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a b s t r a c t

The capabilities of 3-D-Particle Tracking Velocimetry (PTV) to measure flow fields during the blending of
Newtonian and non-Newtonian fluids in a standard baffled cylindrical vessel are assessed. The results are
benchmarked against conventional 2-D Particle Image Velocimetry (PIV) data. The vessel, of diameter
T = 0.19 m, is equipped with a 6-blade down-pumping PBT impeller of diameter, D = 0.5T. Experiments
in the low transitional (Re � 70), and transitional (Re � 1000) regimes have been conducted, using a
range of Newtonian and non-Newtonian fluids. Turbulent flow measurements (Re > 20,000) are made
using Newtonian fluids. Data from both techniques are compared in terms of average flow field and,
where appropriate, turbulent fluctuating velocity components. Particular emphasis is given on how com-
parisons can be made between the Eulerian PIV data and the Euler-Lagrangian PTV data. The overall
results demonstrate the validity of the PTV technique in this application to acquire average flow fields
which are in good agreement with PIV. Turbulent flow properties are less well resolved by PTV due in
part to the large size of the tracer particle used. Other advantages and limitations of PTV versus PIV
are also discussed.
Crown Copyright � 2017 Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

3-D Particle Tracking Velocimetry (PTV) is a flow measurement
technique which is currently used in industrial environments due
to its versatility compared to 2-D Particle Image Velocimetry
(PIV) systems, though they are closely related (Adrian, 1991;
Willert and Gharib, 1991). A key advantage is the use of visible
light rather than laser-based illumination which substantially
reduces both cost and health and safety requirements. The devel-
opment of the PTV technique arises from advances in hardware
and image processing algorithms in the last few decades particu-
larly via activities led by the Institute of Geodesy and Photogram-
metry at ETH Zurich. The development of 3-D PTV has been carried
out in conjunction with photogrammetry (Willneff and Wenisch,
2011) which embraces a wide number of research areas including
measurements from photographs (sonar, radar, lidar, etc.).

The camera records the 2-D position of light scattered from
seeding particles which appear as point sources on a single image
(Gao et al., 2012). The sizes and locations of the particles in the
image can thus be related directly to the 2-D positions of the indi-
vidual particles in the imaged plane, via an appropriate calibration.
Using sequential images, particles may be tracked in space and
time, yielding whole-field velocity information (Maas et al.
1993). As for the PIV technique, a critical requirement is the min-
imisation of optical distortions between the image plane and the
camera lens, for example by matching of the refractive index
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between the external wall (glass or Perspex) and the fluid, and
elimination of curvature.

The camera calibration is critical for accurate 3-D PTV measure-
ments (Willneff and Wenisch, 2011). This process determines the
parameters which map 3-D points within a certain scene or object
onto their corresponding 2-D projections in the camera image.
Many methodologies have been developed for camera calibration
with linear, nonlinear and two-step optimization schemes to
model camera parameters which may include lens distortion
effects (Hall et al. (1982), Luong and Faugeras (1997), Tsai
(1987), Jin et al. (2006)).

The calibration is divided into three steps. The first step, called
camera modelling, involves the mathematical approximation of
the physical and optical behaviour of the camera sensor by using
a set of parameters. The second step deals with the use of direct
or iterative methods to estimate the values of these parameters.
A limitation is the available camera memory which limits the cap-
ture time. Stuer et al. (1998) considered how image compression
could reduce this issue. The third and final step for the correct
acquisition of data is image processing which is used to determine
the 3-D particle position. Kieft et al. (2002) demonstrates the effi-
ciency of the 3-D localisation algorithm to track the particle in a 3-
D space which is based on the work of Bastiaans et al. (2002).
Firstly, the captured images are dynamically thresholded, then,
within each image, the 2-D representation of a particle is detected.
Finally, from the particles located in the different planes, a 3-D
position can be deduced by a mapping process driven by the 3-D
localisation algorithm. As soon as the 3-D position of the particles
is known in each set of images, the procedures for obtaining their
velocity are equivalent to those used in 2-D PIV.

The 3-D particle-tracking velocimetry (PTV) algorithm has been
tested to prove its accuracy and performance by Willneff and
Wenisch (2011). They found that the algorithm can determine par-
ticle position with an accuracy of less than half of the particle
diameter. The performance tests show that for particles located
in a 2-D plane, the algorithm can track particles with a vector yield
reaching 100%, which means that a velocity vector can be deter-
mined for almost all particles detected.

