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Abstract

Blood damage and platelet activation are inherent problems with present day bi-leaflet mechanical 

heart valve (BMHV) designs. Passive flow control through different arrangements of vortex 

generators (VG) as means of improving pressure gradients and reducing turbulence are 

investigated. Rectangular VG arrays were mounted on the downstream surfaces of a 23mm 3D 

printed mechanical valve. The effect of VGs on the resulting flow structures were assessed under 

pulsatile physiological flow conditions where high resolution particle image velocimetry 

measurement was performed. The co-rotating VGs showed lower Reynolds shear stresses and 

improved pressure gradients (PG) compared with the counter-rotating ones and the no-VG control 

one (that showed higher turbulence). RSS was found 38.13±0.89Pa, 12.95±0.32Pa, 15.75±0.71Pa, 

24.54±0.84Pa and 16.33±0.58Pa for the control, co-rotating VGs, 8 counter-rotating VGs, 4 far-

spaced VGs and 4 closely-spaced VGs, respectively. PG of 10.45±0.94 mmHg was obtained with 

co-rotating VGs and the difference was significant compared with the other configurations (control 

14.88±0.4mmHg; 8 counter-rotating VGs 13.76±0.51mmHg; 4 far-spaced VGs 13.84±0.09mmHg; 

and 4 closely-spaced VGs 15.37±0.16mmHg). Co-rotating VGs for this application induce a more 

delayed flow separation and a more homogenized and streamlined transition of flow compared 

with the counter-rotating VGs. Passive flow control techniques deployed on BHMVs is potentially 

beneficial as significant control of flow at small length scales without inducing large-scale design 

modifications of the valve.
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Introduction

Bi-leaflet mechanical heart valves (BMHVs) became the gold standard in mechanical heart 

valve implantation and are still widely used specifically in younger patients needing valve 

replacement. While mechanical valve designs evolved to improve hemodynamic 

Address for correspondence and reprints: Lakshmi Prasad Dasi, PhD, Associate Professor, Department of Biomedical Engineering, 
The Ohio State University, 473 W 12th Ave., Columbus, OH 43210, TEL: (614) 247-8313, lakshmi.dasi@osumc.edu. 

Conflict of Interest: Dr. Dasi reports having two patent applications on novel surgical and transcatheter valves. He also has a patent 
issued on vortex generators on heart valves and a patent application on super hydrophobic vortex generator enhanced mechanical heart 
valves. No other conflicts were reported.

HHS Public Access
Author manuscript
Ann Biomed Eng. Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Ann Biomed Eng. 2019 January ; 47(1): 85–96. doi:10.1007/s10439-018-02128-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performance, blood damage expressed in platelet activation and hemolysis remains a 

seemingly non-avoidable risk. Thromboembolism is the most common complication 

associated with mechanical valves affecting around 0.1% to 5.7% per patient year despite 

strong anti-coagulation therapy[1]. Anticoagulation therapy puts patients at several risks 

such as hemorrhage [2-4]. Clinical studies have shown that patients with mechanical valves 

have shortened platelet and red blood cell half-lives[5, 6]. St. Jude Medical (SJM) valves, 

despite being known for their superior hemodynamic performance and low relative 

thrombogenicity, still can cause patient mortality due to valvular thrombosis [7-10]. Even 

though tremendous design improvements in cardiovascular devices over the last 50 years 

and the development of new drug therapies have taken place, the problems of platelet 

activation, hemolysis, and thromboembolism in BMHVs still persist.

Turbulent stresses are well established factors contributing to valve related hemolysis and 

platelet activation[11, 12]. Therefore, minimizing the risk for platelet activation and 

hemolysis through reduction of turbulent stresses is the objective of every new mechanical 

valve design[11, 13]. Towards this goal, previous studies utilized passive flow control 

surface features such as vortex generators on the leaflet surface [1, 14, 15] to minimize 

turbulence, through delaying boundary layer separation, and platelet activation associated 

with the regurgitant jet. Briefly, vortex generators are passive devices placed at the surface of 

the valve leaflets in order to manipulate the flow to restrict detrimental effects or promote 

the beneficial ones[1]. The impact of vortex generators on passively controlling the flow has 

been studied extensively in mechanical and aerospace applications [16-18]. The main effect 

of vortex generators is to delay and even suppress flow separation through bringing 

momentum from the free stream into the boundary layer in order to allow it to sustain the 

strong local streamwise adverse pressure gradient[16].

