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Background: Imbalance between the systemic and pulmonary blood flows is a common problem in children with single ventricle physiology whose pulmonary blood flow 
is dependant on a systemic-pulmonary artery (SPA) shunt. To improve results in these patients, our institution is developing an adjustable SPA shunt. Our prototype 
adjustable SPA shunt consists of a standard polytetrafluoroethylene tube with a screw driven plunger to collapse the tube walls. To test the effect of this mechanism on blood 
flow patterns, we have created an in vitro model to test instantaneous fluid velocity and vorticity fields using a non-intrusive optical method. Methods: A recirculating flow 
loop using .5 inch tubing was created with a 5 liter/minute maximum fluid pump.  Inserted in the loop is an area of constriction made of optical quality glass. The glass 
portion has an open diameter of 0.5 inches (1.27 cm) and a constriction; the constriction value is varied by inserting a separate tube with a unique throat diameter (minimum 
constriction diameter). Due to scaling, the Reynolds number (velocity´ diameter/viscosity) of the fluid through the .5 inch loop at a given flow rate corresponds to the same 
Reynolds number as blood flowing through a 3.5 mm diameter graft at an identical flow rate. The fluid is water seeded with 10 micron silver-coated hollow glass spheres 
which serve as tracer particles and are illuminated by a pulsed laser light sheet. The particle motions are recorded using a monochrome CCD camera and frame grabber 
connected to a PC and velocity fields are determined using particle imagevelocimetry (PIV) with aLagrangian parcel tracking algorithm. Recirculation regions downstream 
of the constriction are observed. Results: Preliminary results show a maximum velocity at the throat inversely proportional to the decrease in area as expected by flow 
continuity. The maximum velocity does not immediately decrease downstream of the throat, however, except for negligible contractions. The flow instead develops a high 
speed core in the center of the tube and a low speed shear layer near the walls. The core flow behaves as if inside a smaller "virtual" constriction of constant cross-section. 
The shear layer may have reversed flow near the wall resulting in eddy formation in the layer between the core plug flow and thewall layer. This separation region persists 
for several throat diameters downstream of the constriction. Conclusion: Our model effectively demonstrates non-laminar flow patterns relevant for the development of an 
adjustable SPA shunt. A  reduction of cross-sectional area produces non-linear flow patterns with a high velocity core and reversal of flow at the periphery. 
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Reynolds Number Variation: The variation of Reynolds number are carefully monitored 
since it must match the conditions seen in vivo. While the model shunt in vitro 
experiments and in vivo conditions result in similar Reynolds numbers when using water 
and blood, respectively, the in vitro shunt prototype experiments require a glycerin-water 
solution to match the viscosity of blood (3.5 centipoises).

Flow Visualization: While the PIV arrangement is 
nominally used for quantitative measurements, it 
can also be used for qualitative measurements that 
reveal the unsteady region of separated flow 
downstream of the throat. The high speed core flow 
is only slightly slower than that seen at the throat 
location. Upstream conditions have a large impact 
on how the flow behaves downstream of the 
constriction.



Constricted Shunt Results: The matrix below shows results for the 2 partially closed settings at 5 flow rates 
(300, 600, 950, 1300, and 1900 cc/min). Each value of the test matrix shows velocity fields, vorticity fields, and 
locations of reverse flow (reverse flow probability).

The flow fields exhibit a similar behavior across the range of flow rates for a given constriction. In the 
d/D=0.528 case, the shear layers persist far downstream of the throat, but separation is minimal. In the d/d=.312 
case, while the shear layers rapidly diminish, a significant region of separation is observed, which may give rise 
to plaque formation in an in vivo situation.

PIV Tests Matrix
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Effect of Upstream Flow Quality: When the flow field is made artificially turbulent by placing 
the model directly downstream of the pump, this has a direct effect on the way in which the flow 
separates, as seen by the plots of reverse flow probability below. Despite the fact that the 
restriction is axisymmetric and should lead to an axisymmetric flow field (as seen to the right), 
the flow has a tendency to attach to one side of wall. As the flow rate increases, the separated 
region may switch locations as well as grow in size. This is expected to have an impact on the 
downstream behavior when the flow is pulsatile.

Growth of the Separated Region
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Open Shunt Results: In the PIV (Particle Image Velocimetry) measurements, 3 shunt models 
are tested using optical tubes at 3 different levels of resistance (fully open, half open, and nearly 
closed) and 5 flow rates (300, 600, 950, 1300, and 1900 cc/min). The PIV post processing 
determines field values of flow velocity, vorticity, and locations of reverse flow (reverse flow 
probability). Each image is an ensemble averaged result of 58 instantaneous field measurements.

The two images below show typical results for a fully open tube. As expected, a Poiseuille flow 
behavior is observed resulting in a uniform flow across the length of the tube and high levels of 
vorticity, hence shear, near the wall. Reverse flow probability is zero for the entire flow field. 
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