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free shear flows [circular jets (Violato and Scarano 2011), 
wakes (Scarano and Poelma 2009)] and boundary layer 
flow (Atkinson et al. 2010). Recently a number of time-
resolved tomo-PIV measurements of unsteady flows have 
been conducted using high speed cameras (Elsinga and 
Marusic 2010; Schröder et al. 2008, 2011). It was shown 
that the obtained spatio-temporal data can be used to iden-
tify dynamic modes of the flow field (Schmid et al. 2012). 
The first application of tomo-PIV to internal flows in com-
plex geometries is due to Buchmann et al. (2011) who 
studied the flow in the human carotid artery, comparing 
stereoscopic to tomographic PIV results under steady flow 
conditions. Buchmann et al. (2011) reported bias errors 
due to ghost particles in tomo-PIV measurements and dis-
crepancies in the RMS error between stereo and tomo-PIV 
in certain regions of elevated velocity gradients of up to 
10 %. Furthermore, RMS errors where found to be higher 
for thicker light sheets used in the tomo-PIV measure-
ments. Overall a good agreement between the stereo PIV 
and the tomo-PIV results was found with RMS errors vary-
ing in the range of 0.1–0.3 pixels. A detailed presentation 
of tomographic PIV, its background and a wide range of 
applications is given in the topical review paper by Scarano 
(2012).

This study presents the first tomo-PIV measurement of 
the flow past a bioprosthetic heart valve. In contrast to so-
called mechanical heart valves (e.g., made of titanium and 
pyrolytic carbon), bioprosthetic valves are fabricated from 
biological tissue (e.g., bovine pericardium). Prostheses are 
used to replace diseased native heart valves (e.g., stenotic 
or insufficient valves) most often in aortic position.

The design of bioprosthetic heart valves is motivated 
by the anatomy of native aortic heart valves with three 
cusps. It is believed that this biomimetic design leads 
to blood flow which is similar to the physiological flow 

Abstract The instantaneous three-dimensional velocity 
field past a bioprosthetic heart valve was measured using 
tomographic particle image velocimetry. Two digital cam-
eras were used together with a mirror setup to record PIV 
images from four different angles. Measurements were 
conducted in a transparent silicone phantom with a simpli-
fied geometry of the aortic root. The refraction indices of 
the silicone phantom and the working fluid were matched 
to minimize optical distortion from the flow field to the 
cameras. The silicone phantom of the aorta was integrated 
in a flow loop driven by a piston pump. Measurements were 
conducted for steady and pulsatile flow conditions. Results 
of the instantaneous, ensemble and phase-averaged flow 
field are presented. The three-dimensional velocity field 
reveals a flow topology, which can be related to features of 
the aortic valve prosthesis.

1 Introduction

Tomographic particle image velocimetry (tomo-PIV) is a 
powerful tool in experimental fluid dynamics for measur-
ing all three velocity components in three-dimensional flow 
domains (3D3C). Since its introduction (Elsinga et al. 2005, 
2006), tomo-PIV has been applied to a variety of flows e.g., 
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in native valves. This helps to mitigate a major draw-
back of mechanical valves: blood trauma caused by 
non-physiological blood flow requiring life-long anti-
coagulant therapy. At the same time, bioprostheses are 
known to suffer from structural valve deterioration lead-
ing to mechanical defects and requiring replacement of 
the prosthesis after 10–20 years (Jamieson et al. 2001), 
whereas mechanical valves are known to last a life-
time. This leads to a classical engineering problem: 
How to design heart valve prostheses which combine 
the benefits of bioprostheses (no blood trauma) with the 
high durability of mechanical valves? To this end, it is 
important to obtain a detailed understanding of the fluid 
mechanics of heart valves because specific flow features 
(e.g., excessive shear stress, flow separation, stagnation 
regions, vortical flow) are important factors for the over-
all valve performance.

Mechanical heart valves have only few kinematic 
degrees of freedom (typically only one or two tilting disks) 
and high levels of symmetry due to their man-made design. 
This enabled a number of experimental studies with clas-
sical two-dimensional PIV (e.g., Bellofiore and Quinlan 
2011; Manning et al. 2003; Brücker et al. 2002; Dasi et al. 
2007; Ge et al. 2005) and stereoscopic PIV (Kaminsky 
et al. 2007) as well as defocusing digital PIV (Amatya et al. 
2009). In a recent conference contribution, Hegner et al. 
(2015) presented results of tomographic PIV and 3D parti-
cle tracking velocimetry (PTV) of the flow past a trileaflet 
mechanical valve. Numerical studies with computational 
models of mechanical heart valves have been conducted by 
Tullio et al. (2009), Borazjani et al. (2010), Ge et al. (2003) 
and Dasi et al. (2007).

