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ABSTRACT
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Transition from laminar to turbulent flow of non-Newtonian fluids is investigated using velocimetry data. These data are obtained by applying particle
image velocimetry to images obtained through ultrasound imaging (echography). This yielded the observation of intermittent structures (puffs and
slugs) that are formed during transition. Post its observation, transition is characterized using the friction factor curves and turbulence intensity.
Further, a number of models used to predict transition are assessed. This showed the Reynolds number based model by Slatter and the stability
parameter based model by Hanks to be most suitable for non-Newtonian fluids with yield stress and low behaviour index.

Keywords: Intermittent structures; non-Newtonian; PIV; transition; ultrasound

1 Introduction

Flows of non-Newtonian fluids or slurries are commonly found
in a variety of process systems. The flow of slurries in wastewa-
ter treatment plants is a commonly encountered example. Char-
acterizing their flow regime is an important factor in the overall
hydraulic design and the operation of the equipment handling
them. Predicting the flow regime as laminar, transitional or tur-
bulent has been a major part of the study on non-Newtonian
flows in the recent decades. As the gap between theoretical
understanding and experimental findings of Newtonian fluids
closes, non-Newtonian fluids are starting to become a new realm
of fluids waiting to be explored, with transition in their flow
forming a fundamental importance. Studying the transition of
flow from laminar to turbulent has two aspects to it : (1) identi-
fying the conditions under which transitions occurs and (2) the
possibility of predicting these transitions. Both are discussed in
the following sections.

1.1 Characterizing transition

Transition from laminar to turbulent flow is known to occur
through intermittent flow structures which evolve from dis-
turbances in the flow. A number of classic experimental
works on Newtonian fluids (Darbyshire & Mullin, 1995; Lind-
gren, 1969; Nishi et al., 2008; Wygnanski et al., 1975; Wyg-
nanski & Champagne, 1973) and non-Newtonian fluids (Draad
et al., 1998; Giizel, Burghelea, et al., 2009) have focused
on studying the transitional regime and have shown that two
distinct flow structures exist: puffs and slugs. The occur-
rence of these structures depends on the Reynolds number
(Re = DVp/u); puffs occur at relatively low Reynolds num-
bers and slugs at a higher Reynolds numbers. Although the
transition information on non-Newtonian fluids is very lim-
ited, a great amount of information is obtained for Newtonian
fluids, through the experimental studies performed in circu-
lar pipes that have already been mentioned, it is seen that
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Figure 1 Velocity trace (adopted from Nishi et al., 2008) at the centre of the pipe showing the presence of puff (left) and slug (right)

puffs are found when Re < 2700 and slugs are found when
Re Z 3000.

To characterize puffs and slugs, changes in the local veloc-
ity are often used. Puffs are identified as having a saw-toothed
velocity trace (gradually decreasing, followed by a more sud-
den jump back to the undisturbed velocity); see e.g. Nishi
et al. (2008) and Wygnanski and Champagne (1973). These
puffs represent isolated patches of turbulent flow and are dis-
sipated downstream along the flow (Fig. 1, left). On the other
hand, the velocity trace of the slugs is identified as having a
square shape (Fig. 1, right), with properties similar to that of
fully developed turbulence within them (Nishi et al., 2008).
Its leading edge is found to travel faster than the average flow
velocity and its trailing edge, thereby increasing in length as it
travels downstream.

1.2 Predicting transition

For Newtonian fluids, transition can be predicted in practi-
cal applications based on the well-established critical Reynolds
number (21002300 for pipe flows). Although Re = 2300 is
usually referred as the critical Reynolds number for transition
to turbulence, under controlled conditions, the laminar pipe
flow can be maintained for much higher Reynolds number (Hof
et al., 2003). There is a wide range of theories and models
available to predict this onset of transition (Avila et al., 2011;
Eckhardt et al., 2007), and such a range is due to the diffi-
culty that transition as a phenomenon is not very well defined
and occurs over a range of Reynolds numbers (Darbyshire
& Mullin, 1995; Draad et al., 1998). For non-Newtonian fluids,
a complicating factor is the representation of the fluid behaviour
in simple rheological models. The commonly used rheologi-
cal models are the power-law and the Herschel-Bulkley model
(Thota Radhakrishnan et al., 2018), which will also form a basis
for this study. The shear-stress and shear-rate are related using
the power function t = Ky" in a power-law model, where K
is the fluid consistency index and n is the behaviour index.
The behaviour index n is called so as it suitably represents the
behaviour of the fluid as shear-thinning for n < 1, Newtonian for
n = 1 and shear-thickening for n > 1. For this study n takes the

values 0 < n < 1. As for the Herschel-Bulkley model, it is rep-
resented as T = 7y + Ky". The yield-stress 7y is the minimum
shear-stress that is required for a fluid (of the Herschel-Bulkley
type) to deform. The presence of a yield stress in a fluid pro-
duces a plug-like structure at the centre of the pipe in laminar
flow, and deteriorates at turbulent flow (Giizel, Frigaard, et al.,
2009). At transition, the flow may be affected by the yield
stress. The rheological models are only a simplified represen-
tation of a small set of measured quantities, i.e. measuring
only the shear-stress vs. shear-rate while ignoring other infor-
mation — such as the type of fluid (e.g. thixotropy) and the
particles involved (in the case of a slurry). As a consequence,
the Reynolds number is no longer defined in a trivial manner,
as there is no longer a single value that represent the viscosity.
Nevertheless, there is a need for models that predict/describe the
transition in non-Newtonian fluids/slurries. The ones most com-
monly referred to in the literature are described below. These
models can be categorized as either Reynolds number based or
stability parameter-based models.

