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Abstract
A method is presented for measuring particle residence time (PRT) directly from Lagrangian data. PRT is defined as the time
a parcel of fluid spends in a region of interest. In this study a two-dimensional particle-tracking velocimetry technique is
applied to demonstrate the basic working principle. To test the concept, measurements were performed for a fully turbulent,
unsteady flow through an idealized stenosis model with a large recirculation region. The pulsatile waveform was characterized by a mean Reynolds number of 9600, Strouhal number of 0.075 and amplitude ratio of 0.5. Lagrangian tracking is used
to follow tracer particles as they exit the stenosis and are entrained across the shear layer into the recirculation region. Short
particle tracks are extended forwards and backwards using a technique developed by Rosi and Rival (Exp Fluids 59(1):19,
2018), such that particles entering the measurement domain are tracked continuously. Identifying the origin of unique particles, and the trajectory they follow to reach their terminal positions, elicits significant insight from categorizing pathlines
as belonging to the jet or being entrained into or caught in the recirculation region. PRT is directly related to path length
and is computed at every instant along each pathline. Labeling particles according to their trajectory revealed differences in
steady and unsteady flow that are quantified via PRT. The steady case accrued greater PRT on average but, in the unsteady
case, pulsatility resulted in greater PRT of particles entrained from the jet. In both cases, instantaneous PRT measurements
along extended particle tracks allowed the source and trajectory of high PRT particles to be identified.
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Graphical abstract

1 Introduction
Characterization of path-dependent dynamics plays an
important role over a broad range of fluid scales, particularly for biomedical, environmental and meteorological
flows. One such metric is particle residence time (PRT),
which is defined as the time a fluid parcel spends in a
region of interest. PRT is typically investigated to identify
regions of a flow where fluid parcels become stagnant,
most commonly due to separation and recirculation. For
instance, researchers studying hemodynamics are principally interested in quantifying PRT in regions of high or
fluctuating wall shear stress. Long residence times have
been shown to correlate to increased deposition of plaques
that are carried by blood, and promote thrombogenesis and
atherosclerosis (Long et al. 2014; Martorell et al. 2014;
Tambasco and Steinman 2003). Studies using computational fluid dynamics (CFD) have evaluated the effect
of stenoses (Kunov et al. 1996; Tambasco and Steinman
2003), aneurysms (Rayz et al. 2010; Suh et al. 2011), and
cardiac-assist devices (Long et al. 2014; Prosi et al. 2007)
on PRT when compared to healthy vessels, but experimental studies are few and far between. Tsao et al. (1992)
and Balducci et al. (2004) each use in vitro particle tracking through a stenosis model and artificial valve, respectively, to gather Lagrangian data and measure local residence time. In both cases, the methods used are restricted
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by short particle tracks and time-averaged calculations.
Tsao et al. (1992) designate small control volumes, only 3
mm in length, while Balducci et al. (2004) report tracking
only 50 tracers for 10–50 consecutive time steps. Neither
method is able to describe how an individual particle’s
movement is linked to its PRT over long distances. Measurements along the trajectory of individual fluid parcels
are limited with simple particle tracking, and not possible with popular, Eulerian techniques, like particle image
velocimetry (PIV). Currently, there is no experimental
technique for the calculation of individual PRT over long
trajectories.
The requirement for trajectory-based measurements
makes experimental methods in a Lagrangian reference
frame crucial. Particle tracking velocimetry (PTV) is a
well established technique, in two- and three-dimensions,
for tracking and drawing flow tracer pathlines. In recent
years, tracking methods saw a surge in popularity when
the technique’s low particle density, a major disadvantage,
was drastically increased via the advent of Shake-The-Box
(STB) (Schanz et al. 2016). STB algorithms can track individual particles over long distances with pixel densities
similar to tomographic-PIV (Scarano 2013), but require a
complex system of cameras and calibration. Furthermore,
imaging at such high densities is not feasible in some environments. In the case of arterial flows or movement on
the scale of tidal or weather systems, a single approach
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for path-dependent measurements, like PRT, on any scale
would be indispensable. Similarly, three-dimensional
data provide a clearer understanding of flow dynamics,
but adds a layer of complexity to the experiment and is
not practical in all scenarios. Two-dimensional PTV (2DPTV) remains a powerful tool and, with proper control of
particle density, can track particles across long distances
in complex flows. In this study, a straightforward, singlecamera setup is used for proof of principle to calculate
the PRT throughout. Particle tracks are extended to reveal
their time-history following techniques outlined by Rosi
and Rival (2018). The method described herein is applicable to a wide range of flows and data types that are not
amenable to 3D-PTV or STB, including (low resolution)
ultrasound recordings (Kim et al. 2004; Poelma 2017),
synthetic-aperture radar (Luckman et al. 2007) or satellite
images (Klemas 2010).
The current study uses 2D-PTV to demonstrate the scalable tool for measuring Particle Residence Time in complex flows. First, Sect. 2 details the single-camera setup
used to track particle movement through an in vitro stenosis
model. Lagrangian data are processed into pathlines that
are extended to describe individual particle trajectories and
compute PRT. In Sect. 3, the differences between a steady
and pulsatile flow are illustrated by colour-labeling particles
based on their displacement or PRT, and calculating unique
and bulk PRT values.