Bioprosthetic valves have a more complex geometry 
due to the three-cusp design. Their dynamics is governed 
by the tight interaction between the flow and the soft cusp 
tissue leading to fluttering and vortex shedding. Therefore, 
the resulting flow field is more complex than in mechani-
cal heart valves and it is difficult to obtain a good under-
standing of the flow by two-dimensional measurements 
alone. Leo et al. (2006) used stereoscopic PIV (2D3C) to 
study the out-of-plane flow of a (polymeric) prosthesis with 
three cusps. Scanning through different planes of the region 
of interest yielded a three-dimensional representation of 
the flow. Computational models have been proposed, for 
instance, by Griffith (2012) and Borazjani (2013) providing 
numerical predictions for the three-dimensional unsteady 
flow field past prototypical valves with three cusps. Finally, 
4D phase-contrast magnetic resonance imaging (4D-PC-
MRI) has been used to measure the flow past native aor-
tic valves in vivo (Markl et al. 2007, 2011). However, this 
method suffers from long acquisition times and limited 
resolution.

It is the objective of this work to introduce an experi-
mental setup for the study of the three-dimensional 
unsteady flow field past heart valves using tomo-PIV. The 
presented results shall serve as a typical example for the 
flow past bioprosthetic valves to illustrate the basic struc-
ture of such flow fields and to demonstrate the capabilities 
of the proposed experimental setup. It is not the aim of this 
paper to relate specific features of the measured flow field 
to the clinical performance of this valve.

Results are presented for a Carpentier–Edwards 2625 
valve (Edwards Lifescience Inc., Irvine, USA) made from 
porcine pericardium (Fig. 1). The design of this valve is 
very typical for bioprosthetic valves such that our results 
can serve as a baseline for the discussion of the three-
dimensional flow field past bioprosthetic heart valves.

2  Methods

The setup for the tomo-PIV experiment (Fig. 2) for measur-
ing the flow field past bioprosthetic valves consists of several 
elements: the test cell (1) holds the bioprosthetic valve which 
is firmly inserted in a transparent silicone model (phantom) 
of the aortic root. This test cell is integrated in a pulsatile 
flow loop which is driven by a computer-controlled piston 
pump. The flow loop is filled with a water–glycerol mixture 
which is refraction index matched with the silicone model. 
Small neutrally buoyant fluorescent particles were added 
to the fluid. Upon illumination of the test cell with a laser 
(4), these particles emit light at a slightly higher wave length 
which is captured from different angles by CCD cameras (6). 
The system was synchronized using the phase of the piston 
pump as trigger signal. The two-dimensional particle images 
were combined by tomographic algorithms to reconstruct a 
three-dimensional representation of the particle cloud. Parti-
cle image cross-correlation was then applied to two particle 
clouds subsequently captured within a short time interval. 
This yielded three-dimensional velocity fields.

Fig. 1  Surgical aortic valve bioprosthesis (Carpentier–Edwards Aor‑
tic Model 2625) used in experiments
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We used two experimental protocols, one for constant 
and another for pulsatile flow: in the constant-flow pro-
tocol, multiple measurements were averaged to obtain 
a mean flow field. In the pulsatile flow measurement, the 
pump created a pulse velocity profile such that the tested 
valve opened and closed periodically.

In the following sections, the different elements of the 
experimental setup are described in more detail.

2.1  Physiological flow model

All measurements were done with a Carpentier Edwards 
Model 2625 Aortic valve (Edwards Lifesciences, Irvine, 
USA) with a nominal inner diameter of 23 mm.

The valve was inserted into a model of the aortic root 
consisting of the sinus of Valsalva (also, sinus portion) and 
a short section of the ascending aorta. To approximate the 
geometry of the aortic root, a parametrized geometry for 
the sinus portion (Swanson and Clark 1974) was combined 
with a straight tube with an inner diameter of 24 mm.

The material which is used to model the aortic root is 
optically transparent for the purpose of image recording 
and illumination. In particular for tomo-PIV measurements, 
the optical distortion between the measurement volume 
and the cameras has to be very small. Therefore, a nega-
tive mold of the aortic root geometry was 3D-printed with 
a rapid prototyping process and subsequently polished and 
painted to improve surface quality. This print was then 
used to cast a silicone phantom of the aortic root (Fig. 3). 
The used silicone (ELASTOSIL 601, Wacker Silicones, 
Germany) has very good transparency properties and a 

refraction index of 1.40–1.41. In addition, it can be poured 
which offers great flexibility in fabricating complex geom-
etries (Geoghegan et al. 2012; Yousif et al. 2010).

The outside of this phantom was cylindrical with a 
diameter of 70 mm. This yielded a thick-walled structure 
such that the elastic deformations of the phantom during a 
pulse cycle remained negligibly small.