In the open literature, 3-D-PTVhas been carried out using several
different equipment configurations. For example, Hwang et al.
(2007) used six cameras for the analysis of fluid interactions in an
impinging jet. Full 3-D Euler-Lagrangian velocity fields were
obtained by Monica et al. (2009) in their investigation of flow and
transport in porous media. Krug et al. (2014) applied combined
scanning PTV/LIF technique to simultaneously measure the full
velocity gradient tensor and the 3-D density field in a gravity cur-
rent facility. In their work two cameras have been used; one
equipped with a cut off filter for the LIF and the other was mounted
in front of a combination of mirrors. A single volumetric laser has
been utilised to illuminate both particles and dye (at a different
wavelength to the emitted fluorescent light) to enable simultaneous
detection of the dye for LIF and the particles for PTVmeasurements.

Even though multiple cameras systems are effective and yield
high quality results, the cost implications are obvious and pro-
hibitive. Thus introduction of a single camera and mirror systems,
as well as cost effective LED lighting have driven further popular-
ization of 3-D-PTV. Willert and Gharib (1992) introduced a system
for 3-D PTV using a single camera in combination with 4 mirrors
(Pereira et al., 2006; Kreizer et al., 2010). This setup up allows
the focusing of two projections of the same space in a single frame.
In recent years, this system has been applied to reconstruct highly
resolved blood flow patterns (Gulan et al., 2012; Gallo et al., 2014).

There is a lack of information in the literature of how 3-D PTV
can be applied to processing applications such as the mixing of flu-
ids within a stirred vessel, particularly for fluids with complex rhe-
ology. Previous work has used Positron Emission Particle Tracking
(PEPT) to obtain the Lagrangian flow field in a stirred vessel
(Fangary et al., 1999; Guida et al., 2010; Liu and Barigou, 2015)
or 2-D PIV for the Eulerian flow field (Aubin et al., 2004; Hall
et al., 2005; Chung et al., 2009; Gabriele et al., 2011; Makowski
and Baldyga, 2011; Fontaine et al., 2013; Montante et al., 2013).

Comparisons between 3-D PTV and techniques such as 3-D PIV
(Atkinson et al., 2013) and Tomo-PIV (Kim et al., 2013), can be
found in the literature. Atkinson et al. (2013) compared the two
techniques in terms of hardware performance, observing no single
method proves optimal in terms of all factors including formation,
saving, loading, storage size and the extraction of intensity win-
dows or individual particle information. The need to repeat PIV
and PTV measurements places a significant importance on the time
each method takes to extract a given intensity window or particle.

Kim et al. (2013) observed considerable differences between the
two techniques when ameasurement of the steady flow in a droplet
was performed. The main differences were found to be that the 3-D
particle distributions in the volume obtained by 3-D-PTV varied
with the droplet height, while Tomo-PIV gives constant 3-D particle
distributions over the depth. Other issues found were that for 3-D-
PTV, the number of detected particles decreases with the distance
to the wall, for both methods, but in different ways. For 3-D-PTV,
the number of detected particles decreases, whereas in Tomo-PIV,
the reconstructed particle intensity drops. The depth variation in
the particle reconstructions of both methods is caused by the parti-
cles becoming increasingly out of focus with distance from the
interface, which increases their size and decreases their peak inten-
sity on the image. Other works investigate the measurement of tur-
bulence using PTV focussing in jets (Fu et al., 2016; Kim et al., 2016).

The above literature review has outlined the challenges inher-
ent in the application of 3-D PTV, nevertheless it remains an attrac-
tive option in terms of cost and potential for industrial
applications. This paper is concerned with the application of 3-D
PTV to obtain the flow of fluids within agitated stirred vessels, an
application which is ubiquitous within the chemicals and manu-
facturing industries. The experimental investigation is made over
low transitional, transitional and turbulent flow regimes using a
range on Newtonian and non-Newtonian fluids. A direct compar-
ison is made between 2-D PIV and 3-D PTV to demonstrate the
consistency and accuracy of the Euler-Lagrangian velocity field
obtained for the mixing of complex fluids. This work aims to iden-
tify the capabilities and benchmark the use of single camera 3-D
PTV to assess the mixing performance in a batch stirred vessel.
2. Materials and methods

