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Abstract The closing velocity of the leaflets of mechan-

ical heart valves is excessively rapid and can cause the

cavitation phenomenon. Cavitation bubbles collapse and

produce high pressure which then damages red blood cells

and platelets. The closure mechanism of the trileaflet valve

uses the vortices in the aortic sinus to help close the leaflets,

which differs from that of the monoleaflet or bileaflet

mechanical heart valves which mainly depends on the

reverse flow. We used the commercial software program

Fluent to run numerical simulations of the St. Jude Medical

bileaflet valve and a new trileaflet mechanical heart valve.

The results of these numerical simulations were validated

with flow field experiments. The closing velocity of the

trileaflet valve was clearly slower than that of the St. Jude

Medical bileaflet valve, which would effectively reduce the

occurrence of cavitation. The findings of this study are

expected to advance the development of the trileaflet valve.

Keywords Mechanical heart valve � Valve closing

dynamics � Fluid–structure interaction

Introduction

Mechanical heart valve (MHV) replacement surgery has

become a prevalent and efficient treatment option for many

cardiac patients. However, recipients require lifelong

anticoagulant medications to reduce the risk of thrombosis

and thromboembolism [1, 2]. Early research revealed that

major factors in thrombosis and thromboembolism include

cavitation phenomenon at the instant of valve impact [3–6]

and the shear stresses in the flow fields or stagnant flow

through the MHV [7–9]. The cavitation phenomenon is

caused by a combination of the water hammer effect,

squeeze flow, Venturi effect, and vortices in the flow fields,

among which the Venturi effect and vortices have been

shown to play minor roles [10, 11]. The water hammer

effect is caused by the valve leaflets impacting the housing

over a very short time, while the magnitude of the squeeze

flow is relative to the velocity of valve closure. Therefore,

the influence of these two factors can be minimized if the

velocity of valve closure is slower. At the aortic valve

position, the flow field and valve closure behavior are

influenced by interactions between the vortices in the aortic

sinus and the geometry of the MHV. Early studies on

MHVs revealed that the mechanisms of closure differ

among monoleaflet, bileaflet, and trileaflet valves [12],

with those of the monoleaflet and bileaflet valves being

dependent on reverse flow during their cardiac cycles and

that of the trileaflet valve being mainly due to vortices in

the aortic sinus. Consequently, the trileaflet valve closes

more slowly ([50 ms) than the monoleaflet or bileaflet

valves (\35 ms), which would effectively minimize the

occurrence of cavitation.

Because the leaflets and the valve housing are opaque,

taking velocity measurements with non-invasive laser

velocimeters becomes impracticable. Laser Doppler

velocimetry (LDV) only provides flow information at a

single point in space and time. High-resolution dynamic

particle image velocimeter (PIV) has been used to map the

velocity vector fields and Reynolds stresses in the imme-

diate downstream of aortic mechanical valves [13].
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However, it is acknowledged that due to intrinsic limita-

tions the PIV can only provide two-dimensional (2D)

cross-sections of the flow fields. High-resolution 3D mea-

surements are very challenging to obtain due to both time

and cost. For these reasons, numerical simulations have

been more commonly applied in recent years to study the

flow fields across MHVs [14–25]. Although numerical

simulations are convenient to acquire data of flow fields

across MHVs, the pulsatile flow and complex geometric

structures of MHVs remain difficult issues to simulate.

In this study, the turbulence k–x model, which is suit-

able for a low Reynolds number and transitional flow, and

the fluid–structure interaction (FSI) method by Nobili et al.

[14] and Redaelli et al. [15] were applied to simulate the

interactions between the leaflets and the fluid. The leaflet

motion over the full cardiac cycle was computed, and the

results were validated with experimental data [26]. A well-

designed numerical simulation model of leaflet motions

and flow fields is expected to assist and improve valve

design in the future.

