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Abstract

:

The leaflet vibration phenomenon in bileaflet mechanical heart valves (BMHVs) can cause complications such as hemolysis, leaflet damage, and valve fracture. One of the main reasons for leaflet vibration is the unsteady blood flow pressure pulsation induced by turbulent flow instabilities. In this study, we performed numerical simulations of unsteady flow through a BMHV and observed pressure pulsation characteristics under different flow rates and leaflet fully opening angle conditions. The pressure pulsation coefficient and the low-Reynolds k-ω model in CFD (Computational Fluid Dynamics) software were employed to solve these problems. Results showed that the level of pressure pulsation was highly influenced by velocity distribution, and that the higher coefficient of pressure pulsation was associated with the lower flow velocity along the main flow direction. The influence of pressure pulsation near the trailing edges was much larger than the data obtained near the leading edges of the leaflets. In addition, considering the level of pressure pulsation and the flow uniformity, the recommended setting of leaflet fully opening angle was about 80°.
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1. Introduction


Bileaflet mechanical heart valves (BMHVs) are designed and used to replicate the function of natural human heart valves to maintain a unidirectional blood flow, depending on the pressure difference in the upstream and downstream sides of the leaflets. More than 170,000 of the valve replacement operations that occur annually around the world use mechanical heart valves [1,2]. Among various mechanical heart valve types, BMHVs are the most popular and are often implanted to replace diseased heart valves because of their longer lifespan and reliable performance.



Despite the widespread clinical use of mechanical valve replacements, the BMHVs are far from perfect. The major potential complications that remain as drawbacks to mechanical heart valves include hemolysis, damage of blood elements, and thrombosis, as a result of the high-velocity jet flow through the narrow passage between the leaflets [3,4]. Another noticeable phenomenon associated with mechanical valves is unsteady, blood flow-induced leaflet vibration, which leads to the complex interaction of flow dynamics and leaflet kinematics. One of the main reasons for leaflet vibration is the unsteady blood flow pressure pulsation, which is induced by the turbulent flow instabilities [5,6]. Although the occurrence of such a phenomenon is quite low, it may lead to the fracture of BMHVs and life-threatening conditions to patients. In order to deal with the potential risks caused by the leaflet vibration phenomenon, it is of critical importance to understand the mechanism and characteristics of pressure pulsation induced by unsteady blood flow [7,8].



Previous studies mainly focus on flow characteristics and the flow structure interactions of BMHVs. For example, Matteo Nobili et al. [9] investigated the dynamics of a BMHV by means of a fluid–structure interaction method and an ultrafast cinematographic technique. The computational model captured the main features of the leaflet motion during the systole. Iman Borazjani et al. [10] performed high-resolution fluid–structure interaction simulations of physiologic pulsatile flow through a BMHV in an anatomically realistic aorta. Meanwhile, numerous in vitro and in silico studies on the characteristics of leaflet motion and the hemodynamic performances of BMHVs have been conducted. For example, L. Ge et al. [11] analyzed the results of 2D high-resolution velocity measurements, and a full 3D numerical simulation for pulsatile flow through a BMHV mounted in a model axisymmetric aorta, to investigate the mechanical environment experienced by blood elements under physiologic conditions. Redaelli et al. [12] analyzed the opening phase of a bileaflet heart valve under low flow rates and validated the leaflet motion experimentally. Cheng et al. [13] presented a three-dimensional unsteady flow analysis past a bileaflet valve prosthesis in the mitral position incorporating an FSI algorithm for leaflet motion during the valve closing phase.



As mentioned above, few studies have been performed regarding the mechanism and characteristics of pressure pulsation induced by unsteady blood flow. The mechanisms and influencing factors of pressure pulsation in BMHVs are not well understood at the present time. Hence, it is imperative to study the mechanism and characteristics of pressure pulsation induced by unsteady blood flow.



The objective of this study is, therefore, to numerically investigate the characteristics and influence factors of pressure pulsation in BMHVs under different conditions of flow rate and leaflet fully opening angle. Additionally, the non-dimensional coefficient of pressure pulsation was proposed to evaluate the impact on pressure pulsation induced by unsteady blood flow in a BMHV.




2. Numerical Methods and Modeling


2.1. Numerical Method


Ansys CFX commercial software based on finite volume method was used to run pulsatile flow simulations in this study. According to previous experimental results, especially in the studies of velocity and pressure distribution, blood flow was assumed incompressible, turbulent, and Newtonian [2,4].