Reynolds number based

Hedstrom (1952) proposed the intersection method wherein the
transition is defined as to occur at the Reynolds number asso-
ciated with the intersection of the (extrapolated) laminar and
turbulent friction factor curves. Although simple, the result is
highly dependent on the choice and accuracy of the turbulent
model (friction factor curves, e.g. Blasius friction curve) and is
regarded as an ambiguous criterion.

Metzner and Reed (1955) analysed data from a series of pipe
flow experiments of different non-Newtonian fluids and pointed
out that the flow curves deviated from the laminar flow curve at
approximately the same Reynolds number Re as Newtonian flu-
ids. Considering the Fanning friction factor (f = RAP/pLV?)
as a stability parameter, they proposed that transition would
take place at f &~ 0.0076. To calculate the friction factor, the
Metzner—Reed Reynolds number Remr (Eq. 1) is used, and at
transition it corresponds to a value of ~2100. The parameters
in Eq. (1) are derived as n representing the slope of a loga-
rithmic plot of DAP /4L versus 8V/D, which was found to be
nearly constant for most non-Newtonian fluids investigated by
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the authors over a wide range of shear stresses. K’ is the coef-
ficient from the integration of the expression representing the
wall shear rate as a function of the pressure drop and the volu-
metric flow rate, which finally leads to DAP /4L = K’(8V/D)"..
The Remr is based on power-law fluids; for Herschel-Bulkley
fluids the parameters in Remgr are dependent on the yield stress,
which imposes complications:

8V2p 1+3n\"
R =——— K=K 1
eMR K/(%/)na ( 4n ) ( )

Slatter (1995) proposed a Reynolds number (Eq. 2) accounting
for a solid plug at the centre of the pipe flow due to the presence
of yield stress in the fluid. For the Reynolds number, transition
is considered to occur at a value of 2100. The unsheared plug
at the centre is treated as a solid plug and its flow is subtracted
from the mean fluid flow to determine the effective flow velocity
of the annular, sheared region (Eq. 3):

8pV?2
Res = ann . ()
Ty + K (8Vann/Dshear)
Vo = Qann _ Q- Qplug (3)

Aan  T(R2—R%,)

For determining the volumetric flow rate in the plug Eq. (4) is
used, which is obtained by integrating the constituent rheolog-
ical equation, where the radius of the plug is determined using

Eq. (5):

D n
Qplug = Aplug mm[(fw - Ty)(nﬂ)/n] “4)
T
Rolug = T—VR (5)
w

Among the Reynolds number-based models, the ones by Slat-
ter and Metzner—Reed will be considered for this study. A brief
study by Eshtiaghi et al. (2012) on transition in the flow of non-
Newtonian sludge also considered the Slatter and Metzner—Reed
models, and concluded that the Slatter model performed better.
The Hedstrom method is not considered, since an assumption
must be made on the turbulence flow model which is not in the
scope of the study. Nevertheless, the Hedstrom method will be
used as a verification step, to validate the identified transition
through the measured pressure drop.

Stability parameter based

Ryan and Johnson (1959) approached transition through a local
stability parameter on the balance of stabilizing and destabi-
lizing forces. The stability parameter is based on the energy-
dissipation of disturbances, where the energy exchanges are
represented as shear stresses. This stability parameter repre-
sented as Zg; is a function of the ratio of input energy to energy
dissipation for a fluid element as shown in Eq. (6). Transition
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occurs at the boundary between stable laminar and stable turbu-
lent pipe flow, where the stability is considered with respect to
the average local velocity (i.e. the time derivative of the local
average velocity is zero). At this boundary the stability param-
eter reaches a critical point represented as dZg;/dy = 0 and
Zg; takes the value 808, which is set to be the predictive crite-
rion. This value was derived through the transition of Newtonian
fluids and assumed by the authors to be true for all fluid types.

. rpv; av; 0Zry
RJ — Tw ay, 8y

-0 (6)

Hanks and co-workers (Hanks, 1963, 1969; Hanks & Dadia,
1971; Hanks & Ricks, 1974) derived a similar criterion to Ryan
and Johnson (1959), but for non-Newtonian fluids, through the
perspective of angular momentum transfer. The proposed sta-
bility criterion is seen to represent the coupling ratio between
the rate of change of angular momentum of a deforming fluid
element and its rate of momentum loss by frictional drag.
At transition, the fluid element is seen to become unstable to
rotational disturbance and thus giving rise to turbulent eddies
through the nonlinearity of the momentum transfer process. The
critical value of the stability parameter was determined to be
404, exactly half of that derived by Ryan and Johnson (1959).
Equation (7) represents the derived stability criterion, where
w = V x V is the vorticity vector from the velocity vector v and
V. 7 is the divergence of the deviatoric stress tensor. For a recti-
linear pipe flow, Eq. (7) reduces to Eq. (8). This is derived using
the Fanning friction factor to represent the average flow veloc-
ity in terms of the rheological model. In practice, Eq. (8) is used,
setting Zy = 404, to derive the transition critical flow velocity:

Zy = |pv x W|/|V.T]| (7
_ Re v d(v/V)
H =T (\_/) (_d(r/rw)> ®

Mishra and Tripathi (1971) pointed out that transition occurs
through a stepwise process. The consecutive steps are described
as follows: two-dimensional waves, three dimensional waves,
a turbulent spot and propagation of the turbulent spot to the
entire field. The formation of the turbulent spot coincides with
the point where the rate of change of the mean velocity is at its
maximum. With this, they accordingly proposed that the average
kinetic energy per unit volume in the fluid and the shear stress
at the wall to be the important factors governing the transition.
Through this they derived a stability parameter as the ratio of the
kinetic energy per unit volume of the fluid and the wall shear
stress and also postulate that it should remain the same for all
purely viscous non-Newtonian fluids.