Materials and methods

In this study, a 27-mm new type trileaflet (TRI) valve and a

St. Jude Medical (SJM) 27-mm bileaflet valve (Fig. 1) were

used as the test valves mounted in the aortic position. The

new design of the trileaflet artificial heart valve opens such

that the blood flows hemodynamically through a single

central orifice flow, which closely resembles the action of

physiologic valves. The fan-shaped leaflets are curved to

form a circular central orifice and maximize the effective

area. On the annulus ring, there are three small projections

with smooth round sockets on both sides that serve as the

leaflet hinges. The leaflets themselves also have notches on

opposite sides, which give each leaflet round pivots that fit

smoothly into the sockets. When the leaflets close, the

projections on the valve ring serve to block blood flow

through the notches on the leaflets. The notches and ball-in-

socket hinges place the axes of rotation for the leaflets closer

to the upstream side of the valve and increase the rotational

inertia. The leaflets are freely suspended within the hinges,

thus leading to lower mechanical resistance and more space

for rotational motion when the leaflets open and close.

Figure 2 shows the schematic diagram of the computa-

tional domain. The diameter of the aorta was 25 mm. The

aortic sinus had a diameter of 36 mm and was axis-symmetric

in shape. The total length of the calculating domain was

130 mm. The angles were 25� and 85� between the x-axis

and the leaflet when the SJM valve was fully closed and fully

opened, respectively. Therefore, the traveling angle between

fully closed and opened was 60�. Similarly, the angles were

45� and 90� between the x-axis and the leaflet when the TRI

valve was fully closed and fully opened, respectively. Hence,

the traveling angle was 45�. Because of geometric symmetry

and in order to save costs and time, only half of the com-

putational domain was simulated with the SJM valve, and the

faces in the middle plane were set to symmetric conditions.

Similarly, only one-third of the computational domain was

simulated with the TRI valve, and the faces in the connected

plane were set to symmetric conditions. In real flow, the

leaflets exhibit unsynchronized closing behavior, which

requires separate calculations for each leaflet and creates

more complicated flow conditions. From an experimental

standpoint, measuring the full domain under those circum-

stances would be a separate study in turbulence statistics. As

the primary aim of our study was to improve the trileaflet

MHV design through numerical calculations, we assumed

synchronized closing behavior to focus on individual

leaflets.

The geometry and mesh were created with the software

program Gambit 2.2, and the meshes consisted of tetrahe-

dral grids of 0.5 mm size. The numerical simulations were

calculated with the software Fluent 6.3, which uses the

Fig. 1 a Trileaflet (TRI) valve,

b St. Jude Medical valve (SJM)
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finite-volume method to solve the equations of fluid

dynamics. The total numbers of cells applied in the simu-

lations were 1,383,229 for the SJM valve and 542,333 for

the TRI valve. The gaps between the leaflets and between

each leaflet and the valve housing could not be zero

because the process of calculations would appear as error

messages. Thus, the geometries of the SJM leaflet were

slightly modified, and we kept a gap of 0.25 mm between

the leaflet and the middle plane of symmetric conditions.

Similarly, a gap of 0.25 mm was also kept between the

leaflet and the valve housing. For the TRI valve, the leaflet

was scaled by a factor of 0.95 and moved 0.3 mm forward

to the valve housing, and the valve housing was scaled by a

factor of 1.05 in order to avoid any interference during the

rotational motion of the leaflet.

Inlet boundary conditions were set to a velocity inlet,

and outlet boundary conditions were set to a pressure outlet

based on the experimental data of the flow rate and aortic

pressures, as shown in Fig. 3. The velocity of the inlet was

obtained by the flow rate divided by the cross-sectional

area of the inlet. Due to complex flow fields of pulsatile

flow across the MHV, the standard k–x turbulence model

that is suitable for low Reynolds number and transitional

flow was applied in the simulations. In order to validate the

experimental data, a heart rate of 70 bpm was used. The

blood was modeled as an incompressible and Newtonian

fluid with a density of q = 1.287 g/cm3 and a dynamic

viscosity of 3.9 cP.