2.1. Stirred vessel

Fig. 1 shows the schematic of the stirred vessel used in both 2-D
PIV and 3-D PTV experiments. The borosilicate glass vessel has a
diameter T = 190 mm, and is filled with fluid to a height
H = 190 mm (H/T = 1). The vessel was equipped with 4 vertical
rectangular baffles located at 90� from each other around the ves-
sel circumference with a width (B) of 0.02 m (B/T = 0.11). A down
pumping 6-blade pitched blade turbine impeller (PBT6-60-DP) of
diameter D = 105 mm (D/T = 0.55), was located on the tank axis,
and the clearance (C) between the impeller and the bottom of
the tank was 50 mm (C/T = 0.26; C/D = 0.48). The shaft was con-
nected to an Heidolph overhead stirrer. The same geometry was
used for all experiments.
2.2. Fluids and flow conditions

Five different fluids were used and their rheological properties
are given in Table 1. Three Newtonian fluids were used comprised
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Fig. 1. Schematic of the stirred vessel.
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of water and two water-glycerol mixtures at different glycerol con-
centrations (70%wt. and 98%wt). The two non-Newtonian fluids
used were aqueous solutions of Carbopol 940 NF; 0.1%wt. at
pH = 5 and 0.2%wt at pH = 4.5.

The rheological properties of the fluids were obtained at room
temperature (20 �C) using a controlled stress rheometer (HR-2,
TA instruments) equipped with a 60 mm diameter 2� cone and
plate geometry. The rheology of the non-Newtonian fluids can be
described using the Herschel-Bulkley constitutive law (Alberini
et al., 2014)

s ¼ so þ K _cn; ð1Þ
where values of the yield stress, s0, consistency index, K, and power
law exponent, n, are given in Table 1.

The flow conditions used for the experiments were determined
based upon the Reynolds number. For the Newtonian cases Rey-
nolds number was calculated using

Re ¼ qND2

l
; ð2Þ
Table 1
Rheological properties of non-Newtonian solutions and flow conditions.

Solution Yield stress,
s0 (Pa)

Consistency index,
K (Pa s)

Power la
n (–)

0.1%wt Carbopol 940 NF 1.47 1.03 0.40
0.2%wt Carbopol 940 NF 13.11 5.41 0.43

Viscosity (l) at 20 �C [Pa s]
Glycerine 70%wt 0.02
Glycerine 98%wt 0.95
Water 0.001
where l is the viscosity at fixed temperature, q is the density and N
is the impeller rotational speed.

For non-Newtonian fluids, an apparent average shear rate (�_c)
has been calculated based on the Metzner Otto relationship
(Metzner and Otto, 1957),

�_c ¼ ksN; ð3Þ

where the Metzner-Otto constant, ks, for a down pumping PBT has a
value of 13 (Paul et al., 2004). Using the Herschel-Bulkley model (1)
the Reynolds number, Re, can thus be obtained using (Wassmer and
Hungenberg, 2005):

Re ¼ qksN2D2

sy þ kðksNÞn
ð4Þ

The calculated Reynolds numbers and impeller rotational
speeds for the flow condition/fluid combinations used in this work
are given in Table 1. The impeller speeds for Newtonian fluids have
been chosen to achieve a turbulent regime in water (Re = 33,000),
high transitional regime in 70%wt. glycerol-water solution
(Re = 1000) and low transitional regime (Re = 74) in 98%wt.
glycerol-water solution. The impeller speeds for the non-
Newtonian fluids have been set to match the values of Reynolds
numbers in the low and high transitional regimes obtained with
the Newtonian fluids, thus the 0.1%wt. Carbopol solution is used
in the high transitional regime and the 2%wt. Carbopol solution
is used in the low transitional regime.
2.3. Particle Image Velocimetry (PIV)

The 2-D PIV measurements were performed using a TSI PIV sys-
tem (TSI Inc, USA). The system comprises a 532 nm (green) Nd-Yag
laser (Litron Nano PIV) pulsing at 7 Hz, synchronized to a single TSI
Power view 4MP (2048 � 2048 pixels2) 12 bit CCD camera using a
synchronizer (TSI 610035) attached to a personal computer. The
PIV system was controlled using TSI Insight 4G software. For the
angle-resolved measurements, an external optical trigger was
used. A metal indicator rod was attached to the shaft which was
aligned with the appropriate position of the impeller blade. An
optical detector was mounted close to the shaft; when the indica-
tor rod passed the detector with each rotation an electrical impulse
passed into the synchroniser which triggered the PIV measure-
ment. Thus, measurements were made at the same blade angular
(azimuthal) position.