The continuity equation and the Reynolds-averaged Navier–Stokes (RANS) equation can be written as follows:


∂ui∂xi=0



(1)






∂ui∂t+∂uiuj∂xj=−1ρ∂P∂xj+1ρ∂∂xj(μ(∂ui∂xj+∂uj∂xi)−ρui′uj′¯)



(2)




where ρ is the blood density, u is the velocity, P is the pressure, and μ is the dynamic viscosity. These governing equations are numerically solved for the pressure and velocity profiles in the flow field.


p(x,y,z,t)=pm(x,y,z,t)+p′(x,y,z,t)



(3)






v(x,y,z,t)=vm(x,y,z,t)+v′(x,y,z,t)



(4)







As shown in Equations (3) and (4), all of the spontaneous variables are decomposed into average values and fluctuating components [14]. For example, where p is the transient pressure at some point in the flow field, pm and p′ represent the time-average pressure and time-average pulsating pressure, respectively.



In this study, the pressure pulsation of the BMHV internal flow field under different flow rate and opening angle conditions was analyzed by the non-dimensional coefficient of pressure pulsation.


τ=p′(x,y,z,t)/(ρu2/2)



(5)




where τ is the coefficient of pressure pulsation (it was proposed to evaluate the impact on pressure pulsation induced by unsteady blood flow).




2.2. Geometry of BMHV


Figure 1 shows a three-dimensional simplified geometry of the St. Jude bileaflet mechanical heart valve investigated in this research, which was chosen to be similar to previous studies [14,15]. The model geometry mainly consists of four parts: valve leaflets, aortic sinus, inlet, and outlet sections [16]. In the previous experimental study, the phenomenon of leaflet fluttering was only observed when the leaflets were in the fully open position, so the leaflets were assumed to be fixed in the fully open position to simplify the calculation. The geometry of the aortic root is modelled as an axial-symmetric expansion. The aortic root diameter was 27 mm, and the leaflet opening angle was 80°. The hinge mechanism was simplified as solid cylinder. To obtain the fully developed flow and minimize the influence of outlet boundary conditions, the lengths of the upstream and downstream sections were added as 2D and 6D (where D is the inlet diameter), respectively. Three models with different fully opening angles (75°, 80°, and 85°) were created for the purpose of this study.




2.3. Meshing Configurations and Mesh Independency Test


ICEM-CFD software was employed to generate the mesh of fluid domain. The regions of valve and aortic sinus were discretized with locally refined tetrahedral elements. In the remaining domain (upstream and downstream sections), the hexahedral mesh was used in order to limit the numerical diffusion. One of the mesh independency tests is shown in Table 1. The maximum velocity value at central and lateral orifices were used to check the mesh independency in all cases [17,18]. The total number of cells chosen was equal to 850,131.




2.4. Boundary Conditions


For the boundary conditions, the different flow rates (from 5 L/min to 25 L/min) measured in the vitro study [19,20] (Figure 2) were considered for the inlet condition (ventricular side), and the zero static pressure was set as outlet condition (aorta side) [21]. The density and dynamic viscosity of blood were set to 1055 kg/m3 and 0.0035 Pa·s, respectively. Because the influence of the change of pressure and velocity boundary conditions on the phenomenon of leaflet fluttering is not clear, only part of the cardiac cycle was selected for simulation. The total transient simulation time was controlled, ranging from the 200th ms to the 500th ms in one cardiac cycle (Figure 2), and the 300 ms time was discretized with 1500 steps corresponding to a time step of 0.2 ms.




2.5. Validation of the Computational Methods


For validation of the current calculation, the monitoring line was set at 2.54 mm cross-section after the leaflets, as shown in Figure 3a. The opening angle of 85° was used. Comparisons of the velocity profiles along the monitoring line calculated by three different turbulent models (standard k-ε, RNG k-ε, and k-ω) under a 25 L/min flow rate are shown in Figure 3b. The velocity profile observed in previous experimental studies that considered a BMHV with similar geometry and the same flow condition [15,22] is also shown in the same figure. The comparison of the results illustrates that the results calculated by the k-ω model, in particular the velocity distribution near the leaflets, were in good agreement with the experimental data. The main differences between all of the computational results and the previous experimental data are located in the vicinity of the trailing edges. Considering the fact that this study mainly focused on the flow field near the leaflets, the k-ω model was chosen for simulation.





