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Abstract Ultrasound particle image velocimetry (PIV)
can be used to obtain velocity fields in non-transparent
geometries and/or fluids. In the current study, we use this
technique to document the flow in a curved tube, using
ultrasound contrast bubbles as flow tracer particles. The
performance of the technique is first tested in a straight
tube, with both steady laminar and pulsatile flows. Both
experiments confirm that the technique is capable of reli-
able measurements. A number of adaptations are intro-
duced that improve the accuracy and applicability of
ultrasound PIV. Firstly, due to the method of ultrasound
image acquisition, a correction is required for the estima-
tion of velocities from tracer displacements. This correc-
tion accounts for the fact that columns in the image are
recorded at slightly different instances. The second
improvement uses a slice-by-slice scanning approach to
obtain three-dimensional velocity data. This approach is
here demonstrated in a strongly curved tube. The resulting
flow profiles and wall shear stress distribution shows a
distinct asymmetry. To meaningfully interpret these three-
dimensional results, knowledge of the measurement
thickness is required. Our third contribution is a method to
determine this quantity, using the correlation peak heights.
The latter method can also provide the third (out-of-plane)
component if the measurement thickness is known, so that
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all three velocity components are available using a single
probe.

1 Introduction

An important factor limiting the use of particle image ve-
locimetry (PIV) is the need for optical access. In recent
years, a number of studies have shown that it is possible to
replace the conventional imaging system (viz. camera,
lenses and lasers) with an ultrasound imaging system
(Gharib and Beizaie 2003, Kim et al. 2004, Liu et al.
2008). In ultrasound imaging, or echography, an image is
constructed by emitting sound waves and interpreting the
received echoes, which originate in changes in the local
acoustic impedance of the material. As ultrasound can
penetrate optically opaque materials, measurements can
be obtained in flows that fail the strict optical access
requirements. Recent years have seen an increase in reso-
lution (by utilizing higher ultrasound frequencies), but also
in framing rates. Possible applications range from in vivo
blood flow measurements (Sengupta et al. 2007, Hong
et al. 2008) to in vitro measurements in complex, non-
transparent geometries and/or fluids (Zheng et al. 2006,
Wang and Shandas 2007). Note that this technique should
not be confused with Doppler ultrasound velocimetry,
which utilizes the frequency shift of moving scatterers to
determine flow velocities. The latter method, widely used
in biomedical applications, can only provide the velocity
component aligned with the sound propagation direction.

1.1 Scope of this study

The main concept of applying PIV to ultrasound images
has already been shown in the papers mentioned in the
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introduction. In the current study, we build on these results
and present three new concepts that improve the accuracy
and scope of the method. These results originate in the
subtle differences that complicate a direct application of
PIV to ultrasound images: for instance, images are not
recorded simultaneously, but rather as a line-by-line sweep.
This means that a correction is needed when one relies on
spatial correlation to estimate velocities. This correction is
described in Section 2. The second extension of the tech-
nique describes the use of ultrasound PIV to document
complex three-dimensional flows by scanning a volume
(Section 4.2). This will also provide a distribution of the
wall shear stress, after reconstructing the geometry. The 3D
approach is only meaningful if the thickness of the mea-
surement plane is known. We present a method to estimate
this thickness in Section 4.4. An additional advantage of
the latter analysis is that it presents a new method to
measure all three velocity components from a single linear
probe. Besides these three new concepts, we also present a
brief accuracy assessment and a demonstration of the
technique in transient flows (Sections 4.1 and 4.3).

In this study, we will not look at other differences in the
imaging methodology. Examples of the latter include the
fact that the intrinsic image resolution is different for lines
and columns of the image. In the case of a standard linear
array probe, the number of columns (or A-lines) in the raw
image is determined by the number of piezoelectric ele-
ments that are used and the number of different weighting
combinations used to transmit during an image recording.
The information along each of these columns is constructed
by evaluation of the received radiofrequency (RF) data
(e.g., associating time-of-flight with a particular depth).
The resolution in this ‘column’ direction is thus determined
by the wavelength of the ultrasound—which generally
leads to higher resolutions than in the ‘line’ direction.
Usually, the RF data are down-sampled in such a way that
the image presented to the operator is more or less in the
proper aspect ratio and with a usable contrast—usually by
envelope detection and log compression. To limit the
scope, only these ‘B-mode’ images will be used here, even
though RF data contain significantly more information.