Among the stability parameter-based models the one of
Hanks and co-workers will be considered for this study. This
is because all the models are very similar at the implemen-
tation, and only the theory behind the model development is
different. Also, the Hanks model is very well documented for
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the use of Herschel-Bulkley fluids (being the main rheologi-
cal model considered in this study) while the other two are not
well documented and pose difficulties in their implementation
for Herschel-Bulkley fluids.

It is not claimed that the previous discussion encompasses a
complete list of the predictive methods that have been proposed.
Some that have not been mentioned are either modifications or
extensions of the ones discussed. Readers interested in these are
referred to the literature (e.g. Giizel, Burghelea, et al., 2009).

Studying and examining laminar turbulent transition in
the flow of fluids including non-Newtonian fluids have been
made possible through many experimental techniques. These
techniques include hot wire anemometry (Nishi et al., 2008;
Wygnanski & Champagne, 1973), laser Doppler anemometry/
velocimetry (Draad et al., 1998; Escudier & Presti, 1996, Giizel,
Burghelea, et al., 2009; Peixinho et al., 2005), stereoscopic PIV
(Van Doorne & Westerweel, 2007) and more recently ultrasound
imaging velocimetry (UIV) (Hogendoorn & Poelma, 2018). The
choice of the experimental technique in most cases certainly
depends on the test fluid properties and the capability to be
intrusive. In the case of hot-wire anemometry and laser Doppler
anemometry, the information of the flow obtained is a time
series at a particular point in the flow. Meanwhile, the ULV tech-
nique gives information about the flow field within a time range.
This technique is both non-invasive and applicable to optically
inaccessible fluids. The work of Hogendoorn and Poelma (2018)
states the applicability of using UIV as a technique to acquire
flow fields of fluids with particles and observe transition in them.
Given the applicability of the UIV technique, this will be used
in this study.

This study aims to investigate laminar-turbulent transition
and verify models that predict this transition in non-Newtonian
fluids. The main outline of the paper is as follows. A flow loop
is built to achieve fully-developed steady state flows of non-
Newtonian fluid in a circular pipe; the set-up is detailed in
Section 2. Using this set-up, the pressure drop along the pipe
is measured at various flow rates for different concentrations

Slurry tank
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of a non-Newtonian slurry. Along with this the instantaneous
velocity field is quantified to investigate laminar-turbulent tran-
sition using UIV (Section 3.3). It must be noted that the dataset
obtained is both unique, considering such a large flow loop, and
novel when taking into account the UIV method applied. The
velocimetry data will be used to identify and investigate the for-
mation of intermittent fluid structures present during transition
and identify transition. Considering the availability of many pre-
dictive model candidates (Section 1.2), the aim of this paper
is to verify the available predicting methods for transition in
non-Newtonian fluids.

2 Experimental set-up

All the measurements of pressure drop and UIV data reported in
this study were performed in a 200 m long closed-loop recircu-
lation pipeline system with an inner diameter of 100 mm. The
set-up is schematically represented in Fig. 2. A variable fre-
quency centrifugal slurry pump is used to maintain the flow of
the slurry. The desired flow rate is achieved by setting an appro-
priate outlet pressure or pump rotor rotation frequency. A slurry
tank of approximately 4 m? capacity upstream of the pump con-
tains the slurry for the measurements. The slurry tank, with two
outlets at the bottom and two inlets at the top, is capable of
generating a vortex when a cross inflow-outflow to the tank is
selected. This vortex is instrumental in keeping the slurry con-
tinuously mixed in order to obtain a constant composition of the
slurry. To aid the mixing, a submersible pump is fitted inside at
the bottom of the tank opposite the outlets to further stimulate
the mixing process.

To ensure a completely developed velocity profile at the test
sections, the entry and exit lengths from the test sections are
to be considered. The minimum requirement that is to be satis-
fied is that of the laminar flow, as it is known the entry length
for a turbulent flow is shorter than that of a laminar flow (Bew-
ersdorff & Thiel, 1993; Bogue, 1959; Chen, 1973; Froishteter

Ultrasound
transducer

P-2

flow meter

By-pass loop

3
o
3

sgf N

Test section: 50 m

Figure 2 Schematic representation of the experimental set-up. T-1, T-2: temperature sensors, P-1, P-2: pressure sensors
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& Vinogradov, 1980; Soto & Shah, 1976). The entry length
Le/D is widely accepted to scale with Rg /30 (Durst et al., 2005;
Poole & Ridley, 2007). Therefore, for the case of transition at
around Re = 2300 the acceptable entry length would be around
75 pipe diameters. The test section made of PVC is downstream
of the pump and has a length of 50 m (length to diameter ratio:
500). The pressure drop across the test section is measured using
a pressure transducer placed at either ends of the pipe. To ensure
complete developed flow the test section has an entrance length
of 20m (length to diameter ratio: 200) and an exit length of
15 m (length to diameter ratio: 150). This exceeds the standard
prescribed entrance and exit lengths.