3. Results and Discussion


3.1. Effect of Different Flow Rate Conditions


Figure 4a shows the blood flow patterns by velocity vector distribution of a BMHV at different flow rate conditions (5 L/min, 10 L/min, 15 L/min, 20 L/min, and 25 L/min), where the color represents the velocity magnitude [23,24]. The flow patterns developed in all cases were similar to each other because of the same opening degree of 80°. Because of the nonphysiologic geometries of mechanical valves, a three-jet configuration through the central and lateral orifices can show a relatively higher velocity and a low-velocity region located at the whole surfaces and trailing edges of both leaflets. The spread region of the trailing edges of the leaflets increases with the flow rate. As the flow rate changed from 5 L/min to 25 L/min, the maximum velocity increased from 0.25 m/s to 1.21 m/s in the central orifices and increased from 0.22 m/s to 0.95 m/s in the lateral orifices, respectively. Higher velocities at the central and lateral orifices were accompanied by higher level of velocity gradient in the vicinity of leaflet surfaces [25,26].



Figure 4b shows the vortex structure of the flow field at different flow rate conditions by means of the vortex core region, where the color represents the value of the Q criterion. In all cases, the vortex core region was mainly formed in the low-velocity region near both leaflet edges. As the flow rate changed from 5 L/min to 25 L/min, the value of the Q criterion in the vortex core region increased rapidly, and the maximum Q value increased from 1.65 × 104 s−2 to 3.24 × 105 s−2. As the flow rate increased to more than 15 L/min, the velocity of the mainstream region increased and the vortices shed downstream from the trailing edges of the leaflets.



In order to study the pressure pulsation characteristics in the vicinity of the leaflets under different flow conditions, two monitoring lines perpendicular to the flow direction (Y direction) were set at the leading edge and trailing edge of the leaflets of the BMHV, respectively, as shown in Figure 4b. One hundred monitoring points were set on every monitoring line, which were evenly distributed in the central and lateral orifices. The transient flow calculation results showed that the pressure value became stable after the first calculation cycle. The pressure value data in the second calculation cycle at each monitoring point were recorded, and the time-average pressure pulsation at each point were calculated by Equation (5).


p′=(∫T2T|p−pm|dt)/ΔT



(6)




where △T is the time of one calculation cycle of 300 ms, from the 200th ms to the 500th ms in one cardiac cycle. p’ is the time-average pulsating pressure, which represents the average pressure pulsation range at a certain point.



The average pressure pulsation at all monitoring points under five different flow conditions were measured and calculated, and the coefficients of pressure pulsation were calculated by equation (4). The coefficient distribution of pressure pulsation at the leading edge and trailing edge monitoring lines under different flow conditions are shown in Figure 5 and Figure 6, respectively.



Figure 5a is the complete view of the coefficient distribution of pressure pulsation at the leading edge monitoring lines at flow rates from 5 L/min to 25 L/min. Figure 5b is the local enlarged view. Under different flow conditions, the level of pressure pulsation coefficient near the wall and the leading edge of the leaflets was higher. The level of the pressure pulsation coefficient in central and lateral orifices was relatively lower. As the flow rate increased, the distribution of the pressure pulsation coefficient on the leading edge monitoring line showed a trend of gradual decline, and the maximum value of pressure pulsation coefficient near the leading edge decreased from 0.014 to 0.003. The results show that the lower the flow velocity on the leading edges of the leaflets, the larger the coefficient of pressure pulsation. The flow velocity near the leading edges of the leaflets increased with the increased flow rate. The vortices fell off downstream, and the influence of the pressure pulsation decreased.



Figure 6a is the complete view of the coefficient distribution of pressure pulsation at the trailing edge monitoring lines at flow rates from 5 L/min to 25 L/min. Figure 6b is the local enlarged view. Under different flow conditions, the coefficient of pressure pulsation near the trailing edge of the leaflets was relatively higher (the maximum value, equal to 8.4), which was reached at the trailing edges of the leaflets. At the main flow region, the coefficients of pressure pulsation in central and lateral orifices were close to zero. As the flow rate increased from 5 L/min to 15 L/min, the distribution of the pressure pulsation coefficient near the trailing edge decreased rapidly, with the maximum value decreasing from 8.4 to 2.1. As the flow rate increased from 20 L/min to 25 L/min, the maximum value of pressure pulsation coefficient gradually decreased from 1.4 to 1.2. The results show that the high-pressure pulsation region was mainly formed in the vicinity of the trailing edges of leaflets. As the flow rate increased, the coefficient of pressure pulsation showed a decreasing trend. Additionally, the level of the pressure pulsation coefficient near the trailing edges was much larger than the data obtained near the leading edges of leaflets. It could be considered that one of the main reasons for the result in leaflet vibration was the pressure pulsation located at the trailing edges of leaflets under low-velocity conditions.