The spatial resolution of the measurements was 100 lm
pixel�1. Insight 4G software was used to process the data and gen-
erate the spatial velocity fields. For each experiment, 500 images
were captured and combined to determine the average flow field.
The velocity fields were obtained using the Nyquist PIV algorithm
developed by TSI. The interrogation area was set at 64 � 64 pixels
and to identify the single particles in the image the Gaussian peak
method was applied (Westerweel, 1997). The magnitude of the
velocity vectors in Cartesian co-ordinates are defined as ur and uz
respectively. Since the vertical plane of interest is along the vessel
w exp., Rotational speed,
N (rpm)

Reynolds number,
Re (–)

Flow regime

450 1000 High transitional
300 74 Low transitional

110 1000 High transitional
300 74 Low transitional
180 33,000 Turbulent
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axis, the x direction and y direction map onto the radial and axial
directions within the vessel respectively.

Two specific planes of the vessel were investigated as shown in
Fig. 1. An angle of 0o refers to when the baffle is just behind the
image plane (by ca. 1 mm) allowing the laser sheet to travel undis-
turbed avoiding reflections; these measurements enable the local
influence of the baffle to be elucidated. An angle of 45o between
the baffles is also chosen. These are denoted PIV 0 and PIV 45 in
the figure.

2.3.1. 3-D Particle Tracking Velocimetry (PTV)
For the PTV set-up, four LED lights (Marathon multiLED LT)

were used, two on either side of the stirred tank on top of each
other to illuminate the whole height of the vessel. Four mirrors
are mounted between the stirred tank and a high speed camera
(Photron SA4) so that the high speed camera is able to capture
raw images simultaneously from both sides of the tank covering
a 140� field of view, as shown in Fig. 2a. An example of a raw image
from PTV measurement is shown in Fig. 2b.

Fluorescent green polyethylene microspheres with a size range
of 180 – 212 mm were used as tracer particles. For the entire set of
experiments, it was assumed that the flow was Stokesian sp/sf < 1
where sp and sf are the relaxation times of the particle and fluid
respectively. sp is defined as qpdp

2/18lf which is approximately
2.2 � 10�2 s for the low Newtonian viscous fluid down to
2.7 � 10�6 s for the high Newtonian viscous fluid. sf is calculated
as the ratio between impeller diameter and velocity of the impeller
tip which ranges from 0.10 s to 0.04 s from the less viscous to the
more viscous fluid used. Those numbers give Stokes numbers in
the range between of 0.02 to 6 � 10�5; which are conservative
given that the actual fluid velocities are less than the impeller tip
speed. These values of the Stokes number will occur at the tip of
the impeller where velocities are highest and sf is at its lowest.
However, this definition of sf is valid only for large scale turbulence
which corresponds to the mean average flow. If the small scale tur-
bulence is considered, sf is defined as (m/e)1/2 which corresponds to
the Kolmogorov time scale (Kolmogorov, 1941). The Stokes num-
ber is this case is 2.88. The consequence of this high value will
be discussed in light of the results below.

In order to achieve 3-D flow field reconstruction, a calibration
target, as shown in Fig. 2c, is used to provide the 3-D coordinates
from the 2-D images obtained. This, and the reconstruction software
below, were both obtained from Photrak AG, Zurich, CH (http://
www.photrack.ch/). The acquisition rate of the images was set at
1000 frames s�1 with a resolution of 200 mmpixel�1. Due to camera
memory limitation, 5457 raw imageswere obtained for each exper-
imental condition which corresponds to �5.45 s of recording.

The 3-D PTV algorithm from Photrak AG (Hoyer et al., 2005),
was employed for the reconstruction of the 3-D flow field. Particle
positions in polar coordinates (r, 0, z) in the raw images were
detected and determined, and particle trajectories were obtained
by tracking the particles thereafter. Different criteria used by the
particle tracking techniques to find the corresponding particle
position in the sequential image space and object space are dis-
cussed by Willneff (2002). In the present work, a 3-D search vol-
ume whose size depends on the minimum and maximum
velocity was used as the criterion (Willneff, 2002). Finally, in order
to carry out Eulerian analysis so that velocities can be compared
with those from PIV, the whole measured domain (�2/5 of tank
volume 140� angle field of view shown in Fig. 3) was divided into
30 � 50 square cells, i.e. in the radial (r) and axial (z) directions,
respectively to obtain the azimuthally averaged data. Time-
averaged velocity in each cell was obtained by

uAVGcell
¼

Xn

i¼1
ui

n
ð5Þ
and fixing an arbitrary point r = R and z = Z, the radial and axial
components of the velocity were obtained by

ur ¼
Xn

i¼1

X140

#¼0
urðR; Z; #Þ

n
ð6Þ

uz ¼
Xn

i¼1

X140

#¼0
uzðR; Z; #Þ

n
ð7Þ

where n is the number of particles passing the cell and ui is the
velocity of each particle in the cell. In Fig. 3 an example of the top
view of the vessel is shown. Each dot corresponds to a particle
and the different colours indicate the different magnitude of the
velocity. In some parts of the cross section shown in Fig. 3, the par-
ticles are not depicted due to the presence of shadows. The baffles
used in this work are transparent but if they appear in the image
their projection can create some shadow since the fluids and baffle
material are not perfectly refractive index matched. Thus in these
regions no particles are detected.
3. Results and discussion