2 Methods
2.1 In vitro experimental facility
Figure 1 shows the room-scale facility used to conduct an
experimental evaluation of PRT using 2D-PTV. Water was
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drawn from a reservoir by a programmable circumferential
piston pump (WrightFlow TRA10 Model 1300) and circulated through an optically accessible test section. The test
section is a 1-m long acrylic pipe with an internal diameter D = 7.62 cm and is situated approximately 45 diameters downstream of the pump—turbulent flow conditions
can be considered fully developed. When enclosed within
a water-filled octagonal tank, the test section was optically
transparent and any aberrations or distortion caused by the
curved walls of the pipe were eliminated. As a test case for
the measurement of PRT, an idealized stenosis model was
installed in the test section (see Fig. 2). The geometry of
the model can be described as a gradual axisymmetric contraction of the internal pipe diameter followed by a sudden
expansion. The diameter is reduced by 50% (75% reduction
in area) along the smooth sinusoidal curve given by r(x) for
− 0.5 ≤ x∕L < 0:
[
( )]
1
𝜋x
r(x) = d + (D − d)sin2
,
(1)
2
2L
where x is the position along the pipe, d = D∕2 is the stenosis throat diameter and L = 7.62 cm is the length of the
stenosis. This shape is typical of stenosis models found in
the literature (Blackburn and Sherwin 2007). For x ≥ 0, the
stenosis ends abruptly with a sudden radial expansion to D.
This geometry was selected for its ability to generate a large
recirculation region.

2.2 Particle detection and tracking
Flow through and behind the stenosis were recorded with a
single high-speed CCD camera (FASTCAM Mini WX100)
fixed at the side of the tank; see Fig. 2. Using a f = 60 mm
Nikon lens, the camera captured an area 6.5 cm by 3.0 cm
at the bottom of the pipe immediately behind the stenosis

Fig. 1  Optical flow-loop test facility. The stenosis model is installed in the optical test section that is enclosed in a water-filled, octagonal imaging chamber. Custom unsteady flow profiles are generated by the programmable piston pump
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Fig. 2  a A schematic of the stenosis model installed in test section
of flow loop. The measurement domain is immediately behind the
axisymmetric constriction where a thick laser sheet illuminates tracer
particles so they can be imaged with a high-speed camera. b A cross-

sectional slice, along the centre plane of the light sheet, of the stenosis model used in this study. The field of view is highlighted using a
white box; within this domain scattered Lagrangian vector data (blue
arrows) are processed into long pathlines (orange and black lines)