Because of the “drag penalty” induced by these passive devices, many optimization studies 

have led, in 20 years, to a significant reduction of the vortex generator height from the order 

of the boundary layer thickness to only a fraction of it[16, 18]. Nevertheless, the impact of 

vortex generators on BMHV forward flow or the knowledge of how to choose an appropriate 

vortex generator configuration is still unknown, specifically for heart valve applications. 

Configurations of vortex generators can vary between co-rotating to counter-rotating types, 

with equal spaces between them or not.

The objective of this study is to investigate the impact of different vortex generator (VG) 

configurations and arrangements for a BMHV on pressure gradient (PG), and turbulent 

Reynolds shear stresses (RSS).

Materials and Methods

The effects of the VG arrangements on the downstream side of mechanical valve leaflets 

were quantified under pulsatile flow conditions using high resolution particle image 

velocimetry (PIV) technique.

Hatoum and Dasi Page 2

Ann Biomed Eng. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vortex generators

Five different 23mm BMHVs (Figure 1) were 3D printed and designed as follows: one 

BMHV was designed without VGs and considered the control case while the four others had 

different VG configurations mounted on the downstream side of the BMHV: (1) with 4 co-

rotating equally distant VGs, (2) with counter-rotating 8 closely spaced VGs, (3) with 

counter-rotating 4 far spaced VGs, and (5) with counter-rotating 4 closely spaced VGs. VG 

heights were chosen to be 1mm, length 2.8mm, the spacing 5mm and set at an angle of 

incidence of 23° based on Bradbury et al[15]. Lealfets length is 20mm. VGs and valve 

leaflets were manufactured using high resolution stereolithography. The leaflets were 3D 

printed using the high resolution Stratasys Objet 30 Pro Desktop 3D Printer (Edina, 

Minnesota). The material utilized was VeroClear rigid transparent material. The material 

modulus of elasticity was reported to be 2000-3000 MPa. These 4 VG configurations and 

arrangements were particularly chosen as a continuation of previous studies [1, 14, 17].

Hemodynamic assessment

Hemodynamic parameters were evaluated under pulsatile flow conditions created by a left 

heart simulator yielding physiological flow and pressure curves as previously described[12, 

19] and as shown in (Figure 2). The cardiac output was set to be 5 L/min, the heart rate 60 

beats per minutes and pressures of 120/80 mmHg. The peak flow rate reached was 25 L/min. 

The peak Reynolds number was 7667.4. The working fluid in this study was a blood-

analogue mixture of water-glycerine (99% pure glycerine) producing a density of 

1060Kg/m3 and a kinematic viscosity of 3.5cSt. One Hundred consecutive cardiac cycles of 

aortic pressure, ventricular pressure and flow rate data were recorded at a sampling rate of 

100Hz. Flow data were acquired using ultrasonic flow probes (HXL, Transonic Inc., Ithaca, 

NY, USA), and pressures upstream and downstream of the valve were measured with 

Validyne pressure transducers (DP, Validyne Engineering Corp., Northridge, CA, USA). The 

mean transvalvular pressure gradient (PG) - that we will refer to as pressure gradient as 

adopted clinically - is defined as the average of positive pressure difference between the 

ventricular and aortic pressure curves during forward flow.

The effective orifice area (EOA) is an important parameter to evaluate valve orifice opening 

as it is a measure of the vena contracta area. It is also an indicator of prosthetic valve 

efficiency[20]. EOA was computed using the Gorlin’s equation:

EOA = Q
51.6 PG

(1)

Where Q represents the root mean square aortic valve flow in cm3/s over the same averaging 

interval of the PG (in mmHg).