2 Sweep correction

In conventional PIV, the local velocity is determined by
dividing the displacement (usually obtained from the cor-
relation peak location) by the temporal separation between
the two images, AT. In the case of ultrasound PIV, this AT is
not only dependent on the framing rate, but also a function
of the ‘horizontal’ displacement (i.e., across columns—we
here refer to horizontal and vertical for simplicity, which
refers to the directions aligned and perpendicular to a linear
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probe) due to the fact that the image is constructed by a
sweep.l The horizontal velocity (U,) at a certain location is
given by the ratio of the pixel displacement (Ax) and tem-
poral separation:

MAx

Ux:ﬁ7 (1)

with M a scaling parameter (the magnification in
conventional PIV). The temporal separation is the inverse
of the frame rate, corrected with the temporal shift as a
result of the sweep. The sweep speed can be calculated
from the number of columns in the images multiplied by
the frame rate (f). In the present case, this gives a sweep
speed y = 550 pixels x 74 Hz =~ 40,000 pixels/s—this
means that the difference between two columns is 1/40,000 s.
We have assumed here that there is no ‘dead time’ between
sweeps. This has been confirmed by plotting the reciprocal
of the frame rate as a function of the number of lines used.
The value of the intercept with the vertical (time) axis
was negligible, indicating little ‘dead time’. The temporal
separation is therefore

1 Ax
AT =-+— (2)
oo
For the horizontal velocity, we thus find:
MAx
A w: (
S + Y

Note that the sign (i.e., direction) of Ax is relevant
(e.g., the left-hand side of the image is obtained before
the right-hand side, which introduces an asymmetry in
the correction). For a typical displacement of 10 pixels, the
correction in the horizontal velocity is only 1.8% for the
present system. For 20 pixels displacement, it increases to
3.7%. For slower sweep speeds and/or large images, the
correction can become more significant. Note that the
‘vertical” velocity (i.e., across lines) does not need such a
correction, as columns are recorded nearly instantaneously.

3 Experimental techniques

For the experiments, flexible tubes (inner diameter 8 mm)
are submerged in a water tank and connected by tubing to a
centrifugal pump to form a closed flow loop, controlled by
a rotameter. Experiments are performed with a fixed flow
rate, typically of 75 cm®/min. This results in a maximum
velocity of 5 cm/s; the resulting Reynolds number is 200.
Flow in both a straight tube (for validation purposes) and
the curved tubes are studied. For the latter, the radius of

' This is similar to early implementations of PIV using a scanning
laser beam, see e.g., Westerweel et al. (1996).
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Fig. 1 Photograph of the set-up and the coordinate system. Note that
the transducer is placed in the ‘radial’ direction

curvature, R, is approximately 6 cm, so that the Dean
number is moderate: De = Re (R/R.)"? = 52. Before the
bend, the tube is straight for at least 15-20 diameters, so
that a laminar flow profile can be expected as inlet condi-
tions. Experiments are performed in (non-transparent) latex
tubes and in Sylgard® tubes. While the latter are trans-
parent, in future studies, they will form the substrate for
cell cultures, which will likely decrease the optical clarity.
A photograph of a part of the experimental set-up is shown
in Fig. 1, which also shows the coordinate system used.

Data are obtained using a commercial Ultrasonix RP500
ultrasound system using a linear transducer (L14—382)
operating at 10 MHz (framing rate 74 Hz using all trans-
ducer elements). A single focus was placed at the center of
the tube, at approximately 4 cm from the transducer. In
standard operating mode, the raw RF signals are processed
to produce grey-value images of 550 by 357 pixels. The
working fluid is water; SonoVue® contrast agent is added
as tracer material (1-10 pm coated SF¢ micro-bubbles),
1 ml is used for a total system volume of approximately 5
1). For details about this contrast agent, we refer to Greis
(2004). The rise velocity of the bubbles is negligible.