3.1. Statistical validation of PTV versus PIV

Since PTV provides 3-D data in a fluid volume and 2-D PIV pro-
vides 2-D data within an imaging plane, some data treatment is
necessary to enable comparison to be made. The first step is to
reduce the PTV data into a single r-z plane by averaging the veloc-
ities obtained for each r-z coordinate in the azimuthal direction, i.e.
the azimuthal co-ordinate values of velocity are collapsed into a
single averaged value. The data could be treated by splitting into
a series of vertical planes at fixed azimuthal angles however the
sparsity of the data set, limited by the recording and processing
time set in the hardware, prevent this being carried out. Thus the
collapse of the azimuthal co-ordinate provides the best approach
for comparison with the 2-D PIV data. However, there are some
additional considerations to take into account, before the two are
compared. For the azimuthally averaged PTV data, the mean flow
field calculated in each cell (eq.3), is influenced by two factors with
respect to the particle position; firstly the position of the baffles
within the 140o field of view and secondly the position of the
impeller blade, which is random since the PTV system does not
resolve the flow fields with respect to blade angular position.

In the 2-D PIV measurements, the data have been obtained
using time-averaged data over the 500 image pairs, obtained at
either PIV 0 or PIV 45 positions with respect to the baffle, but
not resolved by blade angular position (AVG), and data taken
where the external trigger has been used to resolve the data by
blade angular position, again at either PIV 0 or PIV 45 baffle posi-
tions (AR). The AR data are also time-averaged over the 500 image
pairs.

One might expect that the best agreement between PTV and PIV
would exist when comparing the AVG PIV data with the azimuth-
ally averaged PTV data since the blade position in both data sets is
random. However, the relative sparsity of the PTV data could in
principle lead to discrepancies when compared to the 2-D PIV data,
not in the least because data were not obtained for all 360o of the
stirred vessel using PTV (see Fig. 3). In Fig. 4 all four options are
explored in the turbulent regime by comparing the PIV data from
the four cases outlined above, i.e.

– PIV 0 AVG: time averaged data obtained over 500 image pairs
with random blade angular position, baffle angle of 0�.

– PIV 0 AR: time averaged data obtained over 500 image pairs
with fixed blade angular position, baffle angle of 0�.

http://www.photrack.ch/
http://www.photrack.ch/


Fig. 2. PTV rig: (a) Schematic of PTV set up using mirrors and one camera, (b) example of raw PTV image acquired by HS camera and (c) calibration target and (d) calibration
raw image.
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– PIV 45 AVG: time averaged data obtained over 500 image pairs
with random blade angular position, baffle angle of 45�.

– PIV 45 AR: time averaged data obtained over 500 image pairs
with fixed blade angular position, baffle angle of 45�.

Comparing the two sets of AVG versus AR data in Fig. 4 it can be
observed that the differences are limited. This is due to the impel-
ler configuration used (6 blade PBT with 60� angled blades) which
generates a flow field which is not much affected by the blade posi-
tion (Gabriele et al., 2011). However, the effect of baffle position is
very significant, with a small circular flow loop formed by the
down-pumping impeller close to the discharge for a baffle position
of 0o; this loop becomes elongated vertically to encompass the bot-
tom half of the tank at a baffle position of 45o.

Given the above observations, the comparison against the PTV
has been made using the angle resolved results at both baffle posi-
tions (PIV 0 AR and PIV 45 AR) by choosing the most extreme
options available. This has been done since it allows the true turbu-
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lent fluctuations to be resolved from the PIV data since the periodic
component of the fluctuating velocity due the passage of the blade
has been removed (Gabriele et al., 2011).