model. The camera resolution was 2048 × 1024 pixels and
the frame rate was 1000 Hz. The unsteady (pulsatile) flow
case was synced with the camera to record one pulse at a
time using a digital acquisition device (National Instruments MyDAQ). PTV was used to locate particle positions
in every frame and draw a pathline for each as they move
through the measurement domain. The working fluid (water)
is seeded with polyamide particles with a mean diameter of
dp ≈ 55 μm . The tracer particles have a Stokes number on
the order of 0.0001 and can be assumed to closely follow
the flow. The particle image density was on the order of
0.001 particles per pixel (ppp) and approximately 2500 particles were identified in any given frame without ambiguity.
The suspended particles were illuminated by a 3 W diodepumped continuous solid-state 532 nm laser. The light sheet
was configured to a thickness of 5 mm to minimize particle
loss due to out-of-plane motion. In flows that exhibit turbulence, out-of-plane particle loss can be compensated for by
increasing the light sheet thickness; however, the associated
reduction of the light sheet’s energy density can lead to lossof-correlation in densely seeded particle image velocimetry
(PIV) (Raffel et al. 2018; Scharnowski et al. 2017). With
PTV, a thick sheet allows particles to be tracked over longer
distances despite small out-of-plane motion provided there
is no particle image overlap (Cierpka et al. 2013; Schanz
et al. 2016). The flows under investigation are complex and
turbulent and some particle dropout is expected and deemed
acceptable. Rosi et al. (2015) identify out-of-plane fluctuations as an indirect source of error in 2D measurements that
are inversely proportional to the light sheet thickness so
long as the desired density of valid tracks is maintained. A
series of 2000 images was used to track tracer particle displacement. LaVision’s DaVis 8.4.0 2D-PTV algorithm was
used to locate and track particles. First, particle images were
identified in each frame via peak detection using a Gaussian
fit. Having found the tracer positions for the entire image
series, each particle images’ match, from frame to frame,

was established by peak matching (Dracos 1996). The displacement of a particle and the time between frames were
used to plot a vector for each matched particle. A vector
was verified by checking the spatial coherence of the vector
field in its neighbourhood. When complete, the positions of
each particle through time were connected to form tracks.
The particle tracks were then filtered by path length and if
a track extended across less than five consecutive images it
was discarded. Approximately 1500 particle tracks satisfied
this condition at each time step, reducing the effective particle image density to 0.0007 ppp. Some unextended pathlines
are shown in Fig. 3a.
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2.3 Flow conditions
In the current study, steady and pulsatile flows are compared to one another. The steady flow has a Rem = 9600. The
pulsatile waveform consists of the same steady component
( Rem = 9600 ) superimposed on a sinusoid with frequency
fp = 0.5 Hz . In a stenosed blood vessel, flow is characterized by the healthy (upstream) vessel diameter and flow rate.
However, for this study, all convective scales are normalized
using the conditions at the throat of the stenosis: characteristic length d and mean jet velocity ū m . The mean velocity upstream was measured using PIV. Assuming the same
volumetric flow rate through the stenosis, the velocity at
the throat ū m is four times greater. The Reynolds number is
Rem = ū m d∕𝜈 , where 𝜈 = 1.004 mm2 ∕s is the kinematic viscosity, and the unsteady profile is characterized by a Strouhal
number St = f p d∕̄um and an amplitude ratio 𝜆 = Reo ∕Rem ,
where Reo is the Reynolds of the oscillatory component.
The Womersley number is perhaps a more commonly used
dimensionless parameter for describing pulsatile flow, but
the Womersley number does not depend on the flow velocity
and is in fact a function of the product of the Reynolds and
Strouhal numbers (Rohlf and Tenti 2001).
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(b)