For one velocity measurement a sequence of at least 256
images is recorded; these will be evaluated sequentially
(e.g., correlating image 1 with 2, 2 with 3, etc.). Using a
translation stage, the volume containing the curved tube is
scanned in the z-direction in slices separated by 0.5 mm, so
that in-plane velocities in the entire tube are available
(see Fig. 1 for the coordinate system used; note that the
transducer is placed in the radial direction). The data are
processed using a correlation-averaging multi-pass PIV

2 The L14-38 is a linear array of 128 elements. The center frequency
is 9.5 MHz, bandwidth is 9 MHz. Radius is 0 (no geometric
focusing). The pitch of the probe is 300 um.

algorithm (Poelma et al. 2008, 2009) Before processing,
the images are masked to remove spurious echoes outside
the region of interest. The resolution of the velocity results
is 0.5 mm (corresponding to a final interrogation area size
of 16 x 16 pixels with 50% overlap) and a field-of-view of
4 x 2.5 x 2.0 cm®. Outliers are removed using the nor-
malized median test (Westerweel and Scarano 2005); the
percentage of outliers is less than 1% due to the averaging
process. Generally, outliers are only found near bright spots
(i.e., strong reflections) that saturate the image. For visu-
alization using isosurfaces, the data are processed with a
local 3 x 3 x 3 linear least-square fit of each of the
velocity components to further reduce the noise levels.

4 Results

A number of experiments were performed to evaluate the
performance of ultrasound PIV in terms of standard PIV
parameters (e.g., time delay between successive frames,
out-of-plane motion, in-plane gradients, data pre-process-
ing). No significant differences were found between the
results from experiments in latex and Sylgard® tubes.

4.1 Error estimate

The measurement error can be evaluated by studying the
standard deviation of the velocity along the centerline of the
flow in a straight tube (without vector post-processing). As
the flow is expected to be laminar and fully developed, the
value of the measured centerline velocity should be con-
stant. Figure 2 shows the convergence of the correlation

na

displacement error [pixel]
&

#image pairs used [-]

Fig. 2 Evolution of the error (absolute in pixels and relative to the
mean velocity) as a function of the number of image pairs used for
correlation averaging; three consecutive iterations at 16 x 16 pixels.
The error is estimated by calculating the standard deviation of the
velocity along the centerline (indicated by the red region in the inset;
note that this only shows a small portion of the data)
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Table 1 Displacement (AX), measurement error (¢) and relative
measurement error for five different frame rates

fps s™h AT (ms) AX (px) & (px) AX/e (%)
120 8.3 8.8 0.046 0.52
90 11.1 11.6 0.072 0.62
66 15.2 15.6 0.111 0.71
49 204 20.8 0.148 0.71
34 294 30.2 0.2194 0.73

averaging process: the absolute error in the streamwise
displacement is shown for three consecutive iterations (all
using 16 x 16 interrogation areas). The error drops to a
limiting value of 0.07 pixel in the displacement, which
corresponds to a relative error of 0.73% based on the mean
velocity (see secondary axis). Further iterations or alterna-
tive evaluation schemes, e.g., by varying the window size or
applying image pre-processing, did not improve the results.
In theory, the measurement error is expected to decrease
further if more image pairs are used in the ensemble averaging
process. However, this also leads to an increase in measure-
ment time: at a certain point, even the smallest variations or
drift in the actual flow rate will cause a noise plateau. The error
in the radial direction, evaluated in the same manner was
found to be approximately 30% smaller than the streamwise
error. However, one has to be careful when comparing these
two results: as the radial direction has zero mean displace-
ment, systematic errors cannot be evaluated.

Allowing for a maximal error of 5%, it follows from the
graph that at the current imaging conditions we need at least
five consecutive frames for an acceptable result. This corre-
sponds to a temporal resolution of 5 x 1/74 =70 ms if
transient phenomena are studied. This means that e.g., phys-
iologically relevant pulsatile flows (1-2 Hz) can be docu-
mented with 15 samples per second. All faster events will be
lost in the averaging process.” Note that with updated hard-
ware or a reduced image size (i.e., number of elements used),
the acquisition rate can readily be increased.

