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Abstract. To establish the prediction method of thrombus formation on the wall by
computational fluid dynamics (CFD), it is very important to find out the effects of flow
field on platelet adhesion on the wall. In this paper, the particle motions on impinging
jet flow which has the stagnation point were analyzed, and the adhered particles on the
wall were also analyzed. Especially, discrete particles by using the impinging jet flow that
Affeld used for the platelet adhesion experiment were analyzed, and the adhesion mecha-
nism of particles simulating platelets was investigated by CFD. This adhesion mechanism
is corresponded to starting point for thrombus formation on shear flow. After analyzing
three-dimensional flow field particle motions by using fundamental equations on the im-
pinging jet flow, the platelet motions can be obtained. From the result of CFD comparing
with experiment, it was concluded that the platelet motion was able to be simulated on
the impinging jet flow by using particle tracking method with consideration of density dif-
ference. It was also concluded that predicted adhered distribution did not agree well with
experimental result even though the tendency of distribution of adhered platelet could be
obtained. Further investigation and trials for this validation will be needed to establish
the prediction method.
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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 still now serious problems [1-7].
For designers of these medical fluidics, CFD (computational fluid dynamics) is a powerful
tool to develop them. However, it is still now difficult to predict the thrombus formation
in these devices by CFD analysis.

In our previous investigation [8-10], to find out the correlation between flow field and
thrombus formation on shear flows in the orifice pipe and Couette flows, visualization of
thrombus formation and CFD analysis were done. In the previous CFD analysis, flow
analysis on the pipe orifice flow was carried out and the flow field data was obtained in
detail. As a result, the possibility of thrombus formation and platelet adhesion near the
reattachment point of the orifice pipe was suggested. However, it was difficult to find out
the correlation between flow field and thrombus formation directly by comparing with
the visualization of thrombus formation. Considering about this problem, there is one
possibility to investigate the platelet adhesion on the device wall for detecting because
the thrombus is generating from the adhered platelets by shear flow. However, effects of
platelets adhesion on the thrombus formation have not been elucidated yet.
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For this adhesion problem, Affeld [11] has already focused on the impinging jet flow as
a simple model of shear flow in the medical fluidics, and they have observed the platelet
adhesion on the jet wall. In their work, after conducting fundamental experiments on
platelet adhesion on the wall of impinging flow, they obtained particle distribution flown
from the inlet, and also obtained 2 dimensional position of platelet adhesion on the wall
from top view. They also concluded that evaluation of platelet adhesion could be done
from the distribution of adhered platelets and the shear rate distribution on the impinging
wall. Therefore, it is necessary to investigate the tendency of adhered particles on the wall
by particle analysis of CFD using the same impinging jet flow. However, the mechanism
of adhesion of platelets on the walls by the flow, and the effects of wall shear stress
distribution on the thrombus are still now unknown.
For understanding these phenomena, Lagrangian approach is powerful tool for evalu-

ating each particle and total particles compared with Eulerian approach. Giersiepen et
al. [12] investigated the hemolysis evaluation by using particles as red blood cells. This
particle tracking method is a very useful approach for evaluation of damage accumulation
of particles. Platelet activation for thrombus formation is caused by platelet stimulation,
and then this approach is applicable to predicting thrombus formation by evaluating of
accumulation of platelets stimulation. From the engineering point of view, it is neces-
sary for prediction of trigger points of thrombus formation to develop and establish the
evaluation method by this particle tracking approach.
In this investigation, the particle motions on impinging jet flow which has the stagna-

tion point are analyzed, and the particle adhesion on the wall is also analyzed. Especially,
discrete particles by using the impinging jet flow that Affeld used for the platelet adhesion
experiment are analyzed where the stagnation point occurs, and the adhesion mechanis-
m of particles simulating platelets is investigated by CFD. This adhesion mechanism is
corresponded to thrombus formation on shear flow. It is expected to predict the throm-
bus formation more precisely than present computation by considering this aggregation
process.
In this paper, the computational objects and computational methods of three-dimensi-

onal impinging jet flow are described in Section 2, and the results and related matters are
discussed using computer simulations of impinging jet flow and particle motions in Section
3. And the result of distribution of adhered platelets on the wall by three-dimensional
CFD analysis is compared with that of distribution by experiments. In addition, effects of
density difference between particle and fluid are also confirmed and discussed. In Section
4, concluding remarks are described.

