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This study was carried out to clarify the effect of a high gradient magnetic field on pressure character-
istics of blood in a hollow fiber membrane oxygenator in a solenoid coil by means of numerical analysis.
Deoxygenated erythrocytes are paramagnetic, and oxygenated erythrocytes are diamagnetic. Blood
changes its magnetic susceptibility depending on whether it is carrying oxygen or not. Motion of blood
was analyzed by solving the continuous equation and the Navier-Stokes equation. It was confirmed that
oxygenation of deoxygenated blood in the downstream side of the applied magnetic field was effective
for pressure rise in a non-uniform magnetic field. The pressure rise was enhanced greatly by an increase
in magnetic field intensity. The results suggest that a membrane oxygenator works as an actuator and
there is a possibility of self-circulation of blood through an oxygenator in a non-uniform magnetic field.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Extracorporeal circulation and artificial hearts are routinely
used in medical treatments. In open heart surgery, extracorporeal
circulation is used to maintain the blood circulation of a patient
instead of his/her heart and lung. During blood dialysis, extra-
corporeal circulation is also used to circulate blood through a
dialyzer. A roller or a centrifugal pump is used for extracorporeal
circulation. In patients with severe heart diseases, an artificial
heart is used to assist or to replace the damaged heart. An im-
plantable centrifugal or axial pump is used as an artificial heart.
Centrifugal and axial blood pumps, however, have several pro-
blems. The most important problem is blood compatibility. The
pumps are made of foreign materials such metals, ceramics and
polymers. Contact of blood with foreign materials increases the
risk of thrombus formation or hemolysis. Therefore, blood circu-
lation without using a mechanical pump is ideal.

1.1. Self-circulation of magnetic fluid

Direct drive of a magnetic fluid utilizing its magnetic properties
has been reported [1-6]. A magnetic fluid in a pipe is exposed to
an axially non-uniform magnetic field induced by a solenoid coil
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(Fig. 1). The magnetic field is symmetrical with respect to the
center of the coil. Magnetic force (F) applied to the magnetic fluid
is given by

F = u,M(MF)VH (1)

where F is force/volume (N/m®) and M(MF) is magnetization of a
magnetic fluid.

Since the magnetic force applied to a magnetic fluid is pro-
portional to the magnetic field gradient, outlet-ward force is ap-
plied to the magnetic fluid in the inlet region (z < 0). On the other
hand, inlet-ward force is applied to the magnetic fluid in the outlet
region (z > 0). Since magnetic susceptibility of the magnetic fluid
in the inlet region y; is generally equal to that of the magnetic fluid
in the outlet region yg, the inlet-ward force and the outlet-ward
force are in equilibrium and the magnetic fluid does not move in
either direction.

However, if a low boiling point magnetic fluid is heated and
boiled in the downstream side of the magnetic field, a gas-liquid
two-phase flow is induced and y becomes smaller than y; (Fig. 2).
The outlet-ward force exceeds the inlet-ward force and the driving
force is enhanced, and then the magnetic fluid moves outlet-ward
[1-3]. Temperature-sensitive magnetic fluid (TSMF) is also used
[4-6]. TSMF has a temperature-dependent magnetization. When
TSMF is heated in the outlet region, yz becomes smaller than y;
and the magnetic fluid moves outlet-ward. Self-circulation of a
magnetic fluid is possible without using a mechanical pump.
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Nomenclature

B: flux density (T).

Ds: inner diameter of a solenoid coil (m).
D,

e inner diameter of a hollow fiber (m).
g: gravitational acceleration (m/s?).
H: intensity of magnetic field (A/m).
H*: dimensionless magnetic field (=H/nl).
I: current to a coil (A).
L: length of a solenoid coil (m).
M(MF): magnetization of a magnetic fluid (A/m).
M(B):  magnetization of blood (A/m).
n: number of turns of a coil per unit length (turns/m).
p pressure (Pa).
R radius of a hollow fiber (m).
T: temperature (K).
u: velocity of blood (m/s).
Up: velocity of blood at the center of a hollow fiber (m/s).

z: longitudinal axis (m).

z* dimensionless length (=z/L).

Greek symbols

a: aspect ratio of a coil (=Ds/L).

XB: magnetic susceptibility of blood.

JME: magnetic susceptibility of a magnetic fluid.
n: viscosity of blood (Pa s).

Ho: magnetic permeability of a free space (H/m).
p: density of blood (kg/m?).

Suffix

r: polar axis.

z: longitudinal axis.

@: angular coordinate.
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Fig. 1. Force applied to the magnetic fluid in a non-uniform magnetic field.
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Fig. 2. Working principle of the self-circulate device.

1.2. Magnetic characteristics of blood

Blood is composed of blood cells suspended in blood plasma.
By volume, red blood cells constitute about 43% of whole blood
and plasma constitutes about 57%. A red blood cell contains he-
moglobin. Hemoglobin is an iron-containing protein that trans-
ports oxygen around the body. The structure of the hemoglobin
molecule changes slightly depending on whether it is carrying

oxygen or not. Hemoglobin has magnetic properties that are dif-
ferent depending on whether it is carrying oxygen or not. Deox-
ygenated erythrocytes are paramagnetic, and oxygenated ery-
throcytes are diamagnetic.

In this study, a red blood cell was considered as a magnetic
particle and blood was considered a magnetic fluid. Therefore,
blood changes its magnetic susceptibility depending on whether it
is carrying oxygen or not.

1.3. Hollow fiber membrane oxygenator

A hollow fiber membrane oxygenator is used as a lung ma-
chine. Deoxygenated blood circulates through the hollow fibers
with oxygen gas outside. Deoxygenated blood enters the mem-
brane lung, receives oxygen through the membrane, and is oxy-
genated in the membrane lung. The oxygenated blood exits the
membrane lung. Therefore, outlet blood from a membrane oxy-
genator is more diamagnetic than is inlet blood to the oxygenator.

1.4. Objective

Self-circulation of magnetic fluids (low boiling point magnetic
fluid and temperature-sensitive magnetic fluid) and change in the
magnetic susceptibility of blood in a membrane lung have led us to
study the effect of a high gradient magnetic field on flowing ery-
throcytes in a membrane oxygenator. Magnetic force applied to
the inlet blood in the oxygenator is in an inlet direction and that of
the outlet blood is in outlet direction. The magnitude of the outlet-
ward force is greater than that of the inlet-ward force. Therefore,
there is a possibility of self-circulation of blood through a mem-
brane oxygenator in a non-uniform magnetic field. The objective
of this study was to clarify the effect of a high gradient magnetic
field on pressure characteristics of blood in the hollow fiber
membrane oxygenator by means of numerical analysis.

2. Methods

The model used for analysis is shown in Fig. 3. An endocapillary
blood flow oxygenator is placed inside a superconductive solenoid
coil (Ds: 0.0165 m and L: 0.1 m). Electric current to the coil is I (A) and
the number of turns of the coil per unit length is n (turns/m). Blood
in the membrane oxygenator is exposed to an axially non-uniform
magnetic field. Deoxygenated blood circulates through the hollow
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