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Abstract. In this paper, to discuss asymmetricity of the thrombus formation on the

wall surface, flow analysis on the three-dimensional flow in the pipe orifice was carried

out, and the effects of asymmetricity of wall shear stress and shear stress on throm-

bus formation and hemolysis properties were investigated. As for thrombus formation,

the asymmetricity of wall shear stress was obtained and compared with that of visu-

alization of thrombus formation. As for hemolysis properties on orifice flows, it was

evaluated by Lagrangian fatigue accumulation method in case of axisymmetric flow and

three-dimensional flow. From the results, it was suggested that there is the possibility for

wall shear stress and other transport process of concentration to influence circumferential

thrombus formation. In addition to this, by comparing the hemolysis evaluation of the

axisymmetric flow with the three-dimensional flow, it was also suggested that the flow

asymmetricity has effects on hemolysis properties by comparing with axisymmetric flow.
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1. Introduction. Recently design and development of medical fluidics including artificial
hearts, artificial valves and stent have been world-widely investigated, but the hemolysis
and the thrombus formation occurring in these devices are serious problems [1-4]. It is
still now necessary to predict the shear stress in the fluidics as shear stress is involved in
these phenomena [5-8].

In our previous investigation [9], to find out the correlation between flow field and
thrombus formation on shear flows in the orifice pipe generating high shear rate, visual-
ization of thrombus formation and Computational Fluid Dynamics (CFD) analysis were
done. In the previous visualization of thrombus formation, the thrombus formation rate
in the circumferential direction on the wall surface of the orifice pipe was measured, and
it was found that direction of thrombus formation on the wall surface was asymmetric.
However, the evaluation for this asymmetricity has not been established yet. In the previ-
ous CFD analysis, flow analysis on the pipe orifice flow was carried out and the flow field
data was obtained in detail. However, this analysis was dealt as an axisymmetric one,
and it was difficult to find out the correlation between flow field and thrombus formation
by comparing directly with the visualization of thrombus formation.

By the way, from the fluid mechanical points of view, it is an interesting topic to
find out the relation between flow asymmetricity [10] and asymmetricity of thrombus
formation. In this investigation, to discuss asymmetricity of the thrombus formation on
the wall surface, flow analysis on the three-dimensional flow in the pipe orifice was carried
out, and the effects of asymmetricity of wall shear stress and shear stress on thrombus
formation and hemolysis properties were investigated. The key point of this investigation
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is that thrombus and hemolysis are induced by shear stress in the flow or on the wall
(wall shear stress).

In this paper, the computational objects and methods of axisymmetric flow and three-
dimensional flow in the orifice are described in Section 2, and the results and related mat-
ters are discussed using computer simulations of axisymmetric flow and three-dimensional
flow in Section 3. And the result of asymmetricity for three-dimensional flow is compared
with that of distribution of thrombus formation by experiments. In addition, the hemoly-
sis evaluation between axisymmetric flow and three-dimensional flow are investigated and
discussed. In Section 4, concluding remarks are described.

2. Computational Objects and Methods.

2.1. Computational objects. In this computation, the orifice pipe of two geometries
(AB, BB) with the internal diameter D = 22 [mm] and the diameter of contraction part
d = 8 [mm] shown in Figure 1 are used. Using these geometries, the previous results of
axisymmetric analysis of the orifice pipe are compared with the three-dimensional analysis
result of the same orifice pipe flow.

Figure 1. Geometries of orifices

2.2. Computational method.

2.2.1. Axisymmetric flow. As for governing equations of the axisymmetric flow in the
orifice pipe, a continuity equation and Navier-Stokes equations are used as follows:
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where r, x indicate coordinate of radial and flow axis, u, v indicate velocity of each
direction, p is pressure, ν is dynamic viscosity, νt is turbulent viscosity, and Re means
Reynolds number.