The pressure drop across the test section is measured using
two submersible pressure transducers P-1 and P-2 (PDCR5031,
GE) placed at either ends of the test section. These contain a
micro-machined silicon piezo resistive pressure sensor which
provides a linearized output voltage proportional to the pres-
sure measured with an accuracy of 0.04% over its full scale.
The temperature of the flowing slurry is measured before and
after the pump using a temperature sensor (STS-PT100, Ame-
tek, Berwyn, Pennsylvania, USA) with an accuracy of 0.04%.
The average volumetric flow rate is measured using an elec-
tromagnetic flow meter (Optiflux 2300C, KROHNE Nederland
B.V., Dordrecht, Netherlands) which is placed 10 m upstream of
the test section. The data from these sensors are recorded at the
rate of 1 kHz. For obtaining the UIV data the ultrasound trans-
ducer is placed at the centre of the test section (more details of
the UIV system are given in Section 3.3).

3 Materials and methods

3.1 Test fluid

The slurry that is used in this experiment is based on kaolin
clay, of the type used for making ceramics. The slurry is
formed through the suspension of the clay particles in water.
The particle size distribution of the particulates suspended in
water is examined using Microtrac Bluewave diffraction anal-
yser (Malvern Instruments Ltd, Malvern, UK) equipped with

(a)

1001

80

Volume (%)

0 20 40 60 80
Particle size (pm)
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Microtrac FLEX 11 Software and is given in Fig. 3a. These
suspended particulates are in the range of 5—55 um and have a
dgs of 38 pfu (dss is a representative diameter of the suspended
particles, where 85% of the particles are below this diameter).
For most of the work the shear dependence of the slurry is con-
sidered to dominate other fluid behaviour like visco-elasticity
and thixotropy. The shear dependence is modelled using a
Herschel-Bulkley rheology model (Masalova et al., 2006; Slat-
ter, 1995). The rheology of the slurry (Table 1, Fig. 3b) was
obtained using a rotational rheometer. An MCR302 instru-
ment from Anton Paar, equipped with a standard cup and bob
(cup diameter: 29.29 mm, bob diameter: 27 mm, bob length:
40.5mm), was used for this purpose. The selected shear-rate
range for the measurement of the rheogram is important as
this is known to influence the representative rheology of the
slurry, which will be used to further estimate the turbulent pres-
sure losses (Singh et al., 2016). The selection of the shear-rate
range is chosen considering the importance of low shear-rates
for representing laminar flow and transition accurately, and also
considering the onset of secondary flows at higher shear-rates.
As the rheology is dependent on temperature, a Peltier tempera-
ture control system was used to set and maintain the temperature
with an accuracy of +0.1°C. The concentration and temperature
of the different slurry samples are the same as the one used in
the loop experiment. The slurry’s non-Newtonian behaviour is
dependent on the concentration of solids, as can be seen from
Table 1 and Fig. 3b; at low concentrations the slurry is typi-
cally a power law fluid and at high concentrations it behaves
as a Herschel-Bulkley fluid: it has a non-zero yield stress.
The parameters of the rheological model shown in Table 1 are
estimated using a golden section search algorithm (Thota Rad-
hakrishnan et al., 2018) to address the estimation of the yield
stress. This algorithm has been found to estimate the yield stress
very well (Kelessidis et al., 2006).

3.2 Experimental procedure

The system was initially filled with water and the pressure drop
across the test section was measured at various flow rates. For

——S1: 5.2 (% wt./wt.)
-©-S2: 6.5 (% wt./wt.)
—A-S3: 10.5 (% wt./wt.)
—8-S4: 17.0 (% wt./wt.)
——S5:21.5 (% wt./wt.)

Shear stress (Pa)

A A A A DA

50 100 150
Shear rate (s'l)

Figure 3 (a) Cumulative particle size distribution of suspended slurry particulates in water, with a dgs of 38 pm. (b) Slurry rheology at different
concentrations. (For the sake of representation, only a few points are plotted here, instead of the full dataset)
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Table 1 Slurry characteristics: rtheology (Fig. 3b)
Concentration Yield Stress: 7y Consistency index: K Behaviour Density: p

Slurry (% TSS wt/wt) (Pa) (mPa s™) index: n (-) (kg m3)
S1 5.2 0 1.96 0.94 1029
S2 6.5 0 2.88 0.85 1039
S3 10.5 0 7.11 0.70 1067
S4 17.0 0.16 32.84 0.60 1113
S5 21.5 0.43 83.04 0.52 1146

measurements at different concentrations of slurry (S1 to S5,
Table 1), a known amount of clay powder was added to the
tank and mixed in situ. The initial mixing was done through a
shorter section (Fig. 2, by-pass loop) of the pipeline by means of
a by-pass valve for 3—4 h and then through the entire flow loop
for another 3—4 h. During both the mixing and measurements,
the small circulation pump and vortex inside the tank ensures
complete mixing inside the tank. Slurry samples are taken both
during mixing and measurements to determine the slurry con-
centration and its rheology. During each measurement cycle, the
temperature of the slurry varied less than 0.5°C. This recorded
temperature of the slurry was also used to set the temperature of
the slurry during its rheological measurements.

For each concentration, the measurements of flow pressure
drop and velocity profile were measured for different flow rates
(bulk flow velocity of 0.64, 0.53, 0.42, 0.32, 0.21 ms™!). The
desired flow rate was set by choosing the appropriate outlet pres-
sure and pump rotor frequency. In post-processing, the recorded
pressure, temperature and flow rate data was averaged over
200s.