In this study, the motions of the valve leaflets were

simplified to rigid body rotations along the z-axis. For the

fluid–structure interactions, the methods of Nobili et al.

[14] and Redaelli et al. [15] were applied in the simula-

tions. At the end of the nth time step, the total moment Mp

acting on the leaflet due to the fluid pressures was calcu-

lated as

Mp ¼
Xnb

i¼1

ðpiAiniÞ � ri ð1Þ

where nb was the number of the leaflet boundary faces,

pi was the pressure on the face, with its vector indicated

with ni, Ai was the area of the face, and ri was the distance

from the rotation axis. The effects of shear stresses and

gravity on the leaflet were not considered in Eq. (1).

Fig. 2 Schematic diagram of the computational domain. a SJM

valve, b (TRI) valve. D = 25 mm

Fig. 3 Inlet and outlet boundary conditions by the aortic flow

rate and pressure over a cardiac cycle for the SJM valve (a) and TRI

valve (b)
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After the value of Mp was calculated, the angular

acceleration of the leaflet at the current nth time step could

be calculated as

Mp ¼ I
d2h
dt2

ð2Þ

where I was the moment of inertia of the leaflet, h was the

rotation angle of the leaflet, t was the time, and thus d2h
dt2 was

the angular acceleration of the leaflet. Because the primary

material of the SJM leaflet was pyrolytic carbon with a

density of 2,230 kg/m3, the moment of inertia of the SJM

leaflet was 1.2 9 10-8 kg m2. The primary material of

the TRI leaflet was titanium with a density of 4,507 kg/m3,

so the moment of inertia of the TRI leaflet was

9.167 9 10-8 kg m2.

After the value of Mp was calculated, the angular

acceleration of the leaflet at the next time step, or (n ? 1)th

step, could be calculated as

h
::

nþ1
¼ h

::

n
þwðMp;n=I � h

::

n
Þ ð3Þ

where w was the under-relaxation factor, which could

reduce the damping changes in the acceleration produced

during each iteration. If the value of w was set extremely

high, the simulation would be unstable or exhibit diver-

gence. In this study, w was set to 0.05.

Finally, the Newmark method [27, 28] was applied to

calculate the leaflet angle at the (n ? 1)-th time step as

h
:

nþ1
¼ h

:

n
þDt h

::

nþ1
ð4Þ

h
nþ1
¼ h

n
þDt h

:

n
þDt2 h

::

nþ1
ð5Þ

where Dt was the time step size in the simulations.

Fig. 4 Leaflet motions over five cycles for the SJM valve (a) and TRI

valve (b)

Fig. 5 Aortic flow rate and leaflet motions during the fifth cardiac

cycle for the SJM (a) valve and TRI valve (b)
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In this study, the time step size (Dt) was set to 0.1 ms,

and each time step iterated 20 times for the calculations.

The simulations were run in parallel on 15 Intel 2.53 GHz

CPU processors with 16 GB RAM. One cardiac cycle of

the simulations took about 16 h for the SJM valve and 13 h

for the TRI valve. In order to reduce the influence from the

initial conditions, we analyzed only the flow fields of the

fifth cardiac cycle after simulations of five cardiac cycles.

The leaflet angles over five cardiac cycles are shown in

Fig. 4.

Results

The angles of the leaflets over time during the fifth cardiac

cycle are shown in Fig. 5. For the SJM valve, the leaflet

Fig. 6 Contours of velocity

magnitude in the middle plane

during the fifth cardiac cycle for

the SJM valve (a) and TRI valve

(b) at different phases, namely,

fully open (B), peak systole (C),

60 ms after peak systole (D),

start of closure process (E), and

fully closed (F)
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started to open at 380 ms, and the leaflet angle was 80� at

437 ms. Even though the leaflet was fully opened at

460 ms and the duration of the fully opening process was

about 80 ms, the final 5� of opening took more than 20 ms.