3.2. Effect of Different Fully Opening Angles of Leaflets


In the same way, the pressure pulsation characteristics in the vicinity of the leaflets under different fully opening angle conditions, from 75° to 85°, were studied. Figure 7a shows the blood flow patterns by the velocity vector distribution of a BMHV at different opening degree conditions, where the color represents the velocity magnitude. All cases were simulated under the same flow rate condition of 5 L/min. The leaflets act as an obstruction to the blood flow through the BMHV, and coupled with the relatively high-velocity three-jet through the central and lateral orifices. As the leaflet opening degree increased from 75° to 85°, the maximum velocity decreased from 0.28 m/s to 0.22 m/s and from 0.24 m/s to 0.19 m/s in the central and lateral orifices, respectively. The results showed that, with the increase of the opening angle, the velocity distribution was more uniform and the average level of flow velocity decreased. Figure 7b shows the vortex structure of the flow field under different leaflet opening angle conditions by means of vortex core region, where the color represents the value of the Q criterion. In all cases, the vortex core region mainly formed in the vicinity of the surfaces of both leaflets. As the leaflet opening degree increased from 75° to 85°, the range of the vortex core region near the leaflets was gradually enlarged, and the maximum Q value decreased from 2.02 × 104 s−2 to 1.13 × 104 s−2. The results showed that, because of the larger opening angle and the lower average velocity, the vortices were more likely to stay at the surfaces of the leaflets than to shed downstream from the trailing edges.



Figure 8 shows the coefficient distribution of pressure pulsation at the leading edge monitoring lines at different fully opening leaflet angles from 75° to 85°. Under different fully opening angle conditions, the coefficient distribution of pressure pulsation at the leading edge monitoring lines were similar. The level of the pressure pulsation coefficient near the wall and the leading edge was relatively higher, and relatively lower at the central and lateral orifices. As the fully opening angle increased from 75° to 85°, the level of the pressure pulsation coefficient in the region of the leading edges and the lateral orifices slightly decreased, and the maximum value of the pressure pulsation coefficient near the leading edge decreased from 0.02 to 0.017. Under the same conditions, the pressure pulsation coefficient in the central orifice gradually increased and the minimum value of the pressure pulsation coefficient at the central orifice increased from 0.007 to 0.011. The results showed that, at the same flow rate condition, the level of the pressure pulsation coefficient near the leading edges slightly decreased with the increased leaflet fully opening angle. It could be inferred that the main influencing factor of the pressure pulsation coefficient level near the leading edges was the different velocity distribution. The lower the flow velocity, the larger the coefficient of pressure pulsation. Since the level of the pressure pulsation coefficient near the leading edges was very low in all cases, it could be considered that the change of the leaflet fully opening angle had little effect on pressure pulsation and the potential vibration of leaflets leading edges.



Figure 9 is the coefficient distribution of pressure pulsation at the trailing edge monitoring lines at different fully opening leaflet angles from 75° to 85°. In all three cases, the distribution of the pressure pulsation coefficient at the trailing edge monitoring lines were similar. The pressure pulsation coefficient near the trailing edge was relatively higher. At the main flow region, the pressure pulsation coefficients in the central and lateral orifices were close to zero. As the fully opening angle increased from 75° to 85°, the level of the pressure pulsation coefficient near the trailing edges gradually increased, and the maximum value of the pressure pulsation coefficient increased from 6.6 to 9.5. Additionally, in comparison to another two cases, the pressure pulsation coefficient in the central orifice showed a nonuniform distribution with the under 75° opening angle condition. The results showed that at the same flow rate condition, the level of the pressure pulsation coefficient near the trailing edges gradually increased as the leaflet fully opening angle increased. It could be inferred that the main influencing factor on the pressure pulsation coefficient level near the trailing edges was the different vortex structure distribution. The larger leaflet fully opening angle led to the larger vortex core region and a higher level of pressure pulsation coefficient. The nonuniform distribution of the pressure pulsation coefficient indicated that the nonuniform velocity distribution might be induced by the narrow central orifice under a relatively lower leaflet opening angle condition. Thus, considering the pressure pulsation and the flow uniformity, the recommended setting of leaflet fully opening angle was about 80°.