3.3 UIV system

UIV (for details see Poelma, 2017) was used to obtain the
velocimetry data for studying the transition in slurry flow. The
system consists of an ultrasound imaging module and parti-
cle image velocimetry (PIV) processing software. The imaging
module was an Ultrasonix SonixTOUCH research system (Ana-
logic Ultrasound, Peabody, Massachusetts, USA) with a linear
transducer (L14-5/38 mm aperture). The transducer centred to
operate at a frequency of 10 MHz has a linear array of 128 piezo-
electric elements and was positioned at the centre of the pipe
test section aligned length wise on the outer upper wall (Fig. 4).
Aquasonic 100 (Parker Laboratories, Fairfield, NJ, USA) gel
(a) (b)
- N | e

was used to couple the transducer to the pipe wall. The radio
frequency signals reflected from the flowing slurry are sampled
at a rate of 40 MHz and stored in raw format for analysis. With
the system set to run in research mode, this allows control to set
the specifications of the ultrasound image acquisition parame-
ters. The raw imaging data were acquired over 7—8s at a frame
rate of 400 frames per second. This high frame rate was obtained
by setting the system to operate only with 64 elements (or 50%
sector) of the transducer and limiting the image depth to 2.5 cm
from the upper outer wall of the pipe. The maximum flow veloc-
ity of the experiments was limited by the maximum detectable
particle displacement for the UV method.

Custom PIV software (details can be found in Poelma
et al., 2012) was used to obtain the velocimetry data from the
ultrasound images. Cross-correlation was employed between
consecutive images to determine the local particle displacement.
A pre-defined interrogation window was chosen in the image
pairs and a correlation peak was determined. The location of
this correlation peak provides the direction and displacement;
this results in a single flow velocity vector. Applying this over
the entire image and consecutive image pairs over the recorded
data gives a time-series of 2-D velocity profile at the centre-
plane of the pipe. Outliers in the velocity field were detected
using a median test. These outliers were replaced using an inter-
polation of the neighbouring vectors. Note: This 2-D time series
velocity profile extends only 2.5 cm in depth (being 50% of the
pipe’s radius) into the pipe from the outer upper pipe wall.

4 Results and discussion

This section has four parts: first, the obtained UIV data are dis-
cussed. Next, Using the UIV data the observed transition is
characterized. Subsequently, statistical methods are applied to

Transducer
Pipe wall |
urv
Flow Image window
—>
¥

Figure 4 (a) Ultrasound imaging transducer aligned streamwise along the pipe. (b) Schematic representation of the coordinate system on the test

section for UIV measurement
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the UIV to characterize transition. Lastly, the models that are
used to predict transition (Section 1.2) are verified.

4.1 Ultrasound imaging velocimetry

Ultrasound images were obtained at 400 Hz over an interval
of around 7s. For each experiment, five sets of data were
obtained to ensure statistical convergence. Applying the PIV
cross-correlation method mentioned in Section 3.3 to the time-
series sequence of the images, a 2D velocity vector field is
obtained for each case. Figure 5 shows a typical flow field
obtained using the above-mentioned method. The figure shows
unidirectional flow with both the presence of wall and the slurry
flow regions. The velocity vectors at the wall are due to non-
stationary echoes that are common for PVC pipes. For analysis
(in the following sections), only the velocity vector field in the
slurry flow region is considered.

4.2 Observing transition

The resulting vector fields obtained from the PIV (Section 4.1)
processing were used to identify the occurrence of flow regime
transition. Transition is visualized by plotting a single array of
the velocity vectors along the radial direction as a function of
time. The plane chosen for these velocity vectors is along the
centre of the ultrasound images. This visualization illustrates an
evolution of the transition characteristics, i.e. slugs and puffs.
A median filter is applied on the velocimetry data to replace
the outliers present in the data. As the large-scale structures
dominate, the median filter will not hinder the analysis. As a
representative case, the different flow velocities of slurry S4 is
illustrated in Figs 6 and 7 and these representative cases will
form the core of the discussion that follows. Other datasets for
the same conditions, as well as the other cases, showed simi-
lar behaviour and we focus here on these exemplary datasets.
The data for the other cases are available in the supplemen-
tary material provided. In Fig. 6, the radial component of the

Wall
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Figure 5 Flow field of the slurry in the pipe derived from UIV. The
velocity vectors in the wall region are due to non-stationary echoes,
which are discarded and the vectors in the slurry flow region are used
for analysis. This is for slurry S1 at average flow velocity of 0.21 ms™!
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velocity vector is plotted and in Fig. 7, the axial component
(streamwise direction) of the velocity vector is plotted. Using
Taylor’s hypothesis, the time-series can be interpreted as a spa-
tial sequence (although it is stressed that the image does not
represent a true instantaneous snapshot) of the evolution of the
structures.