Fig. 5a shows the flow pattern in the turbulent regime in detail
for the PTV azimuthally averaged data (Re = 33,000 using water at
an impeller speed N = 180 rpm). The velocity magnitude is normal-
ized by the impeller tip speed of 0.98 m s�1. The normalized axial
position (axial coordinate divided by the fill height) is plotted ver-
sus the radial position (radial coordinate divided by the radius of
the tank). The flow pattern is typical for a mixed flow down-
pumping impeller, with a single downward flow loop emerging
from the impeller discharge. The flow loop turns towards and flows
upwards close to the vessel wall, before returning to the impeller
region. A small circular secondary flow loop is observable in the
bottom right of the image. This flow pattern is very similar to the
one found in Guida et al. (2010) work for a similar PBT down
Fig. 4. PIV results in the turbulent regime for the four acquisition methods: for the plane
velocity field (PIV 0 AR), for the plane at 45o to the baffle (c) ensemble average velocity
pumping impeller. The corresponding particle density map is
shown in Fig. 5b; this shows the number of separate particle veloc-
ity measurements taken at each r-z coordinate in the collapsed
data. High densities correspond to high velocity regions; since
the particle travels more quickly through these regions there is a
higher probability of it returning within a fixed measurement time
period. Thus the probability of a particle being seen in the same
cell is proportional to the particle velocity.

To enable validation of the PTV data, the flow statistics are
examined by choosing three points in the vessel shown in Fig. 5a
which cover the extremes of the flow behaviour: sample point 1
is positioned in the impeller discharge, point 2 is close to the fluid
free surface where the flow is relatively weak and point 3 is located
next to the wall. It is well known that to achieve statistically con-
sistent PIV results in the turbulent regime, a minimum number of
image pairs is required to ensure a stable average velocity and also
a root stable mean square (rms) velocity. A similar analysis has
thus been performed on the PTV measurements for the three dif-
ferent sample points. Both average and turbulent (Fig. 5b) veloci-
ties have been calculated as a function of the number of particles
passing through the measurement points. The data are then com-
pared with PIV results and plotted as a function of the number of
processed image pairs.

For each sample point, the average velocity magnitude ( �u
utip

) is

plotted versus the number of particles (PTV) or image pairs (PIV)
normalized by the total number in Fig. 5b; recall that the total
number of image pairs was 500 for the PIV for all three sample
points. However, for the PTV the total number of particles varies,
with a value of �1000 for sample points 1 and 3 and �700 for sam-
ple point 2 where the velocities are lower. It can of course be
argued that the turbulence is lower where velocities, and hence
the number of particles, are lower which compensates the statis-
tics. Another issue known in Lagrangian methods is associated
with data capture rate for high velocities. High velocities (close
to the impeller tip) can be underestimated due to the rapid
changes in both magnitude and direction (Chiti et al., 2011).

The data in Fig. 5b show that a stable average velocity value is
always reached within �150 pairs of image for PIV and �300 par-
ticles for PTV at each sample point domain and the absolute values
agreed within an error <15% A similar analysis has been performed
at 0o to the baffle (a) ensemble average velocity field (PIV 0 AVG), (b) angle resolved
field (PIV 45 AVG), (d) angle resolved velocity field (PIV 45 AR).
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for the square of the rms velocities u02
r (PIV) and u02

r (PTV) shown in
Fig. 5b.

PIV measurements show expected results which are plotted in
Fig. 5b for each point. Again, the data show that stable square
rms value within 95% confidence interval and it is always reached
within �500 particles for each sample point domain. The number
of minimum pairs of images required varies as a function of the
sample point position which is expected because close to the
impeller the turbulence is higher (high fluctuation) than at the
top of the vessel, thus the former takes longer to converge.

The PTV measurements show much lower values of the fluctu-
ating velocity component and almost identical trends are observed
for each of the three sample points. It should be noted that square
of the rms values obtained from PTV are not representative of the
true fluctuating velocity because they contain the periodic compo-
nent due to the blade passage. Nevertheless, this does not explain
the low obtained values which are most likely due to the large
Stokes number for the PTV particles. Due to their relatively large
size as described in §2.4, the particles are incapable of following
the flow sufficiently well to resolve the turbulent scales which acts
to smooth the velocity data obtained. However, PTV could poten-
tially determine the turbulent velocity if smaller particles were
used, but consequently a smaller volume of the vessel would have
to be analysed to allow the camera to detect the smaller size
particles.

3.2. Comparison of PTV and PIV velocity fields for Newtonian and non-
Newtonian fluids

The average velocity fields for the turbulent flow case obtained
by both PTV and PIV are compared in Fig. 6. Fig. 6a presents the
flow maps obtained using PIV for PIV 0 AR, PIV 45 AR and using
PTV (azimuthally averaged data). Similar results are observed
between both techniques, with the best match between PIV 45
AR and PTV. This suggests that the flow loop structure away from
the baffle persists through most of the vessel, with the changes in
pattern observed at a baffle position of 0� being highly localised
close to the baffle.