In Table 1, the influence of the temporal separation AT on
the measurement error is shown. The mean pixel displace-
ment obviously increases linearly with AT. The absolute
measurement error (the standard deviation of the axial
velocity) increases with this larger mean displacement. The
relative error, however, increases only slightly to 0.7%; note
that this is a different data set than the data presented in
Fig. 2, which has a higher measurement error. It has to be
taken into account that this is a laminar flow without out-of-
plane motion. Using window deformation, tracer particle
loss-of-pair is negligible. The only practical limit is the dis-
placement when compared to the measurement domain size.

* For periodic flows, the flow cycle can be reconstructed based on
‘a posteriori’ phase-locking, see e.g., Poelma et al. (2008).
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4.2 3D Results for the curved tube

Figure 3 shows the data obtained using an streamwise
alignment of the linear transducer (i.e., the transducer is
aligned with the x-axis and the mean flow direction;
o = 0°). The top figure shows a single B-mode snapshot

y—pos [cm]

X—pos [cm]

Fig. 3 (Top) Single B-mode image showing the flow in the latex
tube, (Middle) average velocity field at the mid-plane (for clarity, only
every second vector is shown; false colours represents the velocity
magnitude), (Bottom) Three-dimensional reconstruction of the flow
through the tube. Note that the cross-sectional slices shown in the
bottom figure are taken in the Cartesian measurement coordinate
system
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taken in the mid-plane of the geometry. The middle figure
shows the corresponding average velocity vector plot
(using 256 images); note that only 25% of the vectors are
shown for clarity. The bottom figure shows the recon-
structed geometry (as an isosurface using 1/5th of the
centerline velocity) and a number of cross-sectional con-
tour plots of the axial velocity. In the latter, a characteristic
horseshoe pattern can be seen, indicative of the secondary
flow patterns (i.e., ‘Dean vortices’).

In Fig. 4 (top), velocity profiles are shown at four
locations using a polar coordinate system (with respect to
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Fig. 4 (Top) Velocity profiles at four positions (described by the
angle with respect to the vertical axis, f§). The results for f = —1°,
11° and 20° are shown with an offset of, respectively, 0.05, 0.10 and
0.15 m/s for clarity. (Bottom) Cross-sections at f = —5 and 20° (the
latter with an off-set of 10 mm to the right): shown are isocontours
(equidistantly spaced at intervals of 0.005 cm/s) and the wall shear
stress obtained from polynomial fits (as colour coding). The
equivalent WSS for Poiseuille flow is indicated by the arrow. Note
that the y-axis of the bottom figure is in this case aligned with the line
intersecting the center-of-radius and the middle of the tube

the center of rotation of the geometry). The locations are
expressed as the angle f§ with respect to the vertical (y)
axis. The development of the secondary flow—resulting in
a skewness of the flow profile—can clearly be observed.
The field-of-view is unfortunately too small to study the
full evolution from a Poiseuille profile to a fully developed
Dean profile.

In Fig. 4 (bottom), two cross-sections are shown with
the wall shear stress distribution derived from the velocity
data. The wall shear stress is obtained by fitting a poly-
nomial function to the near-wall data and subsequently
finding the zero crossing (which corresponds to the location
of the wall) and the gradients at the wall. A detailed
explanation and validation of this method is given in Po-
elma et al. (2009). The method processes one cross-section
at a time: data are extracted from the data set at an initial
seed point. A polynomial fit is then performed to find the
wall location (which provides one ‘slice’ of the geometry).
Finally, based on the mean direction of the flow in the slice,
the algorithm proceeds to a downstream location and the
process is repeated.

