experimental
pressure drop the behavior of field flow follows the pattern obtained by Huebner [2003].
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4. CONCLUSION

The present work presents results obtained from a numeric simulation of flow field along an arterial blood filter.
The turbulence model the k-¢ of two equations was used due to its robustness and convergence facility. The results
regarding pressure drop present good agreement with data found on literature and the differences observed can be
reduced by the adjust of Darcy law’s constant, used to simulate pressure drop on the filtering element. The flow field
structure inside the blood filter was not fully reproduced by the numerical simulations this can be circumvented by the
change of the turbulence model by one most appropriate to deal with recirculation as the k-o SST model.
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