2.1.1  Test cell

The aortic root model was integrated in a transparent 
test cell composed of a 10-edge polygonal housing made 
of acrylic glass with an angle of 36° between the surface 
normals of two neighboring windows. It allowed virtually 

Fig. 2  Schematics of the experimental setup: test cell containing 
a silicone phantom of the aorta and the valve prosthesis (1); piston 
pump (2); tank (3); Nd:YAG laser (4); beam expander (5); CCD cam-
eras (6) with mirrors (8) and a unidirectional valve in the feedback 
tube (7)

Fig. 3  3D model of the simplified aortic root after Swanson and 
Clark (1974) (left) used to fabricate a thick-walled silicone phantom 
(right)

Fig. 4  Schematics of the top view of the test cell with mirror con-
figuration for dual-view modality
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undistorted optical access to the domain of interest from 
different angles. Four windows next to each other were 
used for four camera views which yielded a linear imaging 
configuration shown in Fig. 4 with a total aperture angle of 
108° [see Scarano (2012) for more information about the 
imaging configuration].

The cell was closed by top and bottom lids made of 
anodized aluminum containing plugs for a tight connec-
tion with the silicone phantom. This ensured precise align-
ment between the silicone phantom and the central axis of 
the cell which was necessary for merging PIV results with 
the geometry of the phantom (see Sect. 2.2). Furthermore, 
the test cell featured a modular system for mounting heart 
valve prostheses. A technical drawing of the cell is shown 
in Fig. 5.

2.1.2  Flow loop

The physiological flow through the aortic heart valve and in 
the aortic root was modeled by a flow loop. The computer-
controlled piston pump was connected to the bottom of the 
test cell (position (1) in Fig. 2). The reservoir (3) was con-
nected to the pump by a feedback tube which contained a 
unidirectional valve (7) to ensure a circulating flow through 
the loop. During the descending motion of the piston pump 
(systolic phase), fluid flowed from the reservoir through the 
test cell. The mean flow velocity was adjusted by control-
ling the piston velocity. During the ascending motion of the 
pump (diastolic phase), fluid was fed back to the reservoir 
through the feedback tube.

The present version of the setup did not account for the 
physiological compliance of the systemic circulation. This 
allowed a better control of the flow in the test cell by means 
of the pump. For studies with a more physiological focus, a 
compliance chamber can be added to the flow loop as well 
as a resistor representing the total peripheral resistance of 
the systemic circulation (Stergiopulos et al. 1999).

2.1.3  Test fluid

To match the refraction index of the silicone phantom, a 
water–glycerol mixture (39/61, by weight) was used. The 
density of the water–glycerol mixture was ρ = 1140 kg/m3 
and its dynamic viscosity was 0.009 Pa s. This yielded a 
kinematic viscosity ν = µ/ρ ≈ 7.9× 10−6 m2/s. Although 
this is approximately two times higher than in real blood, 
this fluid mixture was used because of the relatively easy 
handling. For experiments with a stronger focus on bio-
medical questions, this fluid can be replaced by other mix-
tures: Blake et al. (2009) used a water–glycerol–sodium 
chloride mixture to match the refraction index of silicone 
and approximate the kinematic viscosity of blood. Yousif 
et al. (2010) presented a method of producing a blood-
mimicking fluid on the basis of water, glycerol and sodium 
iodide, which matches the refraction index for silicone as 
well as the kinematic viscosity of blood. However, this 
mixture can impair the optical quality of the PMMA hous-
ing after a certain time of exposure to the sodium iodide.

The test fluid filled the whole flow loop including the 
free space between the polygon housing of the test cell and 
the cylindrical silicone phantom (gap width ≈25 mm). The 
temperature of the test fluid was monitored before and after 
the measurement and remained within 4 % of the room 
temperature of 22 °C.

2.2  Tomographic PIV system

For the actual flow measurements, we used the FlowMaster 
Tomographic PIV system (LaVision, Göttingen, Germany). 
For all computational tasks described in the following, we 
used the software package DaVis (LaVision, Göttingen, 
Germany).

2.2.1  Camera configuration

A two camera system was used together with a mirror con-
figuration to record simultaneous images from four differ-
ent angles through four neighboring windows of the polyg-
onal test cell. The lines of sight through the left and right 
pairs of neighboring windows were reflected with multiple 
mirrors (see Fig. 4) onto parallel lines of sight. The cam-
eras were aligned with the respective bisectrix of the neigh-
boring window pairs such that each camera recorded two 
different views on the left and right halves of the camera 
sensor. This composite camera image was subsequently 
treated as two images from separate cameras.

With this dual-view modality, effectively four images 
from different angles were recorded with only two cam-
eras. The mirrors had to be mounted precisely and oriented 
carefully with respect to the cell housing in order to pre-
vent optical interferences on the camera sensor. We used 

Fig. 5  Technical drawing of the cell (3D view left, sectional view 
right) with the ten-edge polygonal housing for the silicone. Yellow 
shading indicates measurement volume
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two 8M 12 bit CCD Digital Camera (Imager LX, LaVision, 
Göttingen, Germany) with an aspect ratio of 4:3 and prime 
lenses with a focal length of f = 100 mm and a maximum 
aperture of F2.8 (Kenko Tokina, Tokyo, Japan). With the 
dual-view modality, each of the four recorded image had a 
resolution of 1656 × 2488 pixels and the maximum frame 
rate was 3.1 Hz which limited the possibilities for time-
resolved measurements.