The asymmetry in the distribution of the wall shear
stress can clearly be seen in Fig. 4, with the downstream
cross-section being more asymmetric, as expected. The
corresponding wall shear stress for a Poiseuille flow (with
the same flow rate) is approximately 28 mPa, so the outer
wall experiences a significantly higher tangential force due
to the curvature. It should be noted that only two velocity
components are available for the calculation of the wall
shear stress. Close to the wall, the gradients are dominated
by the axial velocity components, so the error due to
neglecting the missing out-of-plane component is small.

The flow rate in the curved tube can be obtained by
integrating a cross-sectional streamwise velocity distribu-
tion. When this is done for a number of angles /5, we find
variations of 2-3% between planes and a mean value of
78.7 cm3/min, which agrees well with the 75 cm®/min of
the rotameter; the difference can most likely be explained
by the uncertainty of the latter (estimated at 2.5% full
scale, corresponding to 5 cm>/min).

4.3 Transient flows

To test the performance of the measurement technique on a
transient flow in a straight tube, a periodic flow was created
by periodically pinching the entrance tube (while the pump
provided a constant pressure gradient). Data are obtained in
the center plane, with the transducer in the streamwise
position. In this case, a sliding moving average over 8
frames is used for the processing (with 50% overlap). This
means that frames 1-8 are averaged to calculate one flow
field, followed by an average over frames 5-12, etc. The
resulting temporal resolution in this case, with a acquisition
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rate of 119 Hz, is 34 ms. In Fig. 5, the resulting centerline
velocity of the pulsating flow is shown. Note that there is a
net transport, as the mean velocity is slightly negative—the
latter resulting from a mirrored probe position. The cycle
length T is 0.67 s. Also shown are the corresponding
instantaneous axial velocity profiles (only one third of the
profiles shown for clarity).

The velocity profiles can be compared with the theo-
retical Womersley profiles (McDonald 1974), see also the
“Appendix” for a summary of the theoretical prediction.
The Womersley number (o) is given by

2n

o/v=R Tv (4)

=R

In this definition, R represents the tube diameter,  is
the angular frequency and v is the kinematic viscosity. T is
the cycle duration, equal to 2n/w. For the present
experiment, o = 11.5, which means that the transient
inertial forces can be expected to play a significant role,
leading to a flat core flow and a phase shift with the
viscosity-dominated boundary layer. In Fig. 6, three
instantaneous velocity profiles at different stages during
the cycle are shown (markers), together with the
corresponding theoretical predictions (dashed lines). The
phase angle t for each case is given by t = #/T (mod 1).
Note that in the current case, the theoretical prediction is
composed of a Womersley profile and a steady (Poiseuille)
contribution. The contribution of the latter can easily be
determined by calculating the time-averaged flow profile.
The only parameter that has been adjusted is the amplitude
of the Womersley profile, so that the peak flow of the
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Fig. 5 Centerline velocity of the pulsating flow. Also shown are the
corresponding velocity profiles for a number of instances. For the
latter the horizontal location of the profile indicates the time at which
the data is obtained, while the vertical scale and vector length are in
arbitrary units. The negative sign of the mean flow results from a 180°
rotation of the transducer in this experiment
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Fig. 6 Three instantaneous velocity profiles and the corresponding
Womersley profiles based on the characteristic parameters of the flow.
Markers indicate measurements, dashed lines represent the theoretical
profiles. t represents the phase angle

prediction matches that of the experiment. As can be seen
in the figure, there is a reasonably good agreement between
experiments and theory. Note that the theoretical results are
based on a perfect harmonic driving force, while this was
likely not the case for the experiments.

The techniques of 3D reconstruction from slices can be
applied on transient flows as well. In the case of turbulent
flows, only the mean flow pattern can be recovered. If the
flow is quasi-steady (e.g., a pulsatile flow with moderate
Reynolds number), the transient behavior can also be
obtained. This requires a trigger signal to phase-lock the
measurements, which was not available in the current
facility. Alternatively, the phase information can be
reconstructed a posteriori from the velocity fields in some
cases, see e.g., Poelma et al. (2008).

4.4 Measurement volume thickness

For a meaningful interpretation of the results, it is neces-
sary to know the thickness of the measurement volume
(equivalent to the light sheet thickness in conventional
PIV). This can in theory be measured by, e.g., traversing a
needle hydrophone or by applying Schlieren methods.
Here, we present an alternative method based on the height
of the correlation peaks.