(c)
Fig. 3  a Raw pathline data, prior to track extension, for particles
exiting the stenosis model from the left (black/red) and recirculating
from downstream (orange/green). Flow is steady and only particles
that were tracked over 100 time steps are shown for clarity. Pathlines
are colour-labelled according to Sect. 3.1. b To extend particle tracks
beyond their original length, the displacement of the nearest 1% of all
particles from one frame to the next (blue area) is used to predict the

trajectory of the tracer in question. Particles at ti−1 are used to extend
the path backwards, and those at tj+1 for forwards-time extension. c
Extended pathlines are colour-labelled based on their trajectory
through the field of view and how they interact with the flow structures therein. The grey portion of the tracks represents the length they
are extended to. Note: this schematic is not to scale

2.4 Pathline extension

and by Rosi and Rival (2018), and revealed that selecting too
few tracers yielded noisy results, while too many smoothed out
flow physics. As in Fig. 3b, pathlines were then extended until
the beginning or end of the recording, or until they convected
out of the field of view, according to the flow maps. Pathlines
that would extend outside of the field of view were terminated
at the periphery. This can occur in backwards- or forwardstime extension and resulted in a small number of nonphysical,
erroneous pathlines that begin or end at the wall of the stenosis
or pipe. The resulting pathlines were then smoothed using a
third-order Savitzky–Golay filter spanning five frames. Following extension, the mean path length increased by 40-fold
and more pathlines enter into the field of view at each time
step. As a result, the particle image density increased from
0.0007 ppp to 0.0324 ppp.

PTV processing produces short particle tracks that can be
extended to reveal the complete trajectory a particle maps
through the measurement domain. Pathlines were extended
beyond their measured length following the method described
by Rosi and Rival (2018), which was inspired by flow map
compilation techniques (Brunton and Rowley 2010; Raben
et al. 2014). The pathline-extension method extends paths
forwards and backwards in time using flow maps fitted at
each time step. Flow maps were fit using a locally weighted
scatter-plot-smoothing algorithm (within MATLAB R2018a)
that considered all pathlines that existed at previous or subsequent time steps. A backwards- and forwards-time flow map
was generated at each time step by considering each particle
position from the original recording and how the nearest 1% of
all Lagrangian tracers (Rosi and Rival 2018)—approximately
15 particles—moved into the preceding or proceeding time
step, respectively. A backwards-time fit is illustrated in Fig. 3b
at the time step ti. The influence of the number of neighbouring
tracers used by the fitting function was evaluated in this study,
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3 Results and discussion
The following sections outline the qualitative and quantitative evaluations of the extended particle pathlines in the
region downstream of an axisymmetric contraction followed
by a sudden expansion that simulates a stenosis. Particles
are categorized according to their origin and how they move
through the field of view. PRT measurements are presented
and discussed for the bulk fluid, individual particles and the
trajectory-based categories. Differences in the fluid motion
and PRT for the steady and pulsatile cases are highlighted.

3.1 Trajectory‑based particle labeling
The steady and unsteady cases are both characterized by the
same mean jet velocity and Reynolds number Rem = 9600.
The pulsatile flow profile has an amplitude ratio 𝜆 = 0.5
and the Strouhal number, based on the mean jet velocity,
is St = 0.075. Sets of 2000 images were recorded at 1000
Hz for both steady and unsteady flow cases. Time-series
data t∗ were normalized using the recording’s length and
pulse period for the steady and pulsatile cases, respectively.
The scattered Lagrangian data were processed into pathlines and extended following the steps described in Sect. 2.4.
Approximately 150,000 unique pathlines were drawn. Pathline extension increased the average path length from 22
time steps to over 800 and, as a result, an average of 68,000
particles were present in each frame, effectively increasing
the particle image density from 0.0007 ppp to 0.0324 ppp.