2.2.2  Illumination

For volume illumination, a double-pulse Nd:YAG laser 
(Nano L PIV, Litron Lasers, Rugby, England) emitting at 
532 nm with a power of 235 mJ/pulse was used together 
with volume optics [Fig. 2(5)]. The direction of illumina-
tion was along the X-axis. The depth of the illumination 
volume was bigger than the maximum inner diameter of 
the phantom, >34 mm.

2.2.3  Particles

The test fluid was seeded with particles with diam-
eters in the range of dP = 20 . . . 50 µm and a density of 
ρP = 1180 kg/m3. The response time constant of these par-
ticles can be estimated as τ = ρpd

2
p/(18µ) ≈ 18 µs (Raf-

fel et al. 2007) indicating that the particle velocity follows 
very closely the local fluid velocity. A seeding density of 
500–800 particles/cm3 was used, which corresponded to a 
particle image density of 0.1–0.15 particles per pixel (ppp). 
The numerous interfaces and surfaces in the test cell and 
the relatively strong illumination can lead to significant 
reflections of the laser light which may interfere with the 
light scattered from the particles. To overcome this dif-
ficulty, spherical PMMA micro-particles with a fluores-
cent Rhodamine-B coating (Microparticles GmbH, Berlin, 
Germany) were used. The light emitted by the fluorescent 
coating was shifted toward longer wave lengths (584 nm) 
such that the unwanted reflections were effectively reduced 
by using a low-pass filter (570 nm cut-off) in front of the 
cameras.

2.2.4  Camera calibration

Tomographic PIV measurements require accurate mapping 
of the coordinates [X, Y , Z]T in the world reference frame 
to two-dimensional camera coordinates [x, y]T. Generally, 
a mapping error of <0.4 pixels is needed throughout the 
measurement volume (Elsinga et al. 2006) for a successful 
tomographic reconstruction of the particle cloud.

The test cell offered the possibility of replacing the 
silicone phantom with a calibration plate which could be 
aligned with the symmetry axis of the cell. We used a cali-
bration plate with precisely distributed marks on two levels 

of different depths (1 mm, apart) on the plate (LaVision, 
Göttingen, Germany). After mounting of the calibration 
plate, the whole cell was filled with the index-matched fluid 
to establish similar optical conditions as for the measure-
ment with the silicone phantom. After calibration, the fluid 
was drained, the silicone phantom was inserted and the 
cell was closed with the top lid containing the prosthetic 
valve. The test cell (including the gap between the polygo-
nal housing and the phantom) was then again filled with the 
index-matched fluid and re-connected to the flow loop.

For each of the four viewing angles, a third-order pol-
ynomial was fitted to image data of the calibration plate 
(Raffel et al. 2007). This function maps positions in the 
three-dimensional world coordinate frame {X, Y , Z} to the 
positions on the two-dimensional camera sensor reference 
frame {xi, yi}, where i = 1, 2, 3, 4 for each of the four cam-
era views. After replacing the calibration plate with the sili-
cone phantom, this mapping of 3D world positions to 2D 
camera positions still suffered from differences between 
the refraction indices of the fluid and the silicone phantom, 
small optical impurities in the phantom, as well as from 
the remaining error after initial calibration. Volume self-
calibration (Wieneke 2008) was applied to further reduce 
errors. To this end, images with a small seeding density 
(70 particles/cm3 corresponding to approximately 0.035 
ppp) were recorded under pulsatile flow conditions with a 
maximum mean velocity ūmax = 0.1 m/s [Fig. 6, see also 
Eq. (2) in Sect. 3.2] such that images of corresponding par-
ticles could be reliably identified on the different camera 

Fig. 6  Example of a recorded image of sparsely seeded flow for vol-
ume self-calibration. In the upper part, the frame of the heart valve 
prosthesis can be seen
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views. This allowed to quantify the remaining distortion 
error by so-called disparity maps and disparity vectors 
which were then used to iteratively improve the camera 
calibration.

Figure 7 shows typical disparity maps and vectors result-
ing from volume self-calibration in the test cell. Four itera-
tive applications of volume self-calibration were enough 
to reduce the disparities under 0.2 pixels in most parts of 
the measurement volume. In the Z-direction, two layers of 
15 mm depth centered at Z = ±7.5 mm were used during 
all applications of volume self-calibration.

