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Article history: Multi-phase materials are common in several fields of engineering and rheological measurements are inten-
Received 17 May 2016 sively adopted for their development and quality control. Unfortunately, due to the complexity of these
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materials, accurate measurements can be challenging. This is the case of bitumen-rubber blends used in civil
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engineering as binders for several applications such as asphalt concrete for road pavements but recently also
for roofing membranes. These materials can be considered as heterogeneous blends of fluid and particles
with different densities. Due to this nature the two components tends to separate and this phenomenon
can be enhanced with inappropriate design and mixing. This is the reason behind the need of efficient dis-
persion and distribution during their manufacturing and it also explains while real-time viscosity measure-
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CFD ments could provide misleading results. To overcome this problem, in a previous research effort, a Dual
Rheometry Helical Impeller (DHI) for a Brookfield viscometer was specifically designed, calibrated and manufactured.
Complex fluids The DHI showed to provide a more stable trend of measurements and these were identified as being “more
Viscosity realistic” when compared with those obtained with standard concentric cylinder testing geometries, over a

wide range of viscosities. However, a fundamental understanding of the reasons behind this improvement is
lacking and this paper aims at filling these gaps. Hence, in this study a tailored experimental programme
resembling the bitumen-rubber system together with a bespoke Computational Fluid Dynamics (CFD)
model are used to provide insights into DHI applicability to perform viscosity measurements with multi-
phase fluids as well as to validate its empirical calibration procedure. A qualitative comparison between
the laboratory results and CFD simulations proved encouraging and this was enhanced with quantitative
estimations of the mixing efficiency of both systems. The results proved that CFD model is capable of sim-
ulating these systems and the obtained simulations gave insights into the flow fields created by the DHLI. It is
now clear that DHI uses its inner screw to create a vertical dragging of particles within a fluid of lower den-
sity, while the outer screw transports the suspended particles down. This induced flow helps keeping the

test sample less heterogeneous and this in turns allows recording more stable viscosity measurements.
This work was supported by the Engineering and Physical Sciences Research Council (EPSRC) [grant num-
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specifically, bitumen technologists are used to monitoring the
high-temperature viscosity of these binders (in the range 100-
200 °C) during manufacture, compaction and quality control [6].
Furthermore, the use of bituminous binders modified with poly-
mers is a common practice used to enhance the performance of
road pavements and roofing membranes. Nevertheless, measure-
ments of their viscosity/rheology can be challenging due to the
often heterogeneous structure of these complex systems, espe-
cially if these materials suffer from phase stratification within
the time frame of typical viscosity measurements, as in the case
of rubberized bitumen [7].

A common instrument used to perform these measurements is
the rotational viscometer, typically by means of the coaxial cylin-
der testing geometry. This setup consists of a static outer cylindri-
cal vessel into which is poured the test fluid and a concentric
cylinder (spindle) which is inserted and then rotated at a given
angular velocity so that the applied torque can be measured. A
standard cylindrical spindle that can be used in the Brookfield vis-
cometer is shown in Fig. 1(a). This arrangement, however, is inca-
pable of providing reliable viscosity measurements of multiphase
systems containing suspended particles with a density different
to that of the continuous phase [19]. In fact, when standard cylin-
drical spindles are used to measure viscosity of fluids with sus-
pended solid particles, if the two phases have very different
densities the higher density component will tend to settle to the
bottom during the measurement rendering the data acquired of
very little use.

These type of scenarios are encountered in many type of com-
plex systems such as: chocolate, plastic, rubber, ceramics, food,
cosmetics, detergents, paints, glazings, lubricants, inks, adhesives
and sealants [12,13,17,20,27]. Rotational viscometers (Brookfield
in this case) are provided with supplementary spindle designs that
help in some of these cases. For instance, a vane spindle allows per-
forming measurements with paste-like materials, gels, and fluids
where suspended solids migrate away from the measurement sur-
face of standard spindles. Furthermore, the Brookfield Helipath
Stand is designed to slowly lower or raise a Brookfield T-bar
spindle so that it describes a helical path through the test sample.
Nevertheless, these accessories are not designed to minimize the
heterogeneity of multiphase blends, especially when that sample
has the tendency to stratify due to phase density differences.