In Fig. 6b the normalized average velocities (uz and ur) obtained
from PIV and PTV are plotted versus the radial position, r/R, where
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Fig. 5. Local comparison between PIV and PTV for turbulent regime: (a) Azimuthally
comparison. and density of particle for the turbulent PTV measurements. (b) Normalised
measurements.
r is the radial position and R is the radius of the tank. Three differ-
ent slices at constant z (z = 25 mm, �H/8; z = 50 mm, �H/4;
z = 95 mm, �H/2) have been chosen and the results show remark-
able agreement, especially between PIV 45 AR and PTV. These
results show that although the turbulent velocities cannot be cap-
tured satisfactorily by PTV, the average flow field is very well rep-
resented and the results from PTV can thus be used with
confidence in this context.

The results presented in the following analysis describe the val-
idation of PTV measurements for different flow regimes (low tran-
sient and high transient) and for Newtonian and non-Newtonian
rheology fluids. A similar approach to the turbulent Newtonian
case above is used. For each condition two flow maps (0� and
45�) of angle resolved PIV measurements and a single flow pattern
contour plot of azimuthally averaged PTV measurements are pre-
sented as well as the trend of mean velocity for the three different
horizontal slices taken at constant z coordinate.

Fig. 7a shows the low transient regime case (Re = 74), where a
Newtonian fluid (Glycerol 98%wt) was stirred at 300 rpm. The
maximum tip speed in this case is 1.65 m s�1. Clearly, the results
of the presented techniques show comparable outcomes. Again,
the typical pattern of a down-pumping impeller can be observed
from the vector field on the contour plots. The flow discharge starts
close to the impeller and develops further next to the wall. As
expected, the highest velocity magnitude values of U/Utip are
reached in the impeller discharge. Again, the PIV flow pattern at
45� baffle position matches closely the PTV results. The shape
and magnitude of recirculation loops and stagnant areas are simi-
lar for all three measurements. Fig. 7b again shows good agree-
ment for the three slices with the exception of z = 50 mm for the
ur where a more unstable behaviour is observed for the PTV data.

Fig. 8a shows the flow pattern in transient regime (Re = 1036),
where a Newtonian fluid (Glycerol 70%wt) was stirred at
110 rpm. The maximum tip speed in this case is 0.39 m s�1. The
similarities between the different plots match the previous obser-
vations. As expected in transient conditions, the recirculation area
increases compared to the low transitional case, due to the lower
viscosity which enhances the momentum transfer in the system.
Good agreement between the methods are shown in Fig. 8b for
all slices and radial and axial velocities. These results show that
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Fig. 6. (a) Flow pattern for Turbulent regime at Re = 33000 using water. Contour plot shows the no-dimensional U/Utip and (b) Trend of normalized velocity in radial position
for selected axial positions such as z = 95 mm (�H/2), z = 50 mm (�H/4) and z = 25 mm (�H/8).
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PTV can be used reliably to obtain the average flow field in stirred
vessels for Newtonian fluids in close to laminar (low transitional)
and turbulent flow regimes.
Since the blending of non-Newtonian fluids attracts a lot of
attention from industry, this study also explores the capabilities
of PTV to perform fluid measurements in such systems. Non-
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Fig. 7. (a) Flow pattern for Low Transitional regime at Re = 74 using Glycerine 98%wt. Contour plot shows the no-dimensional U/Utip and b) Trend of normalized velocity in
radial position for selected axial positions such as z = 95 mm (�H/2), z = 50 mm (�H/4) and z = 25 mm (�H/8).
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Newtonian rheology can cause additional flow phenomena such as
caverns (yield stress fluids) or pseudo-caverns (shear-thinning flu-
ids) as well as phenomena induced by fluid normal stresses in vis-
coelastic fluids. In this work, the blending of a Herschel-Bulkley
fluid (aqueous solutions of Carbopol 940 NF) has been carried
out at values of Reynolds numbers equal to the low and high tran-
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Fig. 8. (a) Flow pattern for High Transitional regime at Re = 1000 using Glycerine 70%wt. Contour plot shows the no-dimensional U/Utip and (b) Trend of normalized velocity
in radial position for selected axial positions such as z = 95 mm (�H/2), z = 50 mm (�H/4) and z = 25 mm (�H/8).
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Fig. 9. (a) Flow pattern for Low Transitional regime at Re = 74 using 0.2%wt Carbopol 940NF solution. Contour plot shows the no-dimensional U/Utip and (b) Trend of
normalized velocity in radial position for selected axial positions such as z = 95 mm (�H/2), z = 50 mm (�H/4) and z = 25 mm (�H/8).
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sitional regime cases chosen for the Newtonian fluids. It was not
possible to investigate turbulent flow due to overload of the motor
at the high rotational speeds required.
Fig. 9a shows the flow pattern in low transitional regime
(Re = 74) using a solution of 0.2%wt. Carbopol 940NF. The tip
speed is 1.65 m s�1. As expected, the flow pattern is characterised
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Fig. 10. (a) Flow pattern for High Transitional regime at Re = 1000 using 0.1%wt Carbopol 940NF solution. Contour plot shows the no-dimensional U/Utip and (b) Trend of
normalized velocity in radial position for selected axial positions such as z = 95 mm (�H/2), z = 50 mm (�H/4) and z = 25 mm (�H/8).
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by the presence of a cavern which is due to the yield stress of the
fluid (red line on Fig. 9a). Adams and Barigou (2007) in their work
showed the presence of this cavern using a PBT down pumping
impeller. The cavern increases in size with Re number and
decrease in size at fixed tip speed with the increase of yield
stress.
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As for the Newtonian cases the flow pattern described by the
45� plane is closer to the PTV results. The main difference between
the 0� and 45� plane is the size of the cavern because the presence
of the baffle increases the size of the stagnant zone. The velocity
magnitude is similar for all three plots and clearly the recirculation
loop is confined between the discharge of the impeller and the
zone above the blade, not below as for the Newtonian cases. The
comparison of the trend of normalized velocity in radial position
for selected axial positions is presented in Fig. 9b which shows
consistent results between the two techniques.