2.2.5  Image processing

Prior to tomographic reconstruction, the raw camera images 
were preprocessed: for background removal, a sliding 
minimum in a 5 × 5 pixel neighborhood was subtracted. 
Intensities were normalized with a local average to reduce 
inhomogeneities due to uneven laser illumination. Gauss-
ian smoothing and subsequent sharpening was used to 
improve particle images. Finally, a masking technique was 
applied, such that only regions corresponding to the interior 
of the silicone phantom (flow region) would be considered 
for post-processing. The resulting measurement volume is 
indicated by the yellow shaded area in Fig. 5. It consists 
of a cylinder with a diameter of 24 mm and a height of 
50 mm plus a part of the sinus portions defined by the inner 

geometry of the silicone phantom and with a maximum 
radius of 17 mm. The upper border of the measurement 
volume reaches the tip of the frame of the bioprosthesis.

2.2.6  Tomographic reconstruction

Tomographic reconstruction was performed to generate 
a 3D voxel-based representation of the particle cloud in 
the measurement volume. To this end, we used a MLOS-
MART algorithm: a multiplicative algebraic reconstruction 
technique [MART, see Herman and Lent (1976)] in combi-
nation with a one-pass MLOS (multiplicative line of sight) 
reconstruction to guess the initial intensity distribution 
[see Michaelis et al. (2010) for a comparison of different 
reconstruction algorithms used in tomographic PIV]. Seven 
MLOS-MART iterations were applied.

To assess the quality of the reconstruction, the cumula-
tive intensity in planes with surface normals in Z-direction 
can be plotted against Z. This so-called intensity-Z-profile 
can show non-zero intensities outside the measurement vol-
ume (ghost intensity). Compared to the intensity inside the 
measurement volume, the ghost intensity should be small. 
Figure 8 shows a typical intensity Z-profile obtained during 
the experiments indicating only little ghost intensity close 
to the boundaries of the measurement volume.

2.2.7  Particle image cross‑correlation

After tomographic reconstruction, a 3D cross-correlation 
was performed to determine the instantaneous 3D veloc-
ity field U(x, t) = [Ux(x, t),Uy(x, t),Uz(x, t)]T, with 
x = [X, Y , Z]T within the whole measurement volume. We 
used Gaussian-shaped interrogation volumes and carried 
out two passes (predictor, corrector) for each of in total four 
steps. with interrogation sizes of 128 × 128 × 128 voxels 
(one step) and 96 × 96 × 96 voxels (three steps). Compu-
tational cost was reduced by volume binning with decreas-
ing coarseness for each step. For all steps a 75 % overlap 
was chosen. Together with the image scale of 0.027 mm/

Fig. 7  Disparity maps (left column) and disparity vectors (right col‑
umn) from first (top row) and last (bottom row) self-calibration run. 
The number of sub-volumes to collect disparities is increased during 
subsequent self-calibrations

Fig. 8  Intensity-Z-profile from first (blue) and second (red) exposure. 
The measurement volume given by the phantom’s inner geometry 
ranges from Z = −12, . . . , 12 mm, disregarding the sinus portions
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voxel this yielded a resolution for the vector field U of 0.0
27 × 96 × (1 − 0.75) ≈ 0.65 mm in all spatial directions. 
The total time for all post-processing steps to obtain a field 
with 67 × 76 × 67 velocity vectors was 22 min on a dual 
core 2.67 GHz Intel Xeon CPU with 144 GB of RAM.

2.3  Experimental protocol

Experiments were performed with constant flow rate and 
with pulsatile flow. For all experiments, a pulse separation 
of dt = 100µs was chosen, resulting in an particle shift of 
10 pixels for the highest expected velocities of 2.5–3.0 m/s.

2.3.1  Constant flow rate

For the constant flow measurements, the pump was oper-
ated such that the resulting flow rate was 13.5 l/min which 
corresponds to a mean velocity of ū = 0.5m/s in the nomi-
nal cross section of the measurement volume (bulk veloc-
ity), πd2a /4 = 452 mm2, where da = 24 mm is the nomi-
nal inner diameter of the silicone phantom. The maximum 
effective stroke of the piston pump was lpp = 0.12 m with 
a diameter of dpp = 0.1 m. A constant piston velocity of 
upp = (da/dpp)

2ū was maintained during 4 s and image 
acquisition at 3.1 Hz was started after 2 s. In Fig. 9 the pis-
ton profile is shown together with seven image acquisition 
time points.

An ensemble average was calculated from the M = 7 
instantaneous flow fields

As a baseline, constant flow rate measurements without 
the aortic valve prosthesis were performed to identify non-
valve-related flow structures.