(b)

Fig. 1. Visualisation of the phase separation during viscosity measurements of
suspensions for (a) the SC4-27 spindle and (b) a vane spindle.

Fig. 1(b) shows the inefficiency of the vane spindle when used
for viscosity measurements of suspensions. In an effort to improve
the rheometry of these scenarios by overcoming sample’s phase
separation issues, Lo Presti et al. [19] successfully designed, manu-
factured and tested a prototype of a Dual Helical Impeller (DHI) for
Brookfield Rotational Viscometers (Fig. 2, right). Experimental
studies were carried out to evaluate whether the DHI is able to
improve the degree of homogenisation of high viscous fluids in
order to obtain more realistic viscosity measurements of a blend
of fluid with suspended particles. In comparison to the Brookfield
standard, cylindrical geometry (spindle SC4-27), the DHI always
predicted a different “apparent” viscosity (see Section 1.1 for defi-
nition). This result was explained by the capability of the DHI to
create what have been likened to convective flows as opposed to
the axisymmetric swirling flow induced by the standard SC4-27
spindle.

Rubberised bitumen is a complex system of the type described
above, where the bitumen is the fluid matrix and the particles are
the swollen tyre rubber crumbs. These two components have a
moderate difference in densities and for this reason the phase sep-
aration could not possibly occur within standard rotational viscos-
ity measurements at 135 °C. However if long equilibrium times are
required, rather than high percentage of modifier, higher testing
temperatures and high spindle speeds, the phase separation issue
is very likely to occur, especially for a wet process-high viscosity
binder. Furthermore, this issue is particularly relevant within the
product development of rubberised binder with rotational vis-
cometer used as a mixing device offering a continuous monitoring
of the viscosity [7,26]. In fact, in this scenario the processing is
made at high rotational speed and at a temperature where the
bitumen viscosity is quite low (180 °C) and rubber particles are
not swollen yet and tend to agglomerate in layers, mainly at the
bottom of the tube. The DHI presented above was developed [19]
specifically to solve this type of issue within low-shear develop-
ment of rubberised bitumen. This research showed that carrying
out measurements of rubberised bitumen with the DHI at 135 °C
reduces the initial effort needed to accelerate a bitumen-rubber
blend from a stationary position and provide more stable viscosity
readings. This allowed the authors to declare that this type of mea-
surements were ‘“more realistic” (Fig. 3). However, despite these
satisfying results, the mechanisms behind the enhanced mixing
efficiency provided by the DHI and the actual level of enhancement
were not clear and this present study aims to clarify.

In order to provide the reader with further information for the
interpretation of the presented results and conclusions, the follow-
ing sections will provide a background on measuring viscosity by
means of a rotational viscometer and a brief review on the use of
CFD for modelling mixing of complex fluids.

1.1. Background — Measuring viscosity by means of a rotational
viscometer

For the rheological measurement of materials by means of a
rotational viscometer with a coaxial cylindrical geometry, there
is a theoretical basis for the calculation of the viscosity. Consider
a cylinder of radius Ry and length, L;, rotating at an angular velocity,
o, inside a stationary cylinder of radius, R.. The shear rate at the
surface of the spindle, ), is
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Fig. 2. On the left, the standard SC27 spindle and associated surface mesh; on the right, the Dual Helical Ribbon Impellor (DHRI) and mesh.
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Fig. 3. Apparent viscosity of a TR-MB at 180 °C using a rotational viscometer at 50 to 100 rpm [19].

where T is the torque input by the machine. The viscosity, L, is

7 4AmoRRL

So, since all the variables on the right-hand-side of Eq. (3) are
measurable, the viscosity can easily and reliably be determined.