During the opening process of the SJM valve, the

angular velocity of the leaflet increased to a maximum

value of 1,765�/s (or 30.8 rad/s) at 399 ms and then

decreased with time. When the opening angle of the leaflet

was 80� and thus very close to the fully opened angle of

85�, the effective moment due to the axial flow on the

leaflet decreased; consequently, the angular velocity also

decreased to 291�/s and the rotation of the leaflet would be

very slow. Therefore, there may be significant inaccuracies

in estimating the time of the opening process. Based on this

result, a reasonable estimate of the duration of SJM leaflet

opening should be 57 ms.

During the closure process of the SJM valve, the leaflet

started to close at 672 ms and was fully closed at 712 ms;

consequently, the duration of the closing process was

40 ms. During valve closure, the angular velocity of the

leaflet increased over time to the maximum value of

8,382�/s (or 146.3 rad/s) at the instant of full closure.

For the TRI valve, the leaflet started to open at 380 ms.

During the opening process of the TRI valve, the angular

velocity of the leaflet reached a maximum value of 1,037�/s

(or 18.1 rad/s) at 414 ms and then decreased with time.

After 414 ms, the effective moment from axial flow on the

leaflet became smaller. At 444 ms, the leaflet was fully

opened and the angular velocity was 426�/s; hence, the

duration of the fully opening process was 64 ms. After the

valve was fully opened at 90�, the leaflet closed slightly

back to 82� where it reached a temporal balance.

The leaflet of the TRI valve started to close during the

closing process at 650 ms. The angular velocity of the

leaflet increased to a maximum value of 1,684�/s (or

29.4 rad/s) at 701 ms and then decreased with time. At

710 ms, the leaflet was fully closed, and the angular

velocity was 1,054�/s (or 18.4 rad/s); consequently, the

duration of the entire closing process was 60 ms.

The leaflet of the TRI valve would not maintain the fully

opened position after valve opening, and there was an

angle of 8� between the balanced position and the fully

opened position. The leaflet angle of this balanced position

indicated that the moment due to the jet flow across the

minor orifice might push the leaflet backwards. As seen on

the velocity fields, there is an obvious difference between

the flow velocities on either side of the leaflet when the TRI

valve is fully open, with the central orifice flow being faster

than the minor orifice flow. Given the inverse relation

between flow velocity and pressure, the moment produced

by the minor orifice jet flow exerts enough pressure to push

the leaflet back from the fully opened to the balanced

position of 8�. In addition, when the flow rate decreased to

less than 10 L/min, the leaflet started to close due to the

decrease of the moment produced by the jet flow across the

major orifice.

Figure 6a shows the contours of the velocity magnitude

in the middle plane at selected phases (Table 1) through the

fifth cardiac cycle for the SJM valve. At the peak flow

phase of 500 ms, the two leaflets of the SJM valve divided

the cross-sectional area into three orifices, and thus there

were three jet flows. These jet flows gradually developed

with time and connected downstream to become a contin-

uous flow field. The maximum velocity was 1.72 m/s.

After the leaflets closed, there were three jet flows across

the gaps between two leaflets and the valve housing.

Figure 6b shows the contours of the velocity magnitude

in the middle plane at selected phases during the fifth

cardiac cycle for the TRI valve. At the peak flow phase of

500 ms, the leaflets divided the cross-sectional area into a

major orifice and three minor orifices, and thus a central

flow and three jet flows passed through the major orifice

and each minor orifice, respectively. The central flow of the

major orifice developed gradually and subsequently dissi-

pated downstream of the valve with the decrease in flow

rate. The maximum velocity was 1.55 m/s. After the leaf-

lets closed, there was no apparent jet flow across the central

gap between the leaflets.