2.3.2  Pulsatile flow

For pulsatile flow measurements, the pump was operated in 
a sinusoidal mode with a period of T = 1 s (60 beats per 
minute) according to

with the maximum bulk velocity ūmax = 0.5 m/s. This 
value is motivated by the integral of Eq. (2) over the first 
half of the period, yielding a physiological stroke volume 
of 72 ml. In reality, the flow profile (over time) during sys-
tole is steeper and shorter than a sine and the maximum 
bulk velocities lie around 1 m/s (Schmidt and Thews 2007). 
The resulting flow rate through the test cell depended on 
opening and closure of the valves in the flow loop. It cor-
responded approximately to a cardiac output of 4.3 l/min.

(1)�U(x)�
M
=

1

M

M
∑

k=1

U(x, tk).

(2)ū(t) = ūmax sin (2π t/T)

For the given Reynolds number Re = daūµ/ρ = 1520 
and Womersley number α = da

√
2πρ/(Tµ) ≈ 21 flow 

instabilities were expected. Continuous acquisition of 
images yielded measurements of U(x, t) at a temporal reso-
lution of 3.1 Hz, limited by the frame rate of the camera.

Image acquisition was triggered at specific phases over 
a multitude of pulses. Because the flow in the test section 
nearly comes to rest during the diastole, the flow has essen-
tially no memory of the preceding pulse. Therefore, we 
applied phase-averaging for different phases φj = j2πdt/T  , 
with j = 0, . . . , 19 and dt = 0.03 s using N = 10 record-
ings each. This way we obtained a sequence of 20 phase-
averaged flow fields

for a virtual frame rate of 33 Hz to resolve the first 0.57 s of 
a pulse. With this, a Reynolds decomposition of the instan-
taneous flow field can be considered

where u is the fluctuation of the velocity field. This allows 
to calculate the root-mean-square (rms) velocity fluctuation 
urms = �u · u�1/2 for each phase φj.

3  Results

In the following, we present the flow fields U and 〈U〉 result-
ing from the experiments with constant flow rate and with 
pulsatile flow through a 23 mm Carpentier–Edwards bio-
prosthetic valve. To produce Figs. 10, 11, 12, 13, 14 and 15 
and the animation in the supplementary material we used 
the visualization software (Childs et al. 2012)

3.1  Constant flow rate

Figure 10 shows an instantaneous velocity field obtained 
for a constant flow rate . The resulting flow past the valve 
is highly unsteady due to flow instabilities (see Online 

(3)�U(x, tj)�
N
=

1

N

N
∑

k=1

U
(

x, tj + kT
)

with tj = T
φj

2π

(4)U = �U�
N
+ u

Fig. 9  Piston velocity profile (solid line) with acquisition times 
(black dots) for constant flow measurements
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Resources const_slice_x and const_slice_y). Note that axial 
fluid flow through the valve during the systolic phase has a 
negative sign Uy due to the orientation of the world refer-
ence frame {X, Y , Z}.

We can find an axial jet along the centerline of the aor-
tic root. Close to the aortic valve, the jet core is relatively 
narrow with high velocities (up to 2.1 m/s) and sharp 
shear layers. Further downstream, where the sinus por-
tions lead into the straight tube (sino‑tubular junction), 
the sharp velocity profile of the jet core rapidly dissipates 
to a smoother velocity profile with maximum velocities 
below 1 m/s. Cross-sectional slices through the flow field 
(Fig. 10d) show that this jet is not circular. However, the 
unsteady nature of the flow makes it difficult to identify 
detailed coherent flow structures.

Further inspection of the flow field shows that there are 
distinct regions of backflow and that the axial jet sheds 
small vortices in an irregular fashion (Fig. 10c).

Figure 11 shows the mean flow field for the constant 
flow rate experiment obtained by averaging over 7 instan-
taneous velocity fields. In contrast to the instantaneous 

flow field in Fig. 10, we can now clearly identify a star-like 
cross section of the central jet (Fig. 11a–c). This star-like 
shape is most expressed close to the sino-tubular junction 
of the aortic root where sharp shear layers separate this jet 
from regions of slow backflow. Note that the three tips of 
the star point into the sinus portions of the aortic root and 
not toward the commissures where the leaflets of native 
valves are attached to the aortic wall.

3.2  Pulsatile flow

Under pulsatile flow conditions, the unsteady phenomena 
make it increasingly difficult to interpret the flow field and 
it is meaningful to compute a phase-averaged mean flow 
field 〈U〉

N
 and velocity fluctuations as introduced in Eq. 

(4). Figures 12 and 13 show phase-averaged flow fields 
obtained during peak systole (at t = 0.27 s) and toward the 
end of the systolic phase (at t = 0.36 s), respectively. In the 
Online Resources pulsatile_slice_x, pulsatile_slice_y the 
complete movies obtained from phase-averaged flow fields 
in the period 0 ≤ t ≤ 0.57 s are featured.