Now, when an non-cylindrical impeller is used in the viscome-
ter, there are no tractable equations for the shear rate or shear
stress akin to Egs. (1) and (2). This presents a challenge since, while
the impellers may be good at mixing, there is no simple way of
analytically determining the viscosity of the mixture. The only
quantities that can be measured directly are the torque, T, and
the angular velocity, w.

In this case, one way to proceed is to calibrate the impeller
using a range of single and multi-phase fluids of known viscosity,
which may have been measured with the standard spindle
viscometer. Then, the viscosity becomes a function of the two mea-
surable variables

=T, o). (4)

There is no information about the shear rate or the shear stress
that can be derived because the complex 3D nature of the flow pre-
cludes that. After testing a wide range of fluids of different viscosi-
ties, a surface fit could be made and then for a given T and o, the
viscosity of an unknown fluid could be calculated. The situation is
further complicated in that the calibration procedure would then
have to be done for each class of fluid (Newtonian, shear thinning,
shear thickening, etc.) and a judgement would have to be made by
the user as to which class of fluid they had in the viscometer.

A different approach is that promoted by Brookfield and uti-
lized, for example, in Lo Presti et al. [19]. Each different spindle
geometry provided by Brookfield for use in their viscometers is
ascribed a Spindle Multiplier Constant (SMC) value. For example,
the SC4-27 has an SMC of 25. Further, each viscometer model, here
we are using the LVDV-E, has a Torque Constant, TK, which allows
the apparent viscosity to be found from

0.1
,u:W-TK-SMC-T%, (5)
where N is the rotational speed (rpm) and T% is percentage of the
maximum spring torque that the viscometer can deliver. In addi-
tion, the Strain Rate Constant (SRC) is defined as

. 60
7 =SRC-N =SRC- (E)w (6)
Equating (1) and (6) allows us to write
_n R
SRcfﬁRz_Rz, (7)

which, when the dimensions of the SC4-27 spindle and its container
(Fig. 4) are considered, results in a value of 0.34, which tallies with
that in Brookfield's literature [5].

For a design such as a DHI, this is a simplification but one which
can produce values of apparent viscosity that are of practical use.
Lo Presti et al. [19] attempted, with some success, to match the
behaviour of the DHI to the range of SC-XX spindles offered by
Brookfield. The SC4-XX range are of the cylindrical type and each
has unique SRC and SMC values. The Brookfield viscometer allows
only the selection of a spindle code, which has associated SRC and
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Fig. 4. A schematic of the Brookfield SC4-27 spindle.

SMC values, thus limiting fine adjustment to a discrete set of val-
ues. Lo Presti et al. [19] were nevertheless able to find a spindle
code that matched closely the DHI and did this by testing the
DHI against a number of standard liquids of known viscosity. The
SC4-28 spindle was found to most closely match the DHI with val-
ues of SRC of 0.28 and SMC of 50. The validity of this approach is
open to question because of the radically differing spindle geome-
tries of the SC4-28 and DHI. Thus, computational fluid dynamics
was seen as an alternative method of obtaining values of SRC
and SMC for the DHI geometry.

1.2. Background - CFD modelling of the mixing of complex fluids

The mixing of two or more miscible phases, whether it be solid/
liquid, gas/liquid or liquid/gas or combinations thereof, are widely
encountered in mineral, food, pharmaceutical, polymer, metallur-
gical, biochemical, and other industrial processes [23]. The mixing
of highly viscous fluids is often carried out in the laminar and tran-
sition regimes. Many impellers were proposed by researchers
based either on using large impeller diameters or close-clearance
designs like anchors and helical ribbons [9,14,8,30,24].