4. Conclusions


In this study, the pressure pulsation characteristics induced by unsteady blood flow in the BMHV under different flow rates and leaflet fully opening angle conditions were analyzed. The conclusions can be listed as follows.



In regard to blood flow through a BMHV, the main influencing factor of the pressure pulsation coefficient level was the different velocity distribution. In all cases, the vortex core region and low-velocity region were mainly formed in the leading and trailing edges of leaflets. The lower the flow velocity on the edges of leaflets, the larger the coefficient of pressure pulsation. As the flow rate increased, the flow velocity near the edges of the leaflets increased and the coefficient of pressure pulsation decreased; the vortices then fell off downstream, and the influence of pressure pulsation decreased.



The level of the pressure pulsation coefficient near the trailing edges was much larger than the data obtained near the leading edges of leaflets, which indicated that one of the main reasons for leaflet vibration was the pressure pulsation located at the trailing edges of leaflets under low-velocity conditions. At the same flow rate and different leaflet fully opening angle conditions, the level of the pressure pulsation coefficient near the leading edges was close to 0, which indicated that the change in leaflet fully opening angle had little effect on the pressure pulsation and the potential vibration of leaflet leading edges.



The range of the vortex core region increased with the increased leaflet fully opening angle. The relatively lower the velocity in the vortex core region, the larger the level of the pressure pulsation coefficient. Meanwhile, the nonuniform velocity distribution could have been induced by the narrow central orifice under the relatively lower leaflet opening angle condition. Thus, considering the pressure pulsation and the flow uniformity, the recommended setting of leaflet fully opening angle was about 80°.



In this study, because the influence of the change of pressure and velocity boundary conditions to the phenomenon of leaflet fluttering are not well understood, a model of leaflets in fixed positions was adopted to simplify the calculation, which may have led to deviation between the simulation results and the actual situation. In addition, only one of the velocity profile monitoring lines was compared and validated by the experimental results. Considering the periodic boundary conditions, the simulation of the whole cardiac cycle and more detailed data are required for full validation in future work.
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Figure 1. The perpendicular cut-plane view of the three-dimensional bileaflet mechanical heart valve (BMHV) geometry. 






Figure 1. The perpendicular cut-plane view of the three-dimensional bileaflet mechanical heart valve (BMHV) geometry.



[image: Processes 07 00232 g001]







[image: Processes 07 00232 g002 550]





Figure 2. Flow rate and leaflet motion throughout one cardiac cycle. 
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Figure 3. Comparisons of the velocity profiles between the simulation results by different turbulent models and the experiment results [15,22]. (a) Monitoring line at 2.54 mm cross-section after the leaflets. (b) Current simulation results and previous experimental data for velocity profiles. 
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Figure 4. Velocity distribution and Q criterion of vortex core region of the 80° opening degree bileaflet mechanical heart valve (BMHV). (a) Velocity vector distribution and (b) Q criterion of vortex core region. 
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Figure 5. Coefficient distribution of pressure pulsation at the leading edge monitoring lines under different flow conditions at 80° opening degree. (a) The complete view. (b) The local enlarged view. 
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Figure 6. Coefficient distribution of pressure pulsation at the trailing edge monitoring lines under different flow conditions at 80° opening degree. (a) The complete view. (b) The local enlarged view. 
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Figure 7. Velocity vector distribution and Q criterion of the vortex core region of the different opening angle bileaflet mechanical heart valves (BMHVs) at a flow rate of 5 L/min. (a) Velocity vector distribution. (b) Q criterion of vortex core region. 
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Figure 8. Coefficient distribution of pressure pulsation at the leading edge monitoring lines under different fully opening angle conditions at a flow rate of 5 L/min. 
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Figure 9. Coefficient distribution of pressure pulsation at the trailing edge monitoring lines under different fully opening angle conditions at a flow rate of 5 L/min. 
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Table 1. Mesh independency test.






Table 1. Mesh independency test.





	Number of Cells
	Max. Velocity at Central Orifice (m/s)
	Max. Velocity at Lateral Orifices (m/s)





	368,935
	1.16
	0.91



	655,422
	1.19
	0.92



	850,131
	1.21
	0.95



	1,020,373
	1.21
	0.96
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