An initial observation of Figs 6 and 7 show the presence of
intermittent structures (Figs 6¢, d and 7c, d). For further analysis
of the intermittent structures, the mean of the velocity compo-
nents along the radial direction is plotted against time (Fig. 8).
The centre line velocity trace is generally used in characteriz-
ing these intermittent structures, but due to the limitation of
the depth of the flow field in study (i.e. inability to obtain the
centreline velocity), the mean of the velocity components that
encompasses all the radial positions is used. The plot of the
mean also provides an appropriate indication of the intermit-
tent structures, as they are able to indicate deviations from the
mean flow (Fig. 8). Analysing the mean plot (Fig. 8), it can
be seen that the intermittent structures are similar to the ones
observed in previous studies (Nishi et al., 2008; Wygnanski
& Champagne, 1973). These intermittent structures are caused
by localized perturbations. They induce turbulence at localized
sections of the pipe as puffs and slugs. The length of these struc-
tures are found to be about 5 pipe diameters (0.5 m) for puffs
and 10 diameters (1.0 m) for slugs. This size is particularly low
compared to lengths of 30 pipe diameters reported in earlier
studies using Newtonian fluids (Eckhardt et al., 2007; Wygnan-
ski & Champagne, 1973). Giizel, Burghelea, et al. (2009) reports
that the puff length for Newtonian fluids are approximately
86 pipe diameters, for power-law fluids are in the range of
47-52 pipe diameters and for Herschel-Bulkley fluids approxi-
mately 30 pipe diameters, thereby showing that the puff lengths
are longer for Newtonian fluids than for non-Newtonian fluids.
Figure 8c and h show the presence of structures that appear grad-
ual and dissipate. These structures are characterized as puffs.
Figure 8d and i show the presence of slugs which appear as a
sharp deviation from the mean flow and persist for a short period
of time and then sharply deteriorate. It is also noted that within
the structure of slugs, characteristics similar to turbulence can
be seen. These intermittent structures could also be observed in
the plots of Figs 6 and 7.

Through the occurrence of the intermittent structures, it is
identified that transition does not occur at a single stage, as
it rather occurs over a range of velocities with different char-
acteristics. The state-of-the-art characterization of transition is
through puffs and slugs as already mentioned in Section 1.1. In
this study, different stages of transition are identified, based on
a combination of the occurrence of puffs and slugs. Figures 6
and 7 (combined with the information from the figures provided
as supplementary) show these stages through the time evolu-
tion plots of the velocity component. As not all the measured
cases undergo all the transition stages, readers are referred to
also consider the figures provided as supplementary material.
It is observed that the first stage of transition can be identified
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Figure 6 Observing transition through the ultrasound velocimetry data. Plot of the radial component of the velocity vector against time as an
estimate for the cross-sectional plane for slurry S4. The length scale (LS) with respect to time is given as a factor of diameter (LS = t.V/D)

with the occurrence of puffs (Figs 6¢ and 7c), where the flow is
mostly laminar with the occurrence of occasional puffs and fluc-
tuations. The next stage, with a gradual increase in flow velocity,
can be identified with the occurrence of slugs (Figs 6d and 7d)
which can also be viewed as turbulent flow with some less
intense regions. Some test cases also indicate the presence of
both puffs and slugs, which can be considered as the stage before
turbulence. Using these characteristics of intermittent structures
as a criterion for identifying transition, the cases that undergo
transition are shown in Table 2. From Table 2, going from S1 to
S5, it is observed that the transition is pushed towards high flow
rates, which is expected.

4.3 Analysing transition

After the qualitative observation of transition through the visu-
alization of the transition structures, it is useful to analyse
transition through statistical means and physical quantities to
differentiate it with laminar and turbulent regimes. By such
an approach, the identified cases of transition can be verified

through other metrics. For this, (1) the intersection of the lam-
inar and turbulent friction factor curves from the measured
pressure drop is used mark the transition, and (2) the changes
in turbulence intensity with respect to the increase in mean flow
rate can also indicate transition.

Friction factor curves

Transition can be identified/verified from plotting the friction
factor versus Reynolds number curves. Transition is assumed
to occur at the intersection of the laminar and turbulent friction
factor curves (Hedstrom, 1952). The Slatter Reynolds number
is used here, as it considers both the shear-thinning behaviour
of the fluid and the presence of yield stress. As a representative
case, the friction factor curve for the case of slurry S5 (Fig. 9a)
is plotted as it is the only case that contains enough measure-
ments in the laminar flow regime. For the slurry, a number of
pressure drop measurements were performed in the turbulent
flow, however the UIV data were not retrieved for all of it, due
to limitations of maximum detectable displacement mentioned
in Section 3.3. Only the measurements that were resolvable are
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(a) Slurry S4 at 0.21 ms™
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Figure 7 Observing transition through the ultrasound velocimetry data. Plot of the axial component of the velocity vector against time as an estimate

for the cross-sectional plane for slurry S4

mentioned in Table 2. From Fig. 9, it can be seen that there
is a sharp change in the data. Considering the lower Re set of
points before the sharp change to be laminar flow, and the higher
Re points as turbulent flow, the intersection of the extrapolated
laminar and turbulent curves indicates the point of transition.
Before further analysis, it is instructive to examine the friction
factor curve. On plotting f = 16/Re, the laminar Fanning fric-
tion factor curve, it can be seen that the slurry measurements
considered to be laminar fall on or close to the Fanning curve.
But a striking result is obtained on plotting the Blasius turbu-
lent curve. The Blasius curve is above the slurry measurements
considered to be turbulent. This may be attributed to the use
of the Slatter Reynolds number, as it is a particular represen-
tation of the viscous forces through rheology. To rule out any
suspicion over measurement errors, the measured friction factor
for the flow of water in the same set-up is plotted in the same

figure. The friction factor curve for water falls right on the Bla-
sius curve. The Slatter Reynolds number is used for water, it
ultimately reduces to the standard Reynolds number as 7y = 0
and n = 1 for water for which the Blasius is valid. Furthermore,
on comparing the measured wall shear-stress against analytical
expressions for laminar and empirical expressions for turbulent
flow from literature show that the errors from the measurement
are not substantial. These results could certainly rule out mea-
surement errors. To further analyse the discrepancy with respect
to slurry S5, on plotting the friction factor versus Metzner—
Reed Reynolds number (Fig. 9b) considering only the turbulent
dataset of slurry S5, the data are shifted with respect to the data
using the Slatter Reynolds number. This is to underline that the
formulation of the Reynolds number for non-Newtonian fluids
plays a huge role in discrepancies that arise. It must also be
noted here that the friction factor curves are used merely to
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Figure 8 Plot of the mean of the velocity component along the radial direction against time. The radial component is used in figures (a), (b), (c),

(d), (e) and the axial component in (f), (g), (h), (i), ()

pinpoint the transition and not to analyse the friction losses in
turbulence.