Generally, this mixing is carried out in stirred vessels and it has
been reported that the so-called helical ribbon and helical screw
impellers are most appropriate for efficient mixing of high viscos-
ity Newtonian [22] and non-Newtonian liquids [33]. Before the
development of numerical simulations, mixers were normally
evaluated experimentally using various measures: power con-
sumption (e.g. [29,27]); mixing time (e.g. [28,26]); and circulation
time.

However, none of these measures give an understanding of the
spatial variation of the phases or the nature of the transport pro-
cesses, making the understanding and hence the efficient optimisa-
tion of the mixer design difficult. Numerical simulations offer a

greater flexibility in analysing and visualising the mixing. In recent
years, the simulation of mixing vessels is widely used to optimize
mixer geometries and get better insights of the complex flow pat-
terns generated by the impeller-vessel wall interaction [30,24].
From the perspective of numerical analysis, one of the pioneering
CFD works focused on the mixing performance of helical ribbon
impellers in cylindrical vessels is the contribution made by Tanguy
et al. [29]. They developed a three-dimensional model, which was
validated experimentally, based on the finite-element method for
the analysis of a Helical Ribbon-screw impeller. The authors
reported good liquid circulation at low impeller speeds (10 rpm)
and showed evidence of poor pumping in the vessel bottom. They
noticed that the segregation increased upon increasing the impel-
ler speed. In subsequent work numerical models were developed
for several helical ribbon geometries and fluids of rheological beha-
viours [4]. The numerical modelling of mixing in a stirred tank has
attracted a great deal of attention and a review of the state-of- the-
art in CFD simulations of stirred vessels can be found in Sommer-
feld and Decker [25].

The rapid development of numerical techniques and computa-
tional power has unleashed the possibilities of Computational
Fluid Dynamics (CFD) in this area. CFD is now an important tool
for understanding the mixing in stirred tanks [31]. Nevertheless,
modelling of the complex flow in the presence of a rotating impel-
ler is a computational challenge because of the complex geometry
of the impeller and the nature of the flow in stirred tanks. Although
CFD codes have made remarkable steps towards the solution of
such engineering problems over the last decade, it still remains a
difficult task to use such codes to help the design and the analysis
of stirred tanks. Iranshahi et al. [16] investigated the flow patterns
and mixing progress in a vessel equipped with a Maxblend impel-
ler in the case of Newtonian fluids. In that study, they found that
the Maxblend impeller showed good performance when used with
baffles in the transition and laminar regimes. In another study, a
CFD characterization of the hydrodynamics of the Maxblend impel-
ler with Newtonian and non-Newtonian inelastic fluids in the lam-
inar and transition regimes was carried out by Devals et al. [11]. In
that study, the effect of the impeller bottom clearance and the
Reynolds number on the power characteristics, the distribution
of shear rates and the overall flow condition in the vessel were
investigated. Yao et al. [32] performed numerical analysis for the
local and total dispersive mixing performance in a stirring tank
with a standard type of Maxblend and double helical ribbon impel-
lers. They showed that the double Helical Ribbon cannot be an
efficient dispersive mixer — however, the results were not validated
by experimental tests.

Iranshahi et al. [15] investigated the fluid flow in a vessel stirred
with a Ekato Paravisc impeller in the laminar regime using CFD.
The viscous mixing characteristics of the Ekato Paravisc were com-
pared with those of an anchor and a double helical ribbon. They
were able to show, through a number of experimentally validated
criteria, that the Paravisc impeller was capable of producing homo-
geneous mixtures. Numerical modelling was carried out by
Bertrand et al. [4] to predict a rise in power draw due to elasticity.
They explained the numerical methodology and compared the
results of the simulation with experimental tests in the case of a
stirred tank with a helical ribbon. Barailler et al. [3] performed
CFD modelling of a rotor-stator mixer in the laminar regime. In
this study they investigated the characteristics of the rotor-stator
mixing head in the case of viscous Newtonian fluids. Delaplace
et al. [10] developed an approximate analytical model based on
the Couette flow analogy to predict power consumption for the
mixing of pseudoplastic fluids with helical ribbon and helical
screw ribbon impellers in the laminar regime. They presented
extensive comparisons between the predicted results and the data
which was reported in the existing literature.