Fig. 4  Particles coloured according to one of six categories based on
their trajectory under steady flow conditions. At t∗ = 0 the flow U(t)
passes through the stenosis (grey wedge) and into the field of view.
Particle distribution is illustrated at five different instances spanning
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To evaluate the movement of tracers qualitatively, particles
were colour-labelled based on their source and terminal
locations, and trajectory through the field of view. A line
was drawn at y∕d = 0 to differentiate between particles that
remained in the jet and those that were entrained into the
recirculation region. Pathlines were put into one of six categories as follows:
1. Particles that exit the stenosis and remain in the jet for
their entire length (black);
2. Entrained pathlines that exit the stenosis and interact
with the shear layer (red);
3. Pathlines that originate in the recirculation zone and
are flushed downstream over the course of the recording (pink);
4. Pathlines that enter the field of view from downstream,
change direction, and exit again from the same direction
are deemed recirculating (green);
5. Particles that make up the bulk of the reverse flow entering into the recirculation zone from downstream and
remaining within view (orange);
6. Particles that are relatively stagnant and remain within
the field of view for the entire recording (blue).
Black and red particles originate in the jet, while pink and
blue particles occupy the recirculation region at t∗ = 0 .
Green and orange-labelled tracers both begin downstream
of the field of view and both have significant negative
axial velocities. The colour labels are visually described in
Fig. 3c.

the recording and reveals entrainment and recirculation. There is
some overlap in the predicted motion that results in a portion of the
blue particles to be hidden at small t∗. Online Resource 1 shows the
entire 2000-frame recording
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Figures 4 and 5 are scatter plots of flow tracers that have
been coloured according to the six categories. These figures
are supplemented by the “Trajectory” animation in Online
Resource 1 and 2. The ability to identify the origin of each
particle and how it moves through the region of interest elicit
significant insights from particle tracking, even for complex,
turbulent flows. The colour labels make a clear distinction
between particles that form a jet exiting the stenosis throat
and those that have slowed or changed direction in the recirculation region. A shear layer extends out from the edge of
the stenosis and fast red particles are seen to be entrained
across it and begin to mix with the slower moving pink particles below. The shear layer widens as x / d increases and
the rollup of Kelvin–Helmholtz instabilities can be clearly
identified along the interface in Fig. 4 at t∗ = 0.75 and Fig. 5
at t∗ = 0.25. There is an apparent increase in the ratio of redto-black particles when the flow is made unsteady and the
red particles are entrained closer to the stenosis. The main
source of reverse flow is green and orange particles. In both
the steady and unsteady cases, there is substantial penetration of the green pathlines toward the stenosis wall before
being swept downstream. However, after the same period
of time, a larger percentage of stagnant, blue particles has
been displaced by orange particles deep into the recirculation zone in the unsteady case.

3.2 Calculating particle residence time
PRT is a measure of how long a parcel of fluid spends in a
region of interest and is an important path-dependent metric.

Fig. 5  Colour-labelled particles at five instances over a single pulse
of an unsteady flow. Particles are coloured based on their trajectory
over the recording time and how they interact with the shear layer and
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In this study, PRT has been measured as the length of a
particle’s pathline within the field of view and is normalized via the mean jet velocity ū m and the diameter of the
stenosis throat d. The region of interest for a stenosis geometry is typically the recirculation region where PRT can be
used as an indicator for plaque deposition or fluctuating wall
shear stress in blood vessels (Kunov et al. 1996; Long et al.
2014; Martorell et al. 2014; Suh et al. 2011; Tambasco and
Steinman 2003). In this study, the whole field of view was
used to calculate PRT using scattered Lagrangian data and
extended pathlines. PRT is a direct function of the measurement domain size and this technique can easily be applied to
any subregion of interest. In the region behind the stenosis
model, a particle that is labelled black in Fig. 4 remains
in the jet and has PRT ≈ 0.8. Low velocity particles in the
recirculation zone (pink and blue) have PRT ≥ 8. PRT can
be visualized via time-series integral values or measured for
individual or groups of particles, e.g. the categories used to
generate Figs. 4 and 5.
Continuously following a particle from the moment it
enters the field of view means the instantaneous PRT of
each particle—which increases so long as a particle exists
in the measurement domain—is known throughout the
recording. Figures 6 and 7 show the particles coloured
by instantaneous PRT for the steady and unsteady cases,
respectively. The full time-series of these figures are
shown in the supplementary videos (Online Resource 1
and 2). Unlike the calculations performed by Tsao et al.
(1992) and Balducci et al. (2004), PRT is known for each
particle at each time step and no time or spatial averaging

recirculation region. Online Resource 2 shows the full development
of the pulsatile flow
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Fig. 6  Scatter plot of particles coloured by instantaneous PRT when
subjected to a steady flow profile. New particles enter through the
stenosis throat and from downstream, while others are trapped
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behind the stenosis for a significant portion of the recording. Online
Resource 1 shows the growth of each particle’s PRT in a steady flow

Fig. 7  Particles are coloured by their cumulative PRT at various points along a pulsatile waveform. Online Resource 2 shows the full history of
the particles

was necessary. In both the steady and unsteady case, there
is an accumulation of low velocity fluid at the stenosis
wall, emphasized by large residence times at late t∗. However, after t∗ = 0.50 there is a much larger concentration
of high PRT particles in the steady case. Conversely, there
is a continuous influx of low PRT particles from the topleft (jet) and bottom-right (recirculating) of each frame
under steady and pulsatile flow profiles. With path-specific
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information the origin of high, or low, PRT particles can
be identified.
Integrating across the instantaneous PRT of all particles
in the field of view at each instant of the time-series yields
a time-resolved, mean PRT. Figure 8a, b plot the mean
PRT of all particles (Bulk PRT) against normalized time
for steady and unsteady flow, respectively. Over the course
of the recording (one cycle of the pulsatile waveform and
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Fig. 8  Integral measurement of
the Bulk PRT of all particles
(a, b) and Jet PRT for the
particles entering the field of
view from the stenosis throat
(c, d). Frames a, c correspond
to a steady flow, whilst b, d are
for the unsteady case. The grey
lines are individual, uncorrelated tests and the black line is
the mean

(a)

(b)

(c)

(d)

two seconds in each case), particles in the steady flow
accumulate higher Bulk PRT than under pulsatile flow.
This suggests that particles in the recirculation region are
more readily flushed and replaced when in the presence
of pulsatility. Analysis of the recirculating flow suggests
there is a correlation between the acceleration phase of the
pulse and an influx of fluid from downstream that flushes
existing fluid out of the recirculation region. During the
deceleration phase, particles are comparatively stagnant,
but the net effect over a full cycle is still lower Bulk PRT
compared to the same period in a steady flow. If, instead of
using the bulk fluid, the particles that exit the stenosis are
isolated, the opposite relation between PRT of the steady
and unsteady cases is true. Figure 8c, d show that the Jet
PRT is higher for pulsatile flow. This result is consistent
with the large number of Entrained particles in Fig. 5 that
penetrate into the recirculation region and aid in displacing
stagnant particles (as identified and discussed in Sect. 3.1).
The above results are consistent across five data sets (nonconsecutive) with each flow profile; see grey lines in
Fig. 8. The absence of a trend in the pulsatile PRT curves
is not surprising for a fully turbulent flow, but it may also
be noted that the recirculation of fluid from downstream is
not in phase with the upstream forcing. The comparisons
made between steady and unsteady flows are suspected to
be a function of the chosen Strouhal number ( St = 0.075)
and the difference in PRT is expected to increase with St.

Finally, PRT can be used to compare the trajectory categories that are listed in Sect. 3.1 and used to colour Figs. 4
and 5. The final PRT for each particle is averaged by category and presented in Fig. 9. Again, the trend is for particles in the recirculation region to exhibit longer PRT in the
steady case, while the PRT of particles entrained from the
jet is shorter. Also of note, the highest PRT pathlines are
those that begin inside the recirculation region and remain
caught there. The random nature of the recirculation region

Fig. 9  The mean PRT of pathlines in each trajectory category (as
defined in Sect. 3.1) are compared for the steady and unsteady cases.
Error bars are one standard deviation and reveal large variance in
PRT of recirculating particles versus those exiting the stenosis
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is characterized by the large error bars for particles that did
not recently exit the stenosis—there is very little variance
in the Entrained and Jet particle PRT. By this method, PRT
can be measured and compared for particles categorized by
any criteria (e.g. crossing thresholds, or origin and terminal
positions).