Particle Image Velocimetry (PIV)

For PIV, the flow was seeded with fluorescent PMMA-Rhodamine B particles with 

diameters ranging from 1 to 20 μm. For all cases, the velocity field within the distal flow 

region were measured using high spatial and temporal resolution PIV. Briefly, this involved 
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illuminating the flow region using a laser sheet created by pulsed Nd:YLF single cavity 

diode pumped solid state laser coupled with external spherical and cylindrical lenses while 

acquiring high-speed images of the fluorescent particles within the region. The plane of 

measurement was aligned along the center plane of the chamber and was perpendicular to 

the leaflet axis. Figure 3 shows the PIV plane orientation with respect to the valve. Time-

resolved PIV images were acquired with a resulting spatial and temporal resolutions of 

0.035mm/pixel and 500Hz respectively. Phase locked measurements were recorded for 4 

phases of the cardiac cycle (acceleration, peak, deceleration and diastole) repetitively with 

250 ensembles each with a spatial resolution of 0.035mm/pixel. Refraction was corrected 

using a calibration in DaVis particle image velocimetry software (DaVis 7.2, LaVision 

Germany). Velocity vectors were calculated using adaptive cross-correlation algorithms. The 

thickness of the shear layers was measured from the PIV data of the vorticity and velocity 

fields figure. Further details of PIV measurements can be found in Hatoum et al [21-27].

Vorticity Dynamics

Using the velocity measurements from PIV, vorticity dynamics were also evaluated distal to 

the valve. Vorticity is the curl of the velocity field and therefore captures rotational 

components of the blood flow shearing as well as visualizing turbulent eddies[12, 23]. 

Regions of high vorticity along the axis perpendicular to the plane indicate both shear and 

rotation of the fluid particles. Vorticity was computed using the following equation:

ωz = − (
dV x
dy −

dVy
dx ) (2)

Where ωz is the vorticity component with units of s−1; Vx and Vy are the x and y 
components of the velocity vector with units of m/s respectively. The x and y directions are 

axial and lateral respectively with the z direction being out of plane measurement.

Reynolds shear stress (RSS)

Reynolds shear stress has been widely correlated to turbulence and platelet activation[12, 

28]. It is a statistical quantity that measures the shear stress between fluid layers when fluid 

particles decelerate or accelerate while changing direction[12, 19]. 250 instantaneous 

measurements of velocity field for every phase (acceleration, peak, deceleration and 

diastole) were recorded. From these ensembles, the average velocity field was calculated for 

each phase. This average was then subtracted from the instantaneous to yield 250 fluctuating 

velocity fields at each phase. From the fluctuating velocity ensembles, the RSS was 

computed using:

RSS = ρ u′u′ − v′v′
2

2
+ u′v′ 2 (3)

Equation (3) yields the principal RSS, where ρ is the blood density, and are the 

instantaneous velocity fluctuations in the x and y directions respectively.
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Statistics

All data are presented as mean ± standard deviation. ANOVA and Bonferroni post-hoc test 

were used to compare the means and p < 0.05 was considered statistically significant. 

Analyses were performed over 100 replicates.

Results

Hemodynamic parameters

Table 1 summarizes the hemodynamic parameters of the 5 different valves. The 

hemodynamic assessment of the different valves showed that the Co-rotating VGs yielded 

the lowest pressure gradient of 10.45±0.94 mmHg. The difference between this PG value 

and the rest obtained with the different VG arrangements is significant with p < 0.01. The 4 

far-spaced and 8 counter-rotating VG valves yielded 13.84±0.09 and 13.76±0.51 mmHg 

respectively, while the 4 counter-rotating closely spaced VGs yielded a pressure gradient of 

15.37±0.16 mmHg. The control valve’s pressure gradient obtained was 14.88±0.40 mmHg.

The effective orifice area values follow the trend of the pressure gradient with the Co-

rotating VG valves yielding the highest EOA of 2.26±0.17 cm2. The EOA obtained with the 

4 and 8 counter-rotating far spaced and closely spaced VG valves respectively were 

1.53±0.02 cm2 and 1.58±0.05 cm2, and that obtained with the 4 counter-rotating closely 

spaced VG valves was 1.42±0.01 cm2. The EOA obtained with the control valve was 

1.43±0.04 cm2.

Flow velocity fields and profiles

Figure 4 represents a schematic describing the flow through a bi-leaflet mechanical valve 

with vortex generators. The flow features are elucidated in this sketch and serve as a 

guidance for the flow field figures along with the velocity profile Vx versus y. The red and 

blue traces represent shear layers with red and blue being CCW and CW vorticity generated 

from the inner and outer surface boundary layers of each leaflet.

Flow velocity field is an important indicator of the velocity and vorticity state of the flow. 

Figure 5 shows the phase averaged velocity vectors and vorticity contours at the four 

different phases in the cardiac cycle for the different VG arrangement valves. Video 1 shows 

the fluid particles streaks for every valve case in every model over the cardiac cycle. The 

video explicitly shows the main differences in flow features between the 5 different valve 

cases. For example, the 4 far spaced counter-rotating VG valve was the last to fully open, in 

addition to displaying a flow pattern that looks exponentially increasing from the bottom 

side of the chamber to the top (at t = 2 s). The closure of the valves on the other hand takes 

place in the same time.

Qualitatively examining the velocity and vorticity fields starting from early systole, the close 

counter-rotating VGs whether 4 or 8, cause streamwise decay of the central shear layers 

evident at acceleration, peak, and deceleration phases. They are characterized by coherent 

outer shear layers at the peripheral jets compared to the central shear layers which diffuse 

almost immediately at the valve outlet. Excluding these 2 VG cases, the fastest streamwise 
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decay occurs with the control case without any VGs where at peak systole, vorticity in the 

shear layers dissipate almost immediately after detaching from the leaflet surfaces. The 

control case is followed by the 4 counter-rotating far spaced VG valve. The shear layer 

thickness at peak systole of both cases is almost equal (2.130±0.015 mm for the control case 

and 2.080±0.022 mm of the 4 counter-rotating far spaced VGs). The co-rotating VG case on 

the other hand is characterized by thinner shear layer thicknesses (1.13±0.010 mm) and a 

slower decay of the main jet shear layers. The observation of the slow decay is clear in 

deceleration where the central shear layers for the co-rotating VGs are the last to decay.

Quantitatively, the centerline velocity magnitude right at peak systole was maximal with the 

4 far spaced counter-rotating VGs (1.19±0.02 m/s), followed by the co-rotating VGs 

(1.17±0.05m/s). The lowest centerline velocity magnitudes 0.76±0.03 m/s and 0.79±0.04 

m/s were obtained for the 4 and 8 closely spaced counter-rotating VGs respectively. The 

valve without VGs yielded a peak velocity at peak systole of 1.14±0.03 m/s. The velocity 

magnitude variations during early systole (acceleration) followed the same order however, 

the slowest was observed with the no-VG control valve with a velocity of 0.75±0.02 m/s. 

During deceleration, the variation in velocity magnitudes followed that of systole.

To better visualize the variation in velocity for every case, Figures 6, 7 and 8 show the 

velocity profiles in the longitudinal direction (Vx) versus X (mm) along the centerline 

between the leaflets; and versus Y (mm) at X = 0 (right after the flow exit the leaflets) and at 

X = 20 mm to quantify the evolution of velocity profiles.

Figures 6a, 6b and 6c shows Vx profile at the horizontal centerline (Y=0) between the 

leaflets during acceleration, peak systole and deceleration respectively. During acceleration, 

the counter-rotating VGs experience the most drastic change from the leaflets exit (X=0) 

throughout the region to the end of the domain centerline while the co-rotating and the no-

VG control valve velocities decay in parallel, slower for the co-rotating VGs than the control 

case. At peak systole, the highest velocity and slowest decay in magnitude longitudinally in 

x was found in the co-rotating VGs case reaching 1.26m/s and ending at 1.03m/s (0.23m/s 

difference). Without VGs, the peak velocity was found to be 1.16m/s, decaying to reach 

0.92m/s (0.24 m/s difference). The lowest peak magnitudes of Vx were found in the 4 and 8 

counter-rotating closely spaced VGs reaching a maximum of 0.85m/s and ending at 0.73m/s 

(0.12m/s). The 4 far closely spaced VGs reached a peak of 1.86m/s and ends at 0.84m/s 

(1.02 m/s difference). The same profile trends were observed in deceleration.

Figures 7a, 7b and 7c show the Vx profile right after the leaflets are open versus Y. During 

acceleration, the co-rotating VG valve yields the highest centerline velocity with the 

centerline and the peripheral jet velocities being the closest (0.05 m/s) compared to the other 

VGs. During peak systole, the lowest Vx magnitudes at the center jet were obtained with the 

4 and 8 counter-rotating VG cases reaching 0.77m/s while the peripheral jets reach a 

velocity of 1.27m/s (0.5m/s difference). The 4 far-spaced counter-rotating VGs Vx varied 

from 1.22m/s in the central jet to 1.31m/s in the peripheral jets (0.09m/s). 0.03m/s velocity 

difference was obtained with the co-rotating VGs (the smallest difference), and 0.08m/s 

difference was obtained with the control case without any VGs. The same profile trends 

were observed in deceleration.
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Figures 8a, 8b and 8c show the Vx profile versus y at x = 20 mm. The most interesting 

feature in this figure is the relative reduction in Vx for the no-VG control valve case 

compared with Figure 7a during acceleration (0.56 m/s from 0.69 m/s). The centerline 

velocity profile is flatter than that observed at the outlet of the leaflets and is “catching up” 

to the peripheral velocity profiles.

Reynolds shear stress (RSS) field

Figure 9 displays the Reynolds shear stress contours of the different valve cases at different 

time points throughout the cardiac cycle.

Qualitatively during acceleration, when VGs are far spaced, the distribution of RSS looks 

different compared to all the other cases irrespective of the magnitude. During mid-systole, 

more dispersion due to turbulent advection is noted with the 4 far and closely spaced 

counter-rotating VGs along with the control case without any VG. Decay in RSS is observed 

in all the cases with increasing distance from the valve.

Quantitatively, RSS magnitudes decreased significantly with VGs compared to the control 

case. During acceleration, RSS varied as follows: 19.3±0.72Pa, 9.76±0.13Pa, 9.16±0.54Pa, 

15.14±0.42Pa, and 7.76±0.34Pa for control, co-rotating VGs, 8 counter-rotating VGs, 4 far-

spaced VGs and 4 closely-spaced VGs respectively. At peak systole, RSS magnitudes 

calculated for the VG cases were also lower than those calculated without VGs. RSS was 

found to be 38.13±0.89Pa, 12.95±0.32Pa, 15.75±0.71Pa, 24.54±0.84Pa and 16.33±0.58Pa 

for control, co-rotating VGs, 8 counter-rotating VGs, 4 far-spaced VGs and 4 closely-spaced 

VGs respectively. The co-rotating VGs yielded the lowest RSS magnitudes with statistically 

significant differences compared with all the other cases (p < 0.001).

Discussion

In this manuscript, to evaluate the reduction in turbulence and its effect on valve 

performance, several parameters were assessed namely, (a) pressure gradient and effective 

orifice area, (b) Reynolds shear stress fields, and (c) flow velocity fields, for all five valve 

cases with and without VGs. While PG and EOA are net measures of energy losses and 

therefore valve performance, RSS and flow velocity fields help identify the spatio-temporal 

locations of flow instabilities and quantify overall turbulence characteristics. With such a 

broad set of parameters to evaluate the reduction in turbulence, it is possible to 

simultaneously assess the mechanisms of turbulence reduction along with assessing clinical 

impact in terms of valve performance as well as potential for blood damage and platelet 

activation. In this study, the differences engendered as a result of having 4 different 

arrangement of VGs on the downstream side of the mechanical valve leaflet versus no VGs 

on the leaflet were assessed through looking at (a) the relevant hemodynamic performance 

parameters and (b) the turbulent Reynolds shear stresses. Flow through a bi-leaflet 

mechanical heart valve can be highly turbulent with Reynolds numbers exceeding 5000 and 

reaching 8000 [29, 30]. The importance of studying turbulence post implantation stems from 

its effect on platelet activation, hemolysis, and effects on pressure drop and recovery. In 

addition, the most optimal VG arrangement for the mechanical valve application has not 

been completely established yet specifically for this type of applications and this study 
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constitutes a first step towards that goal. The inherent simplicity of VGs along with their low 

drag are demonstrated to be critical and highly important for many applications and in 

particular to heart valve engineering[17].