The last case, shown in Fig. 10a, represents the high transitional
flow regime (Re � 1000) for non-Newtonian fluids where a solu-
tion of 0.1%wt. Carbopol 940NF is used. The tip speed is
2.47 m s�1. As the previous non-Newtonian case, it can be seen
clearer the formation of the cavern which is expected to be larger
than before due to lower value of yield stress and higher tip speed
(Adams and Barigou, 2007). Compared to the previous runs, the
flow patterns between PIV and PTV are different in the absolute
values of the velocity magnitude and it seems the PTV over esti-
mates slightly the velocity in the cavern. However, the flow pattern
of PTV is a combination between the PIV results for 0� and 45� baf-
fle positions where the discharge zone is slightly higher than for
the PIV results. Similar behaviour can also be seen for the Newto-
nian transient flow case (See Fig. 8a). Finally, similar trends can be
seen for the normalized velocity as a function of radial position
with some absolute values of velocity which are slightly overesti-
mated by the PTV compared to PIV, in particular at the edge of
the cavern. This is maybe due to not exactly the same position of
the slice between the two set of data (PIV and PTV).
4. Conclusions

PIV and PTV measurements have been performed to determine
the flow patterns generated by PBT down pumping impeller in a
baffled stirred tank. Different flow regimes have been investigated
using Newtonian and non-Newtonian fluids in particular focussing
on low transitional and high transitional regimes. In addition, the
turbulent regime is investigated for the Newtonian case. Typical
flow patterns for Newtonian and non-Newtonian fluids have been
shown using angle resolved data of PIV (0� and 45� angle) and azi-
muthally averaged data for the PTV.

The overall results show that the PTV is a valid technique to
acquire flow field in a stirred tank and give results comparable
with PIV in the r-z plane. Although the two techniques have com-
parable outputs, they have different and unique features such as 3-
D information for PTV or angle resolved data for PIV. Flow in the
tangential plane is not captured by the PIV and might be a useful
future study. Generally, the comparison between PIV 45 AR and
PTV agrees within a divergence less than 5%. An exception is the
high transitional flow for non-Newtonian case where for z = H/2
the PTV data are slightly different compared to the other cases.
However, all data points do not diverge more than 15% and are
concentrated only in the discharge zone where the flow is more
unstable in transient regime. Comparison between the PIV and
PTV data for z = H/4 and z = H/8 is in strong agreement.

The difference in tracer particle size, �10 lm for PIV and
�200 lm for PTV, affects the overall resolution of the measure-
ments. For PTV, the scale of measurement is directly connected
to the size of particles and calibration target which limits the capa-
bility of PTV to determine smaller turbulent scales. This is offset by
the much lower cost of the PTV equipment if that capability is not
required. In general, PTV seems appropriate for resolving the
azimuthally-averaged mean velocity field but not turbulence
quantities without further modification of the tracer particles used.
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