290 D. Lo Presti et al./ Construction and Building Materials 136 (2017) 286-297

1.3. Aims and structure of the paper

This paper presents a Computational Fluid Dynamics (CFD)
model able to reproduce the observations obtained from a labora-
tory investigation aimed at resembling a bitumen-rubber system
during product development over a wide range of testing condi-
tions (e.g. temperatures, particle contents, impeller speed). In order
to allow visual inspections, the experimental programme was per-
formed by using tyre rubber particles and transparent fluids having
viscosities similar to the bitumen phase of rubberised binder at
manufacturing and testing temperatures. The overall objective of
the present study is to assess whether a CFD model would be able
to simulate this complex scenario and to couple these outcomes
with visual images to shed light on the results obtained in a previ-
ous study [19], where the DHI provided “more realistic” viscosity
measurements when compared to the standard spindle. By doing
this, we aim to highlight the benefits and limitations of using the
DHI geometry to perform viscosity measurements of complex
fluids, as well as using the model to validating the empirical
calibration procedure (SMC and SRC).

Section 2 introduces a brief description of the experiments
along with the numerical framework and governing equations for
the CFD model. The results of the experimental and numerical
modelling, along with a discussion thereof, are presented in
Section 3, which ultimately aims to validate the numerical model.
Finally, conclusions are presented in Section 4 with some thoughts
about the next steps in this programme of work.

2. Methodology
2.1. Experimental campaign

As mentioned earlier, in a previous investigation experimental
studies were carried out to calibrate the DHI and to evaluate the
improved mixing when used in a Brookfield viscometer [19]. In
order to allow visualisation of the movement of particles in the
system, the viscometer was customised with a transparent outer
cyclinder (e.g. Fig. 1). The experimental programme used multi-
phase fluids made up of a range of standard viscosity fluids and
tyre rubber particles.

Thus, nine different complex fluids were made from the combi-
nation of different standard-viscosity fluids and different diameter
tyre rubber particles (Table. 1)- all fluids being tested at 10, 100
and 200 rpm at ambient temperature (20 °C). The range of viscosity
and particle diameters have been chosen in order to recreate sys-
tems similar in terms of viscosity and physical composition to tyre
rubber-bitumen blends at temperatures between 100 and 200 °C.
This is considered to be representative of the possible scenarios
occurring during the low shear modification of bitumen with
crumb rubber particles [18].

Due to the expected high torque, which would be close to the
viscometer’s limits, the tests with the f500 fluid were performed
up to 100 rpm. Tests were conducted according to Subhy et al.
[26], which are based on international standards on viscosity mea-
surements of a rubberized bitumen (asphalt rubber) [1,2]. These

Table 1
Fluid and particle properties.
Fluid Particles
Name Density Viscosity Diameter Volume
(kgm~3) (Pas) (um) fraction
f10 940 0.01 200 1%
£100 960 0.1 400 3%
500 970 0.5 1000 5%

were undertaken for durations of between 15 and 20 minutes,
depending on how quickly the mixing was seen to reach a steady
distribution. The particles were added to the fluid and the blend
was shaken to produce an even distribution of the particles. In
these conditions, the impellers were quickly submerged in the
blend and the viscometer was turned on to carry out the test,
during which torque and angular velocity were measured and
the viscosity calculated from Eq. (3).

Results were compared against those obtained with a standard
spindle, SC4-27, to establish which geometry produced the highest
degree of homogenisation and hence the more realistic, repeatable
and reliable viscosity measurements.

2.2. CFD simulations

In parallel with these experiments, a CFD study was conducted
with the aim of qualitatively comparing the two sets of results.
Version 14 of ANSYS Fluent, the commercially available CