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Abstract—The issue of evaluating turbulence-related blood 
damage is still the subject of debate. Two relevant quantities are 
identified in the literature with the maximum turbulence shear 
stress (TSSmax) and the turbulent viscous stress. A comparison 
of these quantities in a complex flow field was undertaken, by 
measuring the flow field downstream of a bileaflet valve 
(nominal size: 27 mm) by means of stereo particle image 
velocimetry (PIV) on different pulse duplicators, in aortic 
position and in physiological conditions (70 bpm and 35% 
systole/cycle ratio). The TSSmax was found to be associated 
with zones of turbulence production, in correspondence with 
large velocity gradients at the edge of the jets exiting the valve. 
The main contributions to turbulence viscous stress were also 
observed in the same zones associated to highest TSSmax, shortly 
downstream of the leaflets.  

The results point out that the differences in the considered 
turbulence-related quantities are rather subtle, at least 
qualitatively, so that they are both capable to give relevant 
information on the fluid dynamics of prosthetic implants and 
the associated blood trauma.  

Keywords—Prosthetic heart valves, turbulence, particle 
image velocimetry. 

I. INTRODUCTION 
he issue of evaluating turbulence-related blood damage is 
still the subject of debate. Two relevant quantities are 

identified in the literature with the maximum turbulence 
shear stress (TSSmax) [1-3] and the turbulent viscous stress 
[4]. A comparison of these quantities in a complex flow field 
such as the one downstream of a prosthetic heart valve is 
needed to improve the current knowledge on the issue.     

II. METHODS

The flow field downstream of a bileaflet valve (nominal 
size: 27 mm) was measured by means of stereo particle 
image velocimetry (PIV) on the Sheffield University pulse 
duplicator (Fig. 1), in aortic position and in physiological 
conditions (70 bpm and 35% systole/cycle ratio). The valve 
is depicted in Fig. 2. The measurements were made at peak 
systole, a high regime (cardiac output= 5 l/min) was 
imposed. The Reynolds number, computed with the 
maximum instantaneous flow rate Q and the nominal size of 
the valve D, was equal to 7360. This indicates that the 
measurements were made in turbulence conditions.  

Two cameras, capable of recording 1280x1024 pixel 
images in frame-straddling mode, were set in the 
Scheimpflug configuration, enabling a uniform focus across 
the image plane. The choice of the angle between cameras 
(set at least at 60 degrees) yielded good quality of 

measurements of the cross-plane velocity component. A Q-
switched laser double-head laser (up to 150 mJ/pulse) was 
used for image recordings. The results hereby presented refer 
to the peak systolic phase. 

The TSSmax is defined as follows: 

2
31 σσ −  

TSSmax=

using the Reynolds stress tensor, calculated from the 
instantaneous velocity fluctuations (ui, with i=1,2,3): 
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Fig. 1 - The Sheffield University-developed Pulse Duplicator (PD), seen 
from the top. The blood-analogue solution flows in the system in the 
counterclockwise direction. The aortic and mitralic sections are indicated in 
the figure as A and M, respectively; SA: systemic aortic compliance; FCV: 
flow control valve; R: atrial reservoir. 

The turbulent viscous stress is given by: 

using the rate of strain tensor Sij, 

Fig. 2 - The tested valve (a 27-mm Total Annulus Diameter bileaflet), 
inserted upstream of the glassblown aorta 
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III. RESULTS

TSSmax (Fig. 4) was found to be associated with zones of 
turbulence production, in correspondence with large velocity 
gradients at the edge of the two lateral jets exiting the valve, 
bounded by the occluders and the housing ring of the valve 
itself. A similar finding applies also for the turbulent viscous 
stress (Fig. 5), even though the absolute value of the 
maximum stress is lower than in the case of TSSmax (as 
reported also in [4],[5]).   

Fig. 5 – Turbulent viscous stress downstream of the valve (positioned at the 
bottom of he figure). One sinus of Valsalva is clearly visible at the left-hand 
side.  

IV. CONCLUSION

As far as the flow field immediately downstream of the valve 
is considered, TSSmax and turbulent viscous stress were found 
to carry similar information about blood damage potential of 
a given implant design. This is in contradiction to the 
viewpoint, suggested by some researchers, that TSSmax is not 
relevant as a blood damage predictor, as opposed to the 
turbulent viscous stress [5]: instead, the two quantities were 
found to be clearly related, so that, at least for a qualitative 
examination of the “hot spots” for blood damage, the choice 
of either quantity is admittable (bearing in mind that the 
respective thresholds for damage are not the same). The 
choice of either quantity is clearly related to the features of 
the available velocimetry equipment. In particular, it must be 
stressed that TSSmax can be measured with single-point 
techniques such as LDA [6] or Hot-Film Anemometry,  since 
it does not require the calculation of velocity gradients, as 
opposed to the turbulent viscous stress.  

measurement plane 

Fig. 3 – Sketch of the glassblown aorta, as seen from the inlet plane. The 
measurement plane contained the valve axis.  
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