분기관 내의 유체흐름의 곡률효과

백경호, 배영찬
한양대학교 산업과학연구소 응용화학공학부
Curvature Effects on Internal Flow in A Model Bifurcation

Kyoung Ho Baek, Young Chan Bae
Division of Chemical Engineering. Research Institute of Industrial Science,

Hanyang University, Seoul 133-791 Korea

INTRODUCTION

It is known that the complicated pattern of the blood flow in arteries due to geometry effects can be one of the causes of blood disease. The sudden change of wall curvature in the arterial system leads to a change in the fluid direction, and this affects the various flow factors in flow system, such as fluid velocity, wall shear stress, pressure distribution, etc., in the blood vessel.  In the human blood system, bifurcations where one tube is divided into two branches can be found in regions of the abdominal aorta, and the carotid and femoral arteries in the human system. In the bifurcation region, the wall curvature induces velocity change, resulting in flow separation as both forward and reverse directional flow occurs. This flow separation region contributes to a low mass transfer rate between the oppositely directed flow and arterial wall, and accumulation or growth of atherosclerotic plaques can occur on the intimal layer of the artery. The accumulation of atherosclerotic plaques reduces the size of the blood vessel, finally resulting in the blockage of the blood vessel, and this plaque blockage becomes the cause of atherosclerosis. The change of wall curvature also induces the wall shear stress change. Clinical observations show that high shear stress may result in mechanical damage to the vascular endothelium, whereas low shear stress, preferentially located in the regions of re-circulation and separation, induces the accumulation of atherosclerotic plaques. 

Another important observation by previous researchers is the relationship between the vascular geometry and the genesis of atherosclerosis. From the knowledge that the flow of blood through healthy vessels may influence the formation of atherosclerotic deposits, it has been suggested that the vascular geometry which is genetically passed on from one generation to the next generation may be one factor influencing the occurrence of the blood disease3.  Therefore, the study about relations of blood flow and arterial geometry in bifurcations has attracted much attention during recent years since this study can speculate the possible formation areas of atherosclerotic plaques on the blood vessel wall which contribute to the atherosclerotic genesis.

PROBLEM DESCRIPTION

The fully unsymmetric bifurcation has a bifurcation angle of 60o between the left and the right branches. The diameters of two branches are the same as the main tube diameter, so the area ratio (AR) is 2.0. The length of the bifurcation from the entrance to the exit is 18 times the diameter of the tube. The left branch is extended in the same plane as the trunk while the right branch has a smooth downward curvature angle of 25o from the bifurcation or the trunk plane. The curvature radius of the right branch is nine times the right branch radius and the curvature starts from the center of the entrance surface of the right branch. 

The well known non-staggered grid SIMPLE method was adopted to solve the Navier-Stokes equations in Cartesian coordinates numerically. A pulsatile velocity profile of a homogeneous, incompressible, Newtonian fluid in a rigid cylindrical tube using Womersley’s1 theory was used as inlet boundary condition since this velocity profile resembles the physiological blood flow. The linearized Navier-Stokes equations governing the pulsatile flow can be written in the cylindrical coordinates as
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where  is the fluid density,  is the dynamic viscosity, P is the pressure, t is the time and r and z are the radial and axial coordinates, respectively. For the pressure gradient as the forcing function, McDonald’s2 experimental data are chosen to calculate the velocity distribution as
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where  is the angular frequency and t is time in a pulse cycle. With a periodic time of 0.36 sec/cycle used in McDonald’s work, the angular frequency of = 1000 (degree/sec) is obtained from = 2f  and the frequency  f = 1/(periodic time).  The density of 1.05 g/cm3 and the viscosity of 4.0 dyne/cm2 is used as given by McDonald. The axial velocity values in different phase angles are obtained after solving above equation with the tube radius of 0.21 cm.

RESULTS
Numerical results presented were obtained for four selected time steps at systolic acceleration (t=38), peak systole (t=75), diastolic deceleration (t=113), peak diastole (t=180) respectively.

1.  Axial Velocity. The axial velocity profiles demonstrate relatively high velocity gradients near the apex and relatively low values near the outer wall. The reversal flow zone is formed from the end of the systolic phase to the diastolic phase and this zone is extended along the outer wall from the trunk to the branch. During the pulse cycle, flow separation and re-circulation are started at the peak systole and ended just after peak diastole. The size of the re-circulation and reverse flow zone is increased in the deceleration phase.

2.  Secondary Flow.  The presence of secondary flow at all time steps tends to remove the possibility of stagnation of particles during the entire pulse cycle. In the left branch, secondary flow consists of primarily a pair of counter-rotating symmetric vortices through the bifurcation plane, the upper vortex has a counterclock-wise motion and the lower vortex has a clockwise motion. It shows that the combination of secondary flow and axial flow produces two counter rotational helical flow motion to downstream in the left branch. In the right branch, two large and small vortices are observed. Through the all time steps, large vortex is located in the top wall side and small vortex is located in the bottom wall side.  Moving downstream in the right branch, the small vortex is merged to the large vortex and gradually forms one vortex which rotates in clockwise.  These two large and small vortices affect the axial velocity, forms a distortion of the axial velocity profile in the axial surfaces, and attributes the clockwise rotational motion of the axial flow. This strong circular fluid motion in wall side represents that the “washing” effects at the wall side is outstanding.

3.  Wall Shear Rate.  The wall shear rate plots by axial velocity of six different wall site at six selected phase angles are analyzed and also the wall shear rate along the selected axial surface are analyzed. Big change of shear rate is occurred at the systolic acceleration (t=38), the peak systole (t=75), and the diastolic deceleration (t=113). The sudden drop of shear rate from the outer corner or apex surface indicates the large disturbance in the flow caused by the rapid change of flow direction. 
CONCLUSION
The current study was intended to examine the curvature effect of the bifurcation geometry affecting the atherosclerosis. The complex flow patterns produced in the bifurcation during pulsatile cycle are believed to be directly related to the development of atherosclerosis. The double curvature effect of branch on the secondary flow is prominent. Bifurcation geometry which has double curvature may contribute to the prevention of the accumulation of atherosclerotic plaques and this supports the hypothesis that the genetic geometric pattern of the blood vessel may affect the formation of blood disease3.
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