In addition to this, as the flow in the pipe is a fully developed turbulent flow in all
regions except the wall surface, k-ε equations (k: turbulent energy, ε: energy dissipation)
with the modified Lounder-Kato model are used as follows:
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where Cµ = 0.09, Cε1 = 1.5, Cε2 = 1.9, σk = 1.4, σε = 1.4, and fµ, fε show the damping
functions near the wall for low Reynolds number model, and G means generation term.
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Figure 2. Computational mesh of axisymmetric orifice

Figure 3. Computational mesh of three-dimensional orifice

Figure 2 shows typical mesh distribution of the axisymmetric orifice (200× 50 points).
As for the boundary conditions, it is fully developed velocity with flow rate 5 [L/min] at
the inlet, velocity gradient = 0 and pressure = 0 [Pa] at the outlet. No-slip condition is
given to the wall. Regarding the turbulent quantity, 5% disturbance of the inflow velocity
is added. Assuming that plasma flows, physical properties of plasma viscosity 1.2 × 10−3

[Pa·s] and density 1.03 × 103 [kg/m3] were used.

2.2.2. Three-dimensional flow. Concerning about the 3D analysis, the 3-diemsional conti-
nuity equation and Navier-Stokes equations, and k-ω equations with SST model are used.
As for the flow analysis in the three-dimensional flow, the thermal fluid analysis code
(ANSYS FLUENT 17.2) is used. Figure 3 shows typical mesh of three-dimensional flow,
and the computation mesh generated by ICEM CFD in ANSYS FLUENT is tetrahedral
type.

2.2.3. Evaluation method for hemolysis. Based on the method of Giersiepen et al. [11],
hemolysis in the orifice flow is evaluated. The hemolysis evaluation quantity EST is
defined as follows:

EST =

∫

V

dm · UdV (7)

where U (=
√

u2 + v2) is the total flow velocity, and V is the calculated volume. And dm

is the degree of damage, which is function of the shear stress τ received by the erythrocyte
from the flow field and its duration time t. This dm is expressed as follows:

dm = 3.62 × 10−7 · τ 2.416 · ∆t0.785 (8)

where τ , ∆t indicate shear stress and duration time of passing through a computational
cell. From Equation (7) and Equation (8), the following evaluation quantity EST is
derived.

EST = 3.62 × 10−7

∫

V

τ 2.416 · ∆t0.785 ·
√

u2 + v2dV (9)

Using the flow fields, the damage of red blood damage is evaluated by this EST.

3. Results and Discussions.

3.1. Comparison between axisymmetric flow and three-dimensional flow. Fig-
ure 4 shows the streamlines in the axisymmetric orifice flow, and Figure 5 shows the
particle path in the three-dimensional orifice flow. From Figure 4, it is confirmed that
there is a reattachment point at the position of x = 5.6 cm in the axisymmetric orifice
flow. However, in the three-dimensional flow, there are variations from the position of
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Figure 4. Streamline in case of axisymmetric orifice flow (Arrow shows
reattachment point of the flow)

Figure 5. Path line in case of three-dimensional orifice flow (Arrows show
reattachment point of the flow)

Figure 6. Contour of velocity u with time (x = 19.8 mm)

the reattachment point at each time. Furthermore, it is also found that there should be
asymmetry for the path line itself.

Figure 6 shows the time history of the contour plot of the flow direction velocity as
viewed from the y-z plane (x = 1.98 cm). From this figure, it is also confirmed that there
should be flow asymmetry, and it is found that the position of the vortex is fluctuating
with time.