Fig. 10  Instantaneous flow field U in constant flow rate experiment: iso-surface of axial velocity Uy = −1m/s (a, b); velocity field (arrows) and 
velocity magnitude ‖U‖ (contour) in the YZ-plane (c); Uy in cross sections at various distances from the valve, solid line indicates Uy = 0m/s (d)
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The flow field in the peak systolic phase (Fig. 12) resem-
bles quite closely the mean flow field obtained in the con-
stant flow rate experiment (see Fig. 11) featuring a star-
like jet with three lobes pointing into the sinus portions. 
Between the lobes are three regions of backflow along 
the valve commissures (iso-surface for �Uy�

N
= 0.3 m/s 

in Fig. 12). The star-like jet separates into a central jet 
core and three jet cores in the lobes with peak velocities 
slightly above 2 m/s. In the axial slice of Fig. 12c, we see 
the core of one of the lobes as well as the central jet core. 
Furthermore, the plot shows that the lobe cores impinge 
onto the vessel wall close to the sino-tubular junction. 
Finally, we can identify on the right side of the axial slice 
one of the regions of slow (<0.5 m/s) backflow toward the 
aortic valve. In Fig. 14, contour plots of the rms veloc-
ity fluctuation are presented. The strongest velocity fluc-
tuations, 0.6 < urms < 0.8 m/s, appear in the shear layer 
between the central jet and the backflow regions. This can 
be explained by vortices which are generated in this region 

due to shear layer instabilities. Figure 15 shows vortices, 
visualized as �2-iso-surfaces, appearing in the shear layer 
around the central jet.

Toward the end of the systolic phase (Fig. 13), the fluid 
decelerates and only the central core of the star-like jet per-
sists. Otherwise, the overall structure with a star-like jet and 
three regions of backflow remains intact until valve closure.

As a means of validation of the tomo-PIV measure-
ments, we integrated the axial velocities over the cross sec-
tion at the sino-tubular junction and compared the result-
ing flow rate to the flow rate generated by the piston pump. 
During the systolic phase, the unidirectional valve in the 
feedback tube is closed such that it can be expected that the 
two flow rates are the same. Figure 16 shows measured flow 
rates (ten per phase) together with the expected rates from 
the pump. Apart from some deviations at the beginning and 
end of the systolic phase, the measured flow rates agree 
fairly well with the pump profile. At t = 0 s the mean of the 
flow rate derived from tomo-PIV results is approximately 

Fig. 11  Mean flow field 〈U〉
M

 in constant flow rate experiment: 
iso-surface of axial velocity �Uy�

M
= −1m/s (a, b); velocity field 

(arrows) and velocity magnitude ‖〈U〉
M
‖ (contour) in the YZ-plane 

(c); 〈Uy〉
M

 in cross sections at various distances from the valve, black 
line indicates �Uy�

M
= 0m/s (d)
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2.5 l/min, indicating that the valve is already open at this 
instant. Toward the end of the systolic phase, the aortic 
valve closes. At t > 0.5 s, the piston pump already induces 
a negative flow rate, giving rise to backflow through the 
valve (regurgitation) which persists until the valve is fully 
closed (t > 0.6 s). During and after valve closure, fluid is 
pumped through the feedback tube and therefore the piston 
profile is different than the measured flow rates.

4  Discussion

The measured flow fields for constant flow and for pul-
satile flow provide good insight into the complex three-
dimensional flow topology past a typical bioprosthetic 
heart valve. Comparison of the flow field during maximum 
systole with the flow field obtained for constant flow shows 
that both experimental configurations yield very similar 

results. This might not be the case anymore when the vis-
cosity of the test fluid is adjusted to the viscosity of blood 
which yields higher Womersley numbers. Along with this 
observation, it should also be stated that the resulting flow 
was highly unsteady due to flow instabilities (for both 
experimental protocols) such that the results had to be suit-
ably averaged. It is to be expected that this unsteady nature 
of the flow will be even more expressed when using a fluid 
with a viscosity similar to the one of blood, leading to 
higher Reynolds numbers.

Under pulsatile conditions, the tomo-PIV experiments 
presented here were conducted with an acquisition fre-
quency of the same order as the frequency of the pulsatile 
flow. Phase-averaging for different instances of the systolic 
phase revealed the dynamic behavior of the mean flow. To 
reveal the full dynamic behavior of the instantaneous veloc-
ity field, time-resolved tomo-PIV experiments with higher 
acquisition frequency have to be performed.

Fig. 12  Phase-averaged flow field 〈U〉
N
 in pulsatile flow experiment 

at t = 0.27 s (maximum systolic phase): iso-surface of positive and 
negative axial velocities 〈Uy〉

N
 (a, b); velocity field (arrows) and 

velocity magnitude ‖〈U〉
N
‖ (contour) in the YZ-plane (c); 〈Uy〉

N
 in 

cross sections at various distances from the valve, solid line indicates 
�Uy�

N
= 0m/s (d)
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4.1  Star‑like jet

The most prominent feature of the resulting flow fields 
is the star-like jet and the three regions of backflow (e.g., 

Fig. 12b). A star-like flow profile has been reported before 
for a different valve type (Leo et al. 2006); however, the 
three lobes of this star pointed toward the commissures. 