4 Conclusions
Particle residence time (PRT) is a path-dependent metric
that quantifies the time a fluid parcel spends in a region of
interest and has applications at scales ranging from biomedical flows to meteorological phenomena. A Lagrangian method for measuring PRT by tracking and extending particle trajectories is presented. PRT was measured
from the extended pathlines without the need for computer
simulation. An idealized stenosis model was selected as a
test case for its ability to generate a large region of slow,
recirculating flow. 2D-PTV was used to draw pathlines for
tracers flowing through the stenosis and into the recirculation region behind it. Both steady and pulsatile flows were
evaluated and compared. The mean Reynolds number for
both cases is 9600. The oscillatory component of the pulsatile flow is characterized by an amplitude ratio 𝜆 = 0.5
and Strouhal number St = 0.075. 2D recordings are practical but subject to particle loss due to out-of-plane motion
in complex flows. By illuminating the flow with a 5 mmthick laser sheet and ensuring no particle image ambiguity, losses were minimized. The raw data yielded pathlines
tracking particles across an average of 22 image frames.
Using pathline-extension techniques adapted from Rosi and
Rival (2018), trajectories were extended to over 800 frames.
Long pathlines describe the complete history of a fluid parcel within the measurement domain. Categorizing particles
based on their source and movement thereafter revealed flow
structures, such as vortices in the recirculation region and
Kelvin-Helmholtz instabilities, downstream of the stenosis.
PRT was then calculated for individual particles as well as
trajectory-based categories.
The method described here relates tracer path length
directly to PRT. The PRT of 150,000 individual particles
was measured, the longest of which clearly highlighted the
large recirculation zone immediately behind the stenosis
model. Particles expelled from the throat of the constriction
either remained in the high-velocity jet or were entrained
across the shear layer into the recirculation region and had
PRT values of approximately 0.8 and 3.2, respectively. The
highest PRT values (≥ 8) were found to be for particles that
were already caught in the recirculation region. Integrating across the instantaneous PRT for all particles demonstrated significant differences between the steady and pulsatile flows. In a pulsatile flow, the alternating phases of
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acceleration and deceleration promoted particle flush out and
stagnation, respectively, and resulted in shorter mean PRT.
However, isolating the particles that had passed through the
stenosis showed more mixing across the shear layer and,
subsequently, longer PRT in the unsteady case. The PRT
values and comparisons presented are expected to change
significantly with the Strouhal number St and amplitude ratio
𝜆. The evaluation of flows based on these criteria and PRT
serve as follow-up to the current study.
In this study, PRT is used as an example of a path-dependent quantity that is extracted from long-track Lagrangian
data. PRT is a clear indicator of separation and recirculation
and has many applications. One possible application of this
technique is tracking the dispersal of contaminants in bodies
of water using satellite images (Klemas 2010; North et al.
2011; Periáez 2004). In cardiovascular flows, researchers
have already linked PRT to regions of fluctuating wall shear
stress and plaque deposition—both precursors to common
cardiovascular diseases. However, the majority of the biomedical studies have been done in silico (Kunov et al. 1996;
Long et al. 2014; Prosi et al. 2007; Rayz et al. 2010; Suh
et al. 2011; Tambasco and Steinman 2003), and those that
are experimental (Balducci et al. 2004; Tsao et al. 1992)
are limited to spatially averaged calculations. The technique
described here is an in vitro approach that could have direct
application to in vivo measurements using ultrasound particle tracking (similar to ultrasound image velocimetry (Kim
et al. 2004; Poelma 2017) of blood flow in the near future.
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