The normalized correlation peak height (P) is propor-
tional to tracer particle number density, in-plane and out-
of-plane loss fractions and loss due to gradients (Wester-
weel 1997, 2008):

P o< N/F;F,F (5)

As we are using ensemble averaging, N/ is actually the
product of N, (the tracer particle number density of a single
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image) and the total number of realizations. The use of
iterative window-shifting/deformation ensure that the
values of F; and F approach unity, as no tracer particle
images are ‘lost’ in the correlation process (note that in the
middle of the tube there are hardly any gradients to begin
with). Therefore, the peak height is only a function of
tracer particle number density and out-of-plane losses:

P x NiF, (6)

If the transducer is placed in a streamwise orientation
(the transducer is aligned with the central (x) axis of the
tube), we can expect no out-of-plane loss-of-pair in a
straight tube: there is no radial motion. If we subsequently
rotate the transducer 90° to a radial orientation (o« = 90°,
transducer aligned with the z axis; see Fig. 1), while
keeping the tracer particle concentration (and number of
images) constant, we can determine the value of F,, for this
case:

Pr  (NiF,)x

Ps (Ni,FO)s

=By

— (F,,)R (7)
with the subscripts ‘R’ and ‘S’ denoting the cases with
radial and streamwise transducer orientation. The out-of-
plane loss of pair can thus be calculated by the local peak
height (available at each interrogation location), divided by
the (mean) peak height of the streamwise case. For a ‘top
hat’ measurement volume®, the expression for the out-of-
plane loss of pair fraction is given by:

A
F{,:17|—5ZI for

Az <9, (8)
with 0 the thickness of the volume. F, is zero for large
displacements. The local velocity U = Az/AT can thus be
found from

Ul =o(1 — F,)/AT ©)

Either the thickness of the measurement volume or the
flow velocity needs to be known to be able to calculate the
other. In the present experiment, the reference velocity
profile is available from the ‘streamwise’ case. Using a
least-squares fit, a thickness of 1.8 mm for the effective
measurement volume thickness can be obtained. The step-
size of 0.5 mm used for the scanning measurement shown
in Fig. 3, which was chosen to match the in-plane
resolution, thus leads to an 72% overlap in the z-
direction, somewhat higher than the 50% overlap used in
the in-plane directions. Note that we have implicitly
assumed that the measurement volume is a rectangular
box. Due to the nature of image formation, the thickness of

* For simplicity we have here chosen to describe the measurement
volume using a top-hat profile with an effective thickness o.
Alternatively, one could find similar dimensions using e.g., a
Gaussian profile as is common in light sheet-based PIV.

the measurement volume will change as a function of
distance to the probe (which also occurs in conventional
light sheet optics). This change is expected to be small over
the diameter of the tube.

4.5 Reconstruction of the out-of-plane component

Once the thickness of the measurement volume is known,
the approach can be reversed: the out-of-plane velocity can
be reconstructed from the peak height ratios. An example of
this method is shown in Fig. 7. This figure shows a contour
plot of the reconstructed axial velocity in a Poiseuille flow.
The reference centerline velocity obtained from the actual
axial measurement was 4.3 cm/s. To evaluate the recon-
struction accuracy, we compare the differences between the
reconstruction and the theoretical values. We do this by
fitting a 2D parabola, V=V ..(1 — (r/R)z), and evaluating
the residuals. The standard deviation of the discrepancy
between fitted and reconstructed out-of-plane velocities was
found to be 4%. Note that only the central region was used
in this fit (by selecting values above 25% of the maximum
velocity). Near the edges, the error increases significantly
due to the fact that wall reflections affect the noise level and
thus invalidate the out-of-plane reconstruction procedure.
The fact that the reconstructed flow is axisymmetric also
provides experimental evidence that the thickness of the
volume does not change drastically. If the latter would be
the case, the reconstruction would be stretched in one
direction (due to the fact that ¢ in Eq. 9 would then vary
with radial distance).