3.2. Distribution of wall shear stress in θ direction. Figure 7 shows distributions of
wall shear stress of geometries AB and BB. Figure 8 shows the θ direction distribution of
wall shear stress in the cross section of these contour plots at proper point. From Figure
7 and Figure 8, it is found that wall shear stress is asymmetrically distributed in both
geometries AB and BB.
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(a) Orifice AB (b) Orifice BB

Figure 7. Wall shear stress in case of three-dimensional orifice flow

(a) Orifice AB (b) Orifice BB

Figure 8. Distribution of wall shear stress on θ direction for orifice AB and BB

3.3. Evaluation of flow asymmetricity and thrombus formation on the wall

surface. Figure 9(a) shows a schematics of an experimental apparatus for visualization
experiment of thrombus formation conducted in the previous investigations. Figure 9(b)
shows an image obtained by image processing of thrombus formation with a CCD camera.
The white part behind the orifice pipe in this figure shows a white thrombus. It is shown
that the white thrombus is spreading asymmetrically.

Figure 10 shows definition of variation and mean value of wall shear stress for the θ

direction distribution. In this figure, the distribution in the x direction (flow direction)
of the variation width of wall shear stress is shown. The variation range is defined as the
ratio of the width of wall shear stress (∆τw,p-p) to the average value with circumferential
angle (τw,m). It means that the wall shear stress is considered to be symmetric when this
value is 0.

Figure 11 shows relationship between normalized variation of wall shear stress and
position x in case of orifice BB and AB. In this figure, typical distribution of thrombus
formation for orifice BB is also shown. As there are not so many samples of thrombus
images for orifice AB, only the results of orifice BB are shown here. Although there are
no data for orifice AB, it is discussed whether the normalized variation of wall shear stress
contributes to asymmetricity of thrombus formation by comparing with the experimental
results or not.
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(a) Experimental apparatus for thrombus observa-
tion

(b) Propagation of white thrombus formation
on the wall (Orifice BB)

Figure 9. Visualization of thrombus formation on the surface (previous
experiments [9])

Figure 10. Definition of variation and mean value of wall shear stress

From Figure 11, it is not clearly found that there are strong correlations between
normalized variation of wall shear stress and asymmetric distribution of white thrombus
in case of orifice BB. In this figure, there is the maximum point of normalized variation at
x = 7.5 (cm), and this position corresponds to the reattachment point of the flow at the
wall. So it is necessary to consider both the transport process of concentration of platelet
or coagulation factor and this normalized variation of wall shear stress. It is suggested
that both of them have effects on asymmetricity of thrombus formation.

3.4. Evaluation of hemolysis and flow asymmetricity. Figure 12 shows time history
of the hemolysis evaluation EST of the axisymmetric flow and the three-dimensional flow
in the orifice BB. In this figure, only the result of orifice BB is shown as same as in
the previous subsection. The red line shows the case of axisymmetric flow, the blue line
(solid line) shows the case of three-dimensional flow, and the dashed line shows the time-
averaged value of the three-dimensional flow. From this figure, it is clearly found that
the periodic variation occurs in the three-dimensional flow, but the time-averaged value
has almost the same value as the axisymmetric flow. Then it is found that it is possible
to predict hemolysis properties with considering variation of shear stress by using the
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Figure 11. Relationships between normalized variation of wall shear stress
and position x (Orifice BB)

Figure 12. Time history of evaluation of hemolysis in orifice BB (Dashed
line: mean value)

evaluation value EST of the three-dimensional flow. To establish the accurate prediction
method of hemolysis properties, it is necessary to get more data by experiments in vitro.

4. Conclusions. To discuss asymmetricity of the thrombus formation on the wall sur-
face, flow analysis on the three-dimensional flow in the pipe orifice was carried out, and the
effects of asymmetricity of wall shear stress and shear stress on thrombus formation and
hemolysis properties were investigated. The following matters are concluded as follows.

1) Asymmetricity of the wall shear stress was obtained in the flow of the three-dimensio-
nal flow, and it was suggested that there is the possibility for wall shear stress and other
transport process of concentration to influence circumferential thrombus formation.

2) Asymmetricity of the flow has effects on hemolysis properties by comparing with
axisymmetric flow.

Further experiments for this validation will be needed to establish the evaluation
method related to asymmetricity of thrombus formation and hemolysis properties.
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