Fig. 13  Phase-averaged flow field 〈U〉
N
 in pulsatile flow experiment 

at t = 0.36 s (end systolic phase): iso-surface of positive and negative 
axial velocities 〈Uy〉

N
 (a, b); velocity field (arrows) and velocity mag-

nitude ‖〈U〉
N
‖ (contour) in the YZ-plane (c); 〈Uy〉

N
 in cross sections at 

various distances from the valve, solid line indicates �Uy�
N
= 0m/s 

(d)

Fig. 14  Contour plot of the rms velocity fluctuation urms correspond-
ing to the phase-averaged flow field in Fig. 12. From left to right: YZ-
plane, XY-plane and XZ-plane

Fig. 15  Iso-surfaces for �2 = −0.0025 at t = 0.27 s. Contour plot on 
cross-sectional slice indicates magnitude of the instantaneous flow 
field



 Exp Fluids  (2016) 57:80 

1 3

 80  Page 12 of 13

Therefore, the present start like jet is rotated by 60° with 
respect to the jet reported by Leo et al. (2006). We attribute 
this difference to the particular shape of the valve orifice 
which influences flow structures past the heart valve. The 
shape of the valve orifice in the systolic phase is a result of 
the leaflet kinematics. In the studied valve, the leaflets are 
tightly fixed to the valve struts and expand into the sinus 
portions during systole. The shape of the open orifice is not 
round but triangular with a tip in each sinus portion. As a 
consequence, high momentum fluid impinges on the vessel 
wall in three different regions. Therefore, the lobes of the 
star-like jet induce high local wall shear stresses.

4.2  Recirculation and vortical flow

The results also show large recirculation zones associated 
with the three lobes of the star-like jet. The zones extend 
past the sino-tubular junction (see negative velocity iso-sur-
faces in Fig. 12a, b).

Traditionally, vortices are assumed more upstream. 
According to an early study by Bellhouse and Talbot 
(1969), vortices in the sinus portions, induced during sys-
tole, play a major role in the self-regulation of the valve 
closing mechanism: the pressure distribution in the sinus 
portions is affected by these vortices in a way that the leaf-
let position is stabilized, and a smooth closure is initiated 
relatively early, minimizing regurgitation. The presented 
results do not show any distinct vortices in the sinus por-
tions. Firstly, these regions are not fully covered by the 
measurement volume and secondly the valve is yet posi-
tioned relatively far above the sinus portions, due to the 
design of the mount.

4.3  Limitations

As already indicated previously, the principal limitation 
of the present experimental setup is the frame rate of the 
cameras. The fastest flow structures in the flow past a heart 
valve are probably the vortices which are shed from undu-
lating leaflets. From the separation of vortices (Fig. 10c), it 
can be estimated that the shedding frequency is in the order 
of 100 Hz. Hence, the acquisition rate necessary to meas-
ure the flow field past a heart valve in a fully time-resolved 
manner may be as high as 200 Hz.

Furthermore, the measurements presented here have 
a limited precision in the near wall regions. The chosen 
interrogation window size is suitable for measurements 
in the bulk, where moderate velocity gradients occur, but 
it does not satisfy the conditions to measure thin bound-
ary layers. For this purpose, a smaller interrogation win-
dow size, e.g., 32 × 32 × 32 voxels together with a much 
higher seeding density would be needed. Therefore, we are 
not presenting any results or conclusions on the near wall 
velocity fields.

Even though there is essentially no compliance in the 
system, we have observed a positive phase shift between 
pressure and piston velocity, which potentially affects the 
opening and closing of the valves and can influence the 
flow profile especially near beginning and near end of 
systole. This can be explained by the inertia of the fluid 
in the feedback tube which can cause a negative pres-
sure gradient across the valve, even if the piston has zero 
velocity. Improving the flow loop design by adding, for 
instance, a compliance chamber is expected to mitigate 
this problem.

5  Concluding remarks

In this study, a new concept of applying tomo-PIV to inter-
nal flows in general is demonstrated and results of the pul-
satile mean flow field past a heart valve are presented. The 
study clearly illustrates the potential of tomo-PIV in help-
ing characterizing biological flows and points out current 
limitations of the presented setup.

Tomo-PIV is a powerful new method for studying the 
flow past bioprosthetic heart valves. Distinct flow features 
like the three-lobe topology of the instantaneous flow field 
can be detected and further analyzed. This way, the most 
pronounced asymmetries in the flow profile, containing 
high wall shear stresses on one side and recirculation and 
internal shear layers on the other side, can be accurately 
localized and appreciated in the context of a complex three-
dimensional flow topology.

Fig. 16  Measured flow rates mean (black dots) and standard devia-
tion (bars) and displacement volume rate of the pump (line)
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