With a known thickness of the measurement volume,
the out-of-plane velocity can thus be obtained in at least
a qualitative manner from the correlation peak heights,
while the in-plane velocities follow from the conventional
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Fig. 7 Axial velocity field reconstructed from the correlation peak
heights in the ‘radial’ measurement of a Poiseuille flow

@ Springer



784

Exp Fluids (2011) 50:777-785

cross-correlation method (they are negligible in Fig. 7 and
thus not shown). A single recording with a linear probe can
thus provide insight in all three velocity components in a
plane. A single additional reference measurement in an
orthogonal plane is the only requirement. The only draw-
back is that the direction of the out-of-plane component
cannot be recovered in this way.

The current approach is similar to the study by Raffel
et al. (1995), where the absolute value of the normalized
correlation peak height was used to reconstruct the out-of-
plane component. In our approach, we look at the ratio of
the peak with respect to a reference to eliminate effects of
noise, tracer number density, etc. A mathematical back-
ground is provided by Raffel et al. (1996), a study that
focuses on an application using two parallel measurements
(three recordings, one of them in a light sheet that is
slightly displaced)—the theoretical description can directly
be translated to the current approach.

5 Conclusions

In the current work, we have introduced some extension to the
capabilities of ultrasound particle image velocimetry. Due to
the nature of image acquisition, a (small) correction is needed
to estimate the local velocity from the tracer particle dis-
placement. We demonstrate that reliable measurements are
possible by evaluating a known test case: Poiseuille flow.
Errors of the order of 0.5-1.5% are attainable by means of
correlation averaging using 255 image pairs. This error level is
comparable to conventional implementations of PIV, yet
without the requirement of optical access to the geometry. As
the measurement error converges rapidly, even with only a
few images acceptable results can be obtained. This means
that the current generation of hardware is suitable to study
transient flows with a temporal resolution on the order of 1/40
s. The latter assumes a full-size image; the frame rate can be
increased by, among others, decreasing the number of trans-
ducer elements used. We report instantaneous velocity pro-
files obtained in a pulsatile flow that correspond reasonably
well with the theoretical expectations.

We show that the technique can be extended to document
the flow in a volume by scanning the geometry slice-by-slice.
The latter approach is straightforward for steady flows, but
requires phase-locking for periodic flows—either with an
external trigger signal or using an a posteriori analysis. The 3D
reconstruction method is used to document the flow in a
strongly curved tube. From the velocity data obtained in this
geometry, the wall shear stress distribution can be derived. As
expected, this distribution shows a clear asymmetry due to the
presence of secondary flow patterns.

Finally, we evaluate the thickness of the measure-
ment volume by means of two orthogonal recordings. By

@ Springer

evaluating the peak height, the ratio of out-of-plane dis-
placement and measurement volume thickness can be
determined. Once one of the two is known, the other can be
derived. In the present case, we derive a measurement
volume thickness of 1.8 mm. This is associated with a
reconstructed flow field that closely resembles the expect
parabolic flow pattern. In principle, it is thus possible to
obtain all three velocity components using a single
recording with a linear probe.

The results presented in this study confirm that ultra-
sound PIV can provide reliable, detailed information in
complex geometries without requiring optical access. This
makes it a suitable tool for planned future work correlating
endothelial cell response and local flow patterns. Obvi-
ously, the technique can also be applied directly to other
flow studies that lack optical access.
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Appendix

For a harmonic driving force, the radial profile of the axial
velocity in a circular pipe with radius R is described by
(McDonald 1974):

AR

J 3/2
uW(r, 1) = o(eri””)

_ iwt 10
ipo? Jo(ai3/2) 1™, (10)

with A" the complex amplitude of the driving force, u the
dynamic viscosity and @ the angular frequency, @ = 27/T.
« represents the Womersley number, o = R(w/v)"%. Jy is a
Bessel function of the first kind, zeroth order.