Figure 7a demonstrates the contours of the vorticity

magnitude in the middle plane at selected phases (Table 2)

during the fifth cardiac cycle for the SJM valve. After the

leaflets started to open, vortices gradually developed with

Table 1 Time history and the maximum velocity values of velocity for the St. Jude Medical valve during each phase

Phase Valve motion Time of experiment

(ms) [25]

Time of

CFD (ms)

Maximum velocity in

experiment (m/s) [25]

Maximum velocity

in CFD (m/s)

A Starting to open 380 380 NA 0.13

B Fully open 440 460 (437 at 80) 1.06 1.51 (1.27)

C Peak systole 500 500 1.53 1.72

D 60 ms after peak systole 560 560 1.33 1.47

E Starting to close 670 672 0.49 0.66

F Fully closed 700 712 0.37 5.17 (in gap)

CFD Computational fluid dynamics, NA not available
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time in the wake flows downstream of the leaflets and

within the aortic sinus; these vortices subsequently slowly

moved downstream with the jet flows. Before the leaflets

started to close at 660 ms, the vortices apparently distrib-

uted downstream of the aortic sinus. During the closing

process of the leaflets, the vortices distributed near the

orifices of the leaflets. After the leaflets fully closed, there

were obvious vortices with three jet flows across the gaps

between the two leaflets and the valve housing. The max-

imum vorticity magnitude was approximately 800 s-1

during the opening process and 1400 s-1 after the leaflets

closed.

Figure 7b illustrates the contours of the vorticity mag-

nitude in the middle plane at selected phases during the

fifth cardiac cycle for the TRI valve. After the leaflets

began to open, vortices gradually developed over time at the

Fig. 7 Contours of vorticity

magnitude in the middle plane

during the fifth cardiac cycle for

the SJM valve (a) and TRI valve

(b) at different phases, namely,

fully open (B), peak systole (C),

60 ms after peak systole (D),

start of closure process (E), and

fully closed (F)
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wake flows downstream of the leaflets and in the aortic

sinus. These vortices slowly combined together, and the

whole aortic sinus subsequently was filled with vortices.

When the leaflets started to close, these vortices re-dis-

tributed near the central flow across the major orifice. After

the leaflets fully closed, there was no obvious vortex on both

sides of the central flow across the central gap. The maxi-

mum vorticity magnitudes were approximately 1,100 s-1

during opening and 1,200 s-1 after the leaflets closed.

In order to compare the results from the numerical

model and experimental data, six phases were selected, as

shown in Table 1 for the SJM valve and Table 2 for the

TRI valve. The maximum velocities during each phase

were similar in magnitude with the results of the experi-

ments. However, at the phase of full valve closure, the

maximum velocity within the gap suddenly spiked due to

the decrease of cross-sectional area.

Discussion

For the SJM valve, the motions of opening and closing took

57 and 40 ms, respectively; in comparison, the motions of

opening and closing for the TRI valve took 64 and 60 ms,

respectively. This difference indicates that the opening and

closing processes were more time-consuming for the TRI

valve than the SJM valve, especially in terms of the

duration of valve closure. Because the traveling angles

were 60� for the SJM valve and 45� for the TRI valve, the

closing velocity of the TRI valve was slower than that of

the SJM valve.

The rotational radii were about 10 mm for the SJM

valve and 13 mm for the TRI valve. At the instant of valve

closure, the angular velocity of the SJM valve was

146.3 rad/s, while that of the TRI valve was merely

18.4 rad/s. Based on these data, the tip velocity of the

leaflet of the SJM valve was approximately 1.46 m/s, while

that of the TRI valve was only 0.24 m/s.

The different closing velocities of the leaflets between

these two valves can be explained by the mechanisms of

valve closure. When the SJM valve was fully opened, there

was an angle of 5� between the valve leaflets and the flow.