2. Objects and Method.

2.1. Computational objects. In this calculation, an axially symmetric three-dimensi-
onal geometry is presented. The diameter of inflow port D1 is 0.67 [mm], the distance
from top to the bottom surface h is 0.40 [mm], and the diameter of bottom surface D2 is
2.0 [mm] as shown in Figure 1. These dimensions are set to be the same as the model of
Affeld [11].

2.2. Computational method. As for computational method for the particle tracking
method, there are two parts including Eulerian method and Lagragian method. Impinging
jet flow is analyzed by Eulerian method, and particle is analyzed by Lagragian method
alternatively.

2.2.1. Fundamental equations for flow. Regarding as fundamental equations of the flow,
the following continuity equations, Navier-Stokes equations are used as follows:
(1) Continuity equation

∇ · v = 0 (1)
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(2) Navier-Stokes equation with turbulence

∂v

∂t
+ (v · ∇)v = −

1

ρ
∇p+ ν∆v + F (2)

where v indicates velocity vector v(u, v, w), ρ is fluid density, p is pressure, ν is dynamic
viscosity, and F is interaction force between particle and fluid flow, which are derived
from particle motions.

Figure 1. Geometries of impinging jet flow

2.2.2. Equation of motion of particles. On the impinging jet flow in previous subsection,
the discrete particles are flown and analyzed for their motion to trace the platelet motions.
Here the equation of motion of the particles is described. When the position of each i-th
particle is xp,i and the particle velocity is up,i, the equation of motion of the particle is
expressed as follows:

dxp,i

dt
= up,i (3)

mp

dvp,i

dt
= Fi (4)

Fi = Fdrag,i + Fgravity,i + Fext,i (5)

where Fi is F represents all the body forces and surface forces acting on the i-th particle.
Fext,i is a force applied elsewhere and virtual masses, and in this investigation this term
is assumed to be 0. By using (4) and (5), the equilibrium of the inertia of the particle
and the force acting on the particle is described as follows:

dvp,i

dt
= fD (v − vp,i) +G

ρp − ρ

ρp
(6)

where v is the velocity of the flow field, ρ is the density of the fluid, ρp is the density of
the particle, and G is gravity acceleration. fD is the coefficient per unit particle mass,
and shown as follows:

fD =
18µ

ρpd2p

CDRep

24
(7)

where µ is the molecular viscosity of the fluid, and dp is the diameter of the particle. Rep
is the particle Reynolds number, and it can be obtained from the relative speed with the
fluid as follows:

Rep = ρdp
|v − vp,i|

µ
(8)
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CD is the drag coefficient, and in this investigation it is represented as follows:

CD = a1 +
a2

Rep
+

a3

Re2p
(9)

Each coefficient ai is determined from the value range of Rep and is shown in Table 1.
This is Morsi and Alexander’s empirical formula [13], which can be used with a wide range
of Reynolds numbers.

Table 1. Coefficient parameters for Reynolds number

a1 a2 a3
0 < Rep < 0.1 0.00 24.00 0.00
0.1 < Rep < 1.0 3.69 22.73 0.09
1.0 < Rep < 10.0 1.22 29.17 −3.89
10.0 < Rep < 100.0 0.62 46.50 −116.67
100.0 < Rep < 1000.0 0.36 98.33 −2778

2.3. Pre-processing issues. As for the flow analysis in the three-dimensional flow, the
thermo-fluid dynamics code (FLUENT, ANSYS 17.2) is used. Figure 2 shows typical
mesh of three-dimensional flow, and the computational mesh generated by ICEM CFD
(including ANSYS 17.2) is tetrahedral type. For the mesh refinement, total number of
element is approximately 450,000 and it was validated to be enough resolution for the
Reynolds number in this investigation.