For a non-zero mean velocity, the Poiseuille solution
can be added to Womersley’s solution:

AR Jo(ari®l?)

o iot 2 p2
) = = G e B IR, (1)

with B the time-averaged centerline velocity. The latter is
determined from the time-averaged velocity profile. The
parameter A is fitted to match a single instantaneous
velocity profile; subsequent velocity profiles at later times
are then calculated using this value.

References

Gharib M, Beizaie M (2003) Correlation between negative near-wall
shear stress in human aorta and various stages of congestive
heart failure. Ann Biomed Eng 31(6):678-685



Exp Fluids (2011) 50:777-785

785

Greis C (2004) Technology overview: SonoVue(Bracco, Milan). Eur
Radiol 14:11-15

Hong G, Pedrizzetti G, Tonti G, Li P, Wei Z, Kim J, Baweja A, Liu S,
Chung N, Houle H et al (2008) Characterization and quantifi-
cation of vortex flow in the human left ventricle by contrast
echocardiography using vector particle image velocimetry.
JACC Cardiovasc Imaging 1(6):705-717

Kim H, Hertzberg J, Shandas R (2004) Development and validation of
echo PIV. Exp Fluids 36(3):455-462

Liu L, Zheng H, Williams L, Zhang F, Wang R, Hertzberg J, Shandas
R (2008) Development of a custom-designed echo particle image
velocimetry system for multi-component hemodynamic mea-
surements: system characterization and initial experimental
results. Phys Med Biol 53(5):1397-1412

McDonald D (1974) Blood Flow in Arteries. Edward Arnold

Poelma C, Vennemann P, Lindken R, Westerweel J (2008) In vivo
blood flow and wall shear stress measurements in the vitelline
network. Exp Fluids 45(4):703-713

Poelma C, Van der Heiden K, Hierck B, Poelmann R and Westerweel,
J (2009) Measurements of the wall shear stress distribution in the
outflow tract of an embryonic chicken heart. ] R Soc Interface
(in print) doi:10.1098/rsif.2009.0063

Raffel M, Gharib M, Ronneberger O, Kompenhans J (1995)
Feasibility study of three-dimensional PIV by correlating images
of particles within parallel light sheet planes. Exp Fluids
19(2):69-77

Raffel M, Westerweel J, Willert C, Gharib M, Kompenhans J (1996)
Analytical and experimental investigations of dual-plane particle
image velocimetry. Opt Eng 35:2067

Sengupta P, Khandheria B, Korinek J, Jahangir A, Yoshifuku S,
Milosevic I, Belohlavek M (2007) Left ventricular isovolumic
flow sequence during sinus and paced rhythms new insights from
use of high-resolution doppler and ultrasonic digital particle
imaging velocimetry. J Am Coll Cardiol 49(8):899-908

Wang L, Shandas R (2007) 12B-4 Real-time multi-component
hemodynamic measurement in vascular aneurysms using
echo particle image velocimetry: comparison of in vitro and
computational results, IEEE ultrasonics symposium, 2007,
pp 1097-1100

Westerweel J (1997) Fundamentals of digital particle image veloc-
imetry. Meas Sci Technol 8(12):1379-1392

Westerweel J (2008) On velocity gradients in PIV interrogation. Exp
Fluids 44(2):831-842

Westerweel J, Scarano F (2005) Universal outlier detection for PIV
data. Exp Fluids 39(6):1096-1100

Westerweel J, Draad A, Hoeven J, Oord J (1996) Measurement of
fully developed turbulent pipe flow with digital particle image
velocimetry. Exp Fluids 20(3):165-177

Zheng H, Liu L, Williams L, Hertzberg J, Lanning C, Shandas R
(2006) Real time multicomponent echo particle image veloci-
metry technique for opaque flow imaging. Appl Phys Lett
88:261-915

@ Springer


http://dx.doi.org/10.1098/rsif.2009.0063

	3D Flow reconstruction using ultrasound PIV
	Abstract
	Introduction
	Scope of this study

	Sweep correction
	Experimental techniques
	Results
	Error estimate
	3D Results for the curved tube
	Transient flows
	Measurement volume thickness
	Reconstruction of the out-of-plane component

	Conclusions
	Acknowledgments
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