Hemodynamic parameters

Previous studies have shown that the presence of vortex generators eliminates the inflection 

point in the streamwise pressure distribution curve that indicates the location of separation 

of the boundary layer[17]. This indicates that the separation has significantly reduced. Not 

only separation is reduced, but also a significant improvement in downstream pressure 

recovery was also observed and obtained[17]. The data presented in this manuscript concord 

the results of these previous studies with the pressure gradients being less or equal to the no-

VG control case [1, 14, 17] and the EOA significantly improved compared to the control 

case. Undeniably the addition of VGs has induced a reduction in transvalvular pressure 

gradients and improved the EOA. EOA improvement signifies a great improvement in the 

efficiency of the prosthetic heart valve [20].

The co-rotating VGs showed improved reduction in pressure gradients compared with the 

counter-rotating ones. Previous studies have shown that the choice between co-rotating and 

counter-rotating VGs depends strongly on the type of flow separation[17]. However, to 

investigate this aspect, the turbulent flow field needs to be investigated as explained in the 

section below.

In addition, the difference between the counter-rotating VG valves will be further 

investigated through looking at the turbulent flow field characteristics.

Flow velocity fields and profiles and relationship with turbulence

The flow velocity fields and shear layers are different among the different valves. The 

drastic difference in velocity throughout the x direction in the far-spaced VGs case partially 

explains the diffusion and the higher RSS values obtained compared to the other VGs. 

Meanwhile the minimum losses in velocity (and therefore mean shear) in the x and y 

direction along with the smooth decay were found with the co-rotating VGs case. This result 

highlights the lower turbulence and thus the lower RSS obtained (shown in Figures 5 and 9). 

The intensity of the vorticity concentrations are clearly lowest for the co-rotating VGs case, 

which indicates that the vorticity generated from the VGs not only disperses and 

disintegrates the coherent flow structure but also diminishes the local shear and rotation 

indicating a counter balancing effect of the introduced/shed vorticity from the VGs[14]. The 

overall effect of this disintegration and diminution of the mean shear translates to lower 

turbulent production (and consequently lowered energy dissipation) with lower Reynolds 

stresses as opposed to a strong coherent flow structure of high stress and large scale 

instability.

To verify this point, the root mean square of the fluctuations in velocity (Vx’ and Vy’) for the 

different valve cases are shown in Figure 10. Velocity fluctuations are characteristics of 

turbulent flow. These fluctuations give an indication about how turbulent the blood flow is 

thus providing an assessment of the valve performance[12].
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Comparing the co-rotating VGs valve with the control case, the contour plots of Vx’ RMS 

show the overlap in shear layers at the exit from the leaflets while the shear layers are widely 

spread out for the Co-rotating VGs case. This observation strengthens the fact that 

separation without VGs has started earlier (characterized by a growth in shear layers[31, 

32]) while with the co-rotating ones it was delayed. This delay contributed to lower 

turbulence, which in turn explains the decrease in pressure gradient along with RSS. The 

fluctuations in the y-direction are tightly related to the unsteadiness explained in the 

streamwise component of velocity, and vorticity fields above showing a more stable 

behavior for the Co-rotating VGs.

It is clear, based on the above discussion that the co-rotating VGs for this application induce 

a more delayed flow separation compared with the counter-rotating VGs, and a more 

homogenized and streamlined transition of flow. Lin et al have also highlighted the 

streamlined flow transition with the use of co-rotating VGs[17].

Looking closely at the velocity fluctuations of the counter-rotating VGs, it is clear that the 

far-spaced ones cause the most of the observed instabilities in Vx and Vy which explains the 

high RSS values obtained. It seems that allowing a space between the counter-rotating VGs 

on the surface of the leaflet geometrically altered the efficient momentum transfer between 

vortices [14, 16, 17]. The most optimal counter-rotating VG arrangement seems to be the 

closely spaced equally distributed 8 VGs. Not only the close arrangement allows the 

efficient moment transfer of vortices, but also it ensures that there is no discontinuity. 

Because separation in flow across mechanical valves occurs in the mid-section [29, 33, 34], 

the effect of spacing between the counter-rotating VGs (far spaced) was more drastic on the 

engendered turbulence than the spacing at the 2 top sides (4 closely spaced counter-rotating 

VGs). And because of the same reason, the 8 counter-rotating closely spaced VG 

arrangement yielded – though insignificantly - less turbulence than the 4 closely spaced 

counter-rotating VG one (Figure 9).