The observed point of transition for this slurry (S5, Table 2)
is at 0.64ms~! (for this pipe diameter). There are no UIV data
for slurry flow above this velocity due to the limitations of the
equipment mentioned earlier (Section 3.3). On comparing the
point of transition identified from the intersection of the friction
factor curves with the one already observed for this slurry, it
can be seen that the transition predicted at 0.64 ms~! is close
to the point of transition from the friction factor curves and lies
on the extrapolated laminar curve. This observed point could be
considered as one of the stages in the transition process.

Turbulence intensity

The occurrence of transition was further studied through the tur-
bulence intensity, | (= V'/V). As a representative case, Fig. 10
shows the turbulence intensity calculated using the time series
of the velocity trace from the velocimetry versus mean flow
velocity (from the flow meters) for slurry S4 using the veloc-
ity trace at 20 mm from the pipe wall. The turbulence intensity

for the velocity component in the flow direction v; when plot-
ted against the mean axial velocity (Fig. 10) shows peaks at the
same velocities where transitions were identified through the
visualization of the flow field (Table 2). The sharp changes in
peaks in turbulence intensities as a criterion for transition has
also been used by Giizel, Burghelea, et al. (2009). On plotting
the turbulence intensity for the v, velocity component (Fig. 10),
a steady increase in the turbulence intensity is seen on the onset
of transition at about 0.32ms~!, and a sharp decrease at the
onset of turbulence. Whereas, for the axial velocity compo-
nent, the turbulence intensity increases gradually. Table 2 shows
the measured cases of transition, which correspond to the data
points where there is a sharp increase in turbulence velocity.
These sharp changes in turbulence intensity for the radial veloc-
ity component that occur at the onset of transition is due to the
definition of the turbulence intensity itself: it considers both the
laminar parts of the velocity trace (low to no fluctuations) and
the puffs and slugs (high fluctuations) in the calculation of V.
As the standard deviation between the laminar part and the part
with the intermittent structures of the velocity trace has a large
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Table 2 Identified flow regimes through the plotting of ultrasound velocimetry data and predictability of the
transition models, S: Slatter, MR: Metzner—Reed and H: Hanks where the shading in green shows positive and red
shows negative predictability. The Slatter and Metzner—Reed Reynolds numbers are provided for comparison.

\ S1 S2 S3 S4 S5
0.21  Regime Transition Transition Laminar Laminar Laminar
Modet § MR H § MR H § MR B B MR H § MR W
Res 13,058 11,567 7346 471 85
Remr 12,865 11,150 6841 2005 1007
0.32  Regime Turbulent Turbulent Transition Laminar Laminar
Modet § MR H § MR H § MR B § MR H § MR W
Res 20,408 18,776 12,703 1352 387
Remr 20,106 18,099 11,829 3617 1879
042  Regime Turbulent Turbulent Transition Transition Laminar
Model  § B 8 MR B 8 MR H 8§ MR B § MR W
Res 27,226 25,669 18,090 2409 800
Remr 26,824 24,744 16,846 5293 2811
0.53  Regime Turbulent Turbulent Turbulent Transition Laminar
Model l
Res 34,839 33,543 24,478 3813 1400
Remr 34,325 32,334 22,794 7330 3966
0.64  Regime Turbulent Turbulent Turbulent Turbulent Transition
Model
Res 42,549 41,667 31,279 5442 2120
Remr 41,921 40,165 29,128 9545 5243

difference, the V' at transition has a high value. This in general
tends to give a sharp change in the turbulence intensity at tran-
sition. Therefore, this can be considered as an intrinsic property
of the velocity trace at transition.

It is concluded that the cases of transition that were identified
using the visualization of the flow field from the UIV measure-
ments correspond to the cases identified by other means (friction
factor curve intersection, autocorrelation, turbulence intensity),
which can be considered to be its verification.

4.4 Predicting transition

Cases of transition presented in Table 2 for the flow of slurry are
the ones that were identified using the velocimetry plots and ver-
ified using other physical quantities mentioned in Section 4.3.
From Section 1.2, three different transition predicting models are
selected: the Slatter Reynolds number, Metzner—Reed Reynolds
number and Hanks stability criterion. To apply the selected tran-
sition predicting models mentioned in Section 1.2, the transition
velocity Virans is used. The transition velocity is used as opposed
to only Reynolds number, as the models used are varied and the
transition velocity is common to all three of them. The rheol-
ogy of the respective slurries (Table 1) is used to calculate these
transition velocities. While the models predict only one transi-
tion velocity per slurry, the experimental measurements give us
a range at which transition occurs as portrayed in Table 2.
Using the transition velocities, the flow regimes of each
case and its predictability of the transition models is shown in
Table 2. Table 2 shows the the flow regime at each flow velocity

for each slurry studied. Further, the table also indicates whether
the transition models are able to predict this flow regime as indi-
cated with the aid of colours. Red indicates that the particular
model was unable to predict the flow regime and green indi-
cates that the model is very well able to predict the flow regime.
Among the models studied here, the Reynolds number-based
model by Slatter is very much capable of predicting the tran-
sition and flow regimes for fluids with yield stress and lower
behaviour index (S4 and S5) as well as predicting the flow
regimes of slurries that are only shear-thinning (S1, S2, S3). The
second best is the stability parameter-based model of Hanks.
That being said, on comparing the predicted transition velocity,
both these models perform similarly. The error in predicting the
median transition velocity of the Slatter model is 21% and of
Hanks 1s 22% for slurries S4 and S5. Meanwhile, the error in
predicting the median transition velocity for slurries S1, S2 and
S3 is 76% for both models. The Metzner—Reed model performs
with the lowest accuracy, with an error of 48% for slurries S4
and S5, and 78% for slurries S1, S2 and S3. It is observed that
for slurries that are only shear-thinning (zero yield stress, slur-
ries S1, S2, S3) all the models seem to fail in predicting the
transition. The transition velocity predicted for these slurries is
less than the ones measured; therefore, predicting a transition
earlier than observed in reality. For slurries with a yield stress,
the reason that the Slatter and Hanks model performed better
could be that it uses the yield stress, while it is not incorporated
in the Metzner—Reed model. For slurries that are only shear-
thinning it is interesting to note that all the models predict more
or less the same transition velocity. This could be attributed to
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the reduction of the Reynolds number-based models for weakly
shear-thinning fluids to the standard Reynolds number and pre-
dict the same transition velocity. As for the Hanks models, this
could also be true as the transition criteria used is similar to the
Reynolds number-based models.

Therefore, it is concluded that the Slatter Reynolds number-
based and Hanks stability parameter based model for fluids with

a low behaviour index and yield stress has the capability to
predict transition. The Slatter Reynolds number model has the
advantage that it can easily be implemented compared to the
stability parameter based models.

5 Conclusion and outlook

A test facility containing a pipe-loop was constructed to investi-
gate and flow of non-Newtonian slurries and its transition from
laminar to turbulent flow. To obtain images of the flow an ultra-
sound transducer was used. Using this imaging technique, it
was demonstrated that UIV can be performed to obtain veloc-
ity measurements in slurry flows that are usually inaccessible
to optical techniques. It is also demonstrated that using UIV
measurements, it is also possible to obtain transition and turbu-
lent statistics. UIV has also provided a new insight in transition
through a novel visualization of the intermittent structures (puffs
and slugs) that are formed during transition.

Transition was observed and identified through the
visualization of the flow field with time. The cases wherein tran-
sition was observed were later verified by application of phys-
ical and statistical metrics. These verification metrics included
intersection of the laminar and turbulent friction curves, auto-
correlation of the flow field and turbulence intensity. These
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verification metrics not only assisted in verifying the observed
transition, but also in characterizing them. It is worth mention-
ing that the length of the intermittent structures are about five
times the pipe diameter for the puffs and about 10 times the pipe
diameter for the slugs. With the turbulent intensity, it is also seen
that there is a sharp rise in its value upon transition. Through
these, it is also concluded that transition occurs as a multistep
process.

The transition velocity Vians Was used to access the models
used to predict transition. Among them, the Reynolds number-
based model of Slatter and the stability parameter based model
of Hanks are assessed to be good in predicting transition for
fluids with an yield stress and low behaviour index, while the
one of Metzner—Reed is least favorable. The Slatter model also
has an advantage in its ease of implementation.

Considering the promising results, the UIV technique has
certainly a solid future in the field of multiphase flow studies,
especially with its capability to be a non-intrusive diagnostic
instrument and its applicability to optically inaccessible fluids.
With the possibility to obtain longer time series and deeper
intrusion (possibly a complete cross-section) in the pipe, its
potential to investigate turbulence and transition is high. The
realm of non-Newtonian fluids is still burgeoning. As most non-
Newtonian fluids are opaque, the use of UIV could yield more
understanding of turbulence and transition in flows, and hence
provide a basis for improving CFD models for non-Newtonian
fluids.
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Notation

A = cross-sectional area (m?)

D = pipe diameter (m)

D¢hear = diameter of the sheared region (m)
f = friction factor (—)

| = turbulence intensity (—)
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K = fluid consistency index (Pa s")

L = length of pipe (m)

n = fluid behaviour index (-)

P = pressure (m)

Q = volumetric flow rate (m> s—!)

Qann = volumetric flow rate of the annular zone (m? s~!)

Qpig = volumetric flow rate of the plug (m? s™')

R = pipe radius (m)

Rpiwg = plug radius (m)

r = radial distance from the axis (m)

Ny = radial distance from the wall (m)

Re = Reynolds number (—)

Remr = Metzner—Reed Reynolds number (—)

Res = Slatter Reynolds number (—)

v = average flow velocity (ms™!)

Vamn = average flow velocity of the annular zone (m s™!)

Virans = transition velocity (m s~)

v = local velocity (m s™!)

Vy = velocity component along the radial direction (m s~!)

vz = velocity component along the axial direction (m s™!)

v = root mean square of the turbulent velocity fluctua-
tions (m s~ ')

y = distance from pipe wall, normal to axis (m)

z = stability parameter (—)

Zy = Hanks stability parameter (—)

Zr; = Ryan & Johnson stability parameter (—)

11 = fluid viscosity (Pa s)

P = fluid density (kg m~3)

T = shear-stress (Pa)

Tw = wall shear-stress (Pa)

Ty = fluid yield stress (Pa)
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