As the flow decreased, the reverse flow due to the pressure

gradient between the aorta and the left ventricle pushed the

leaflets to close. The mechanism of the TRI valve closure

was quite different. Because the angle between the leaflets

and the direction of the axial flow was almost zero when

the TRI valve was fully opened, the reverse flow could not

effectively contribute to push the leaflets to close. Thus, the

leaflets were mainly pushed by the vortices in the aortic

sinus, resulting in the TRI valve starting to close much

earlier than the SJM valve.

Bellhouse and Talbot [29] studied the closure mecha-

nism of the human aortic valve, and their results indicate

that there is a vortex within each aortic sinus and that these

vortices would benefit from the closure of the valve leaf-

lets. Three-quarters of the valve’s closure was accom-

plished during forward flow, with very little reverse flow

required to seal it. The same kind of closure mechanism

occurred with the TRI valve in this study (Fig. 8).

The leaflets’ closing behavior was considered to be an

important factor in MHV cavitation [30]. Lee et al. [31]

used six different kinds of monoleaflet and bileaflet valves

that were mounted in the mitral position in an electrohy-

draulic total artificial heart. Their results show that the

closing velocity of the bileaflet valves is slower than that of

the monoleaflet valves. These researchers found that cav-

itation bubbles were concentrated on the edge of the valve

stop and along the leaflet tip, and thus it was established

that squeeze flow holds the key to MHV cavitation. Cavi-

tation intensity also increases with an increase in the valve

closing velocity and the valve stop area.

Li et al. [26] measured the opening and closing time

with the axis-symmetric aortic sinus. Two leaflets of the

SJM valve took 60.5 ± 2.6 and 59.8 ± 2.4 ms, respec-

tively, during the opening phase, and the results of the

simulation in this study was 57 ms. During the closing

phase, two leaflets of the SJM valve took 30.1 ± 2.2 and

29.7 ± 3.1 ms to close, and the results of this simulation

was 40 ms. These results indicate that the results of the

cost-time by numerical simulations were slightly overesti-

mated and that the real angular velocities of the SJM valve

Table 2 Time history and the maximum velocity values for the trileaflet valve during each phase

Phase Valve motion Time of experiment

(ms) [25]

Time of

CFD (ms)

Maximum velocity in

experiment (m/s) [25]

Maximum velocity

in CFD (m/s)

A Starting to open 380 380 NA 0.07

B Fully open 450 444 1.56 1.08

C Peak systole 500 500 2.09 1.55

D 60 ms after peak systole 560 560 1.69 1.26

E Starting to close 650 650 0.91 0.60

F Fully closed 700 710 0.45 0.68 (in gap)
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Fig. 8 Velocity profiles in the

plane of the middle of the leaflet

during the fifth cardiac cycle for

the SJM valve (a) and TRI valve

(b) at different phases, namely,

fully open (B), peak systole (C),

60 ms after peak systole (D),

start of closure process (E), and

fully closed (F)
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should be larger than the simulations. As already men-

tioned, because of error messages during the calculation

process, we slightly modified the geometries of the SJM

leaflet, maintaining a gap of 0.25 mm between the leaflet

and the middle plane of symmetry conditions. The size of

this gap was much larger than the actual gap size, which

was approximately 1.118 lm [14], and undoubtedly there

would be limitations to creating meshes of 1 lm in size to

run the simulation. In addition, the effects of shear stresses

and gravity on the leaflet were not considered in Eq. (1).

Based on these limitations in our study, the moments on the

leaflets might be underestimated and the leaflets might

rotate slower than the experimental results.

According to Li et al. [26], three leaflets of the TRI valve

took 55.7 ± 6.8, 59.9 ± 7.4, and 62.4 ± 7.8 ms during the

opening phase, and the results of the simulation in this study

was 64 ms. During the closing phase, three leaflets of the

TRI valve took 43.1 ± 3.7, 42.6 ± 2.5, and 43.3 ± 4.2 ms

to close, and the results of the simulation was 60 ms.