The more drastic the differences in Vx between the middle jet and those at the periphery are, 

the more they validate the occurrence of flow shearing. Thus, the turbulent diffusion and 

dissipation that show in the middle of the RSS plots particularly in the cases of the 4 and 8 

closely spaced co-rotating VGs, are explained and confirmed by the velocity contour plots. 

In addition to this, geometry of the closely spaced VGs in the counter-rotating cases plays an 

important role. The closely spaced counter-rotating VGs seem to be blocking the 

propagation of the vorticity layers in the middle jet. The velocity values obtained in the 

middle jet for both cases were lowest and the differences between the velocity of the middle 

jet and that of the peripheral jets was shown to be highest. However, longitudinally the 

losses are not as tremendous thus the RSS obtained were not expected to be highest as 

confirmed by the results. The far spaced counter-rotating VGs allow the shear layers to 

propagate through the middle. However, the constriction of the VGs comes into play 

generating a more turbulent flow thus causing higher RSS in that region.

Counter-rotating VGs (owing to the geometry) may have enhanced turbulence compared to 

the co-rotating ones. This may be due to interaction of opposite signed axial vortices. While 

co-rotating VGs generated same sign axial vortices that helped streamline the flow and 
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maintain a high velocity and a more gradual decay from leaflet tips at x=0mm to x=20mm 

(Fig.7). Without any VGs, the early separation not only leads to stronger turbulence, but also 

to more energy dissipation characterized by a drastic and fast drop in velocity until the end. 

This observation has also been highlighted on swept wings of aircrafts where boundary layer 

separation was delayed more efficiently with co-rotating VGs compared with counter-

rotating ones[35].

However and as explained in Dasi et al[14], the remarkable turbulence reduction in the 

presence of VGs compared to the control case, is in fact due to the dispersion of the jet due 

to added instabilities. Nevertheless, in their study, the co-rotating arrangement of VGs on the 

downstream side of the leaflets was not studied. The local convective acceleration noted 

from the velocity magnitude differences occurs due to the partial blockage from the VG 

particular geometry. The dispersion on the other hand occurs due to vorticity generated from 

the tips of the VGs. The convective acceleration and the dispersion of the jet are two 

simultaneous mechanisms that work together by stabilizing the flow thus reducing the 

generation of fine scale structure (turbulence), and diminishing mean shear (thus turbulence 

production).

Previous in-vitro studies investigated and assessed the risk of blood damage and attempted 

to set some thresholds that mark the onset of platelet activation. However, thresholds are not 

well-established, and indeed the characterization of turbulent stress is still controversial. 

Hung et al. reported platelet damage at 100–165 dynes/cm2 with an exposure time of 102 

s[36]. Williams et al established the onset of platelet activation at 130 dynes/cm2 under an 

exposure time of 1023 s[37]. Ramstack et al. reported platelet activation at 300–1000 

dynes/cm2 at an exposure time of 10s[38]. It was also shown in a study by Kameneva et al 

that turbulent flow increase the level of hemolysis compared with laminar flow[39] at the 

same exposure time. Even further, a study by Quinlan et al [40] explains that in laminar 

flow, the maximum stress on a cell is approximately equal to the macroscopic viscous shear 

stress. In turbulent flow through a prosthetic heart valve, the flow-induced stress on a cell is 

estimated to be at least an order of magnitude less than the Reynolds stress[40]. In addition 

to this study, another study by Hund et al [41] elucidates that RSS may not be fully 

representative of the effects of turbulent flow on blood trauma and in fact introduces an 

error. Antiga and Steinman [42] highlighted the importance of cell-to-cell interaction in 

blood damage during turbulent flow and how turbulent velocity fluctuations can give rise to 

viscous shear stress however they don’t rule out the importance of RSS as a potential 

indicator of blood damage. Yin et al reported for bi-leaflet mechanical valves a particle shear 

stress history of 2 Pa.s [43]. The RSS values obtained in this study under a prolonged 

exposure time fall within this limit. Instantaneous vorticity dynamics illustrate that VGs lead 

to a delay in flow separation and a reduction in free shear instabilities. This contributes to 

lower pressure drop and lower turbulence and RSS compared to not having any VGs[1].

In summary, in this paper the effectiveness of passive flow control concepts applied to 

prosthetic bi-leaflet heart valve flows was evaluated and the most optimal arrangement 

among the 4 different ones studied in this work was identified. Co-rotating VG and counter-

rotating VG arrays were distributed on the downstream side of the valve leaflets. The 

addition of vortex generators enhances lower transvalvular pressure gradients and yield 
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Reynolds shear stress values that are lower than those obtained without any vortex 

generators. Co-rotating equally-spaced VGs on the downstream side of the leaflet present 

the most optimal case for a better pressure gradient, an improved EOA and minimal 

turbulence. Vortex generators represent a passive flow control and design addition that 

would help mitigate the hemodynamic factors leading to platelet activation and potential 

thrombus formation risk for a better and more optimal mechanical valve design.

Limitations

There are a few limitations in this study. Only 4 different VG configurations were studied 

including only one co-rotating configuration. Further studies are needed to investigate 

different VG arrangements, in addition to optimize the best geometry, dimensions and 

distribution. Also, 2D fluid mechanics analysis may not be sufficient to comprehensively 

evaluate the flow features across the valve and further studies are required to investigate 

these flow features in more details. The results in this study are provided for only one plane. 

Vortex generators will skew energy onto other planes in the form of longitudinal vortices, 

making the results valid only for the plane studied. We also acknowledge the potential 

complex manufacturability of the bi-leaflet mechanical valves with vortex generators as 

these are small structures of particular spacing and sizing. Our study resolves all the scales 

above the Taylor microscale where the energy containing eddies exist.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations, symbols and terminology

VG Vortex Generators

PG Pressure Gradient

RSS Reynolds shear stress

PIV Particle Image Velocimetry

EOA Effective Orifice Area

BMHV Bi-leaflet Mechanical Heart Valve
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Figure 1: 
Schematic of the 4 types of vortex generators used in this study: (a) co-rotating, (b) 8 

equally spaced counter-rotating VGs, (c) 4 far spaced counter-rotating VGs and (d) 4 closely 

spaced counter-rotating VGs.
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Figure 2: 
Schematic of the pulse duplicating left heart simulator flow loop.
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Figure 3: 
Schematic of the flow through the bi-leaflet mechanical valve along with the measurement 

and PIV plane.

Hatoum and Dasi Page 16

Ann Biomed Eng. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Schematic of the flow through the bi-leaflet mechanical valve with vortex generators along 

with the fluid structures and the velocity profile (Vx) as a function of y. The red and blue 

traces represent shear layers with red and blue being CCW and CW vorticity generated from 

the inner and outer surface boundary layers of each leaflet.
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Figure 5: 
Phase averaged velocity vectors and vorticity contours at the four different phases in the 

cardiac cycle for the different VG arrangement valves.
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Figure 6: 
Vx profile at the horizontal centerline (Y=0) between the leaflets during (a) acceleration, (b) 

peak systole and (c) deceleration respectively.
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Figure 7: 
Vx profile right after the leaflets are open (X=0) versus y during (a) acceleration, (b) peak 

systole and (c) deceleration respectively.
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Figure 8: 
Vx profile versus y at X = 20 mm during (a) acceleration, (b) peak systole and (c) 

deceleration respectively.
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Figure 9: 
Reynolds shear stress contours of the different valve cases at different time point throughout 

the cardiac cycle.
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Figure 10: 
Root mean square of the fluctuations in velocity (Vx’ and Vy’) at peak systole for the 

different valve cases.
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Table 1:

Summary of the hemodynamic data of the 5 different valves.

Control
Valve

Co-rotating
VGs

8 Counter-
rotating equally

spaced VGs

4 Far spaced
counter-rotating

VGs

4 Closely
spaced counter-

rotating VGs

Pressure Gradient (mmHg) 14.88±0.40 10.45±0.94 13.76±0.51 13.84±0.09 15.37±0.16

Effective Orifice Area (cm2) 1.43±0.04 2.26±0.17 1.58±0.05 1.53±0.02 1.42±0.01
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