Figure 2. Three-dimensional FEM mesh for CFD analysis

2.4. General boundary conditions. As boundary conditions, inlet flow rate Q is 5.55
[m3/s], which was the same as that of Affeld’s experiment. The average flow rate Uin is
15.8 [mm/s], fluid density ρ is 1000 [kg/m3], and Reynolds number Re is 9.5. No-slip
condition is given to the wall surface, and pressure p is given to be = 0 [Pa] at the outlet
part. Also, assuming that plasma water flows, viscosity µ is set up to be 1.3× 10−3 [Pa ·
s]. Because the Reynolds number is smaller than the threshold Reynolds number, the flow
can be dealt as laminar flow. For coupling analysis of discrete particle motion together
with fluid flow, the diameter of the particle dp is 3.0×10−6 [m] and the density ρp is 1050
[kg/m3] based on the physical properties of the platelet. The time step is set up to be
0.0005 [s], and total computational time is 200 [s].

2.5. Boundary condition for particle motions. As boundary conditions related to
particles, there are two boundary conditions such as ‘Escape’ and ‘Trap’ on the wall surface
at the inlet or outlet boundary of the flow. In case of Escape condition, calculation of
the particle is completed when it reaches the inlet or outlet boundary conditions. In
case of Trap condition, the particle loses momentum when it comes in contact with wall.
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Table 2. Boundary conditions for particle motions

Location Particle status for boundary

Inlet or Outlet

Escape

Wall

Trap

The typical image for each boundary condition is shown in Table 2. In addition to these
boundary conditions, as for adhered particles, the height of one cell of the mesh from the
bottom is taken as threshold length to adhere particles on the wall.

3. Results and Discussions. Figure 3 shows the trajectory traces of particles from the
side view. From this figure it can be found that this flow is approximately axisymmetric
and has a stagnation point at the bottom center. After particle collision with the bottom
surface, some particles adhere according to the boundary condition of the bottom wall.

Figure 3. Path-line for the flow field

By the way, Figure 4 shows typical adhered platelet distribution on the wall on the
microscope in Affeld’s experiment. From this figure, it is clearly found that there are not
so many particles at the center (stagnation point). In this figure, the scale is also shown,
and it is used for obtaining probability density function of platelets on the wall.

Figure 5 shows time procedure of three-dimensional particle distribution in impinge-
ment flow by particle tracking. From this figure, it is found that particles move downward
from the inlet port and some of them collide with the bottom walls. It is also found that
the particle distribution is not uniform due to 3-dimensional effects as same as exper-
imental results in Figure 4. Then it is necessary for comparing CFD with experiment
to arrange probability density function (PDF) of particle number by averaging along the
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Figure 4. Adhered platelet distribution on the wall by the experiment [11]

t = 0.01 [s] t = 0.05 [s]

t = 0.10 [s] t = 0.15 [s]

Figure 5. Time procedure of three-dimensional particle distribution in
impingement flow

tangential direction. Figure 6 shows arranged distribution of adhered normalized parti-
cle numbers (PDF) on the bottom wall along the radial direction in case of CFD and
experiment.
In this figure, the horizontal axis shows the ratio of the entrance radius r to the bot-

tom surface radius R, and the vertical axis shows normalized particle numbers (PDF).
Although the width of distribution between Figure 6(a) and Figure 6(b) is different, there
is similar tendency of decaying the number of adhered particles with time procedure.
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(a) CFD prediction by present method (b) Experimental distribution [11]

Figure 6. Distribution of normalized number density (probability density
function) along radial direction r

However, there is large difference of time scale between CFD and experiment. The reason
why the time scale is different is considered to be due to the difference of adhesion force
between actual platelets and model platelets. Further investigation about this matter
is needed to confirm this difference by arranging the adhesion force or adhered length
defined at ‘Trap’ boundary conditions.

4. Conclusions. To investigate effects of flow field on platelet adhesion on shear flow, the
effects of platelet adhesion on the wall surface on thrombus formation were investigated
by analyzing three-dimensional flow field on the impinging jet flow. The following issues
are concluded as follows.

(1) By using particle tracking method with consideration of density difference between
particle and fluid, the platelet motion was able to be simulated on the impinging jet
flow.

(2) As for adhesion process, predicted adhered distribution did not agree well with exper-
imental result even though the tendency of distribution of adhered platelet could be
obtained. However, this tendency will increase the accuracy of the prediction at all.

It is expected to predict the thrombus formation more precisely than present computa-
tion by considering these results. Further investigation and trials for this validation will
be needed to establish the prediction method by finding out adhesion force of platelet
with the wall.
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