Similarly, the results of the cost-time by the numerical

simulations were a little overestimated, and the real angular

velocities should be larger than the simulations.

Nobili et al. [14] modeled the aortic sinus as three semi-

spheres. Their experimental results showed that the closing

time of the SJM valve was 33.24 ± 5.8 ms and their

numerical result was 34 ms. These results are very similar

to ours.

Lu et al. [12] simulated the aortic sinus as three semi-

spheres, which obviously presents a different geometry

than our axis-symmetric simulation. Their experimental

results indicated that the opening and closing time of the

SJM valve was 48 ± 2 and 30 ± 5 ms, respectively.

These results were similar to the simulations in our study,

which can be explained by the fact that the SJM valve

relies on reverse flow to close and is not appreciably

affected by the sinus geometry. Regarding the TRI valve

in the previous study, the opening time was 50 ± 8 ms but

the closing time was 80 ± 7 ms, which was much longer

than the simulation in our study. The closure behavior of

the TRI valve is affected by the recirculating vortex that

forms within the aortic sinus; thus, the different geome-

tries between three semi-spheres and an axis-symmetric

sinus may be contributing to these differences in closing

time. In addition, we speculate that the orientation of both

SJM and TRI valves within a sinus formed by three semi-

spheres, and therefore the orientation of individual leaflets,

can affect the closing behavior. We applied an axis-

symmetric sinus to avoid the influences of this geometry,

but we also recognize that the interactions between the

geometry and valve orientation will require further

investigation.

Li et al. [26] measured the flow fields across the SJM

valve by digital particle image velocimetry with an in vitro

pulsatile mock circulatory loop system with axis-symmet-

ric aortic sinus. Their results indicated the maximum

velocity was approximately 1.53 m/s at peak flow phase;

this value is similar to the simulation in this study. For the

TRI valve, the maximum velocity was approximately

2.09 m/s, but the position of the maximum velocity was far

away downstream of the valve, and the larger velocity

might be produced by the narrowed aortic sinus. For the

flow fields in the aortic sinus, the maximum velocity was

approximately 1.6 m/s, and this value is very close to the

results of our simulations.

Because of the different kinds of materials of these two

valves, the moment of inertia of the TRI leaflet was much

larger than that of the SJM leaflet. In addition, because the

gap size of 0.25 mm was applied in this simulation for the

SJM valve, which was much larger than the real gap size of

approximately 1.118 lm, it should be possible to improve

still further the flow fields in the gaps and the hinge.

According to the results of previous simulations, the

time-step size also affects the accuracy of the simulations.

Although the trajectories of the leaflet motions were sim-

ilar, the timing would be closer to the experimental results

if the time-step size was set to a smaller value. However,

the cost-time for the simulations was also proportional to

the time-step size. Based on these factors, we set the time-

step size in the range of 0.01–0.05 ms.

In addition, the lack of experimental data accounting for

different geometries of aortic sinuses, especially for the TRI

valve and flow fields upstream of the valves, make it diffi-

cult to validate the results of these numerical simulations.

Conclusions

In terms of leaflet opening and closing times and the times

corresponding to the flow rate, the results of the simula-

tions in this study are very similar to those reported pre-

viously. At peak flow phase, the distributions of velocity

and vorticity also matched the values of the experiments,

indicating that the results of the simulations were accurate

in substance. Since the turbulence model was applied to

solve turbulence flow and the boundary conditions were

also simplified to ideal conditions, the variance in this

study should be negligible.

Both the opening and closing times were longer for the

TRI valve than for the SJM valve, and this phenomenon

matched the results of prior experiments. The leaflets of the

TRI valve would start to close earlier due to the vortices in

the aortic sinus, and this closure mechanism certainly fol-

lowed the concept of the design for the TRI valve. The

slower leaflet motions during valve closure might effec-

tively reduce occurrences of cavitation and risk of damage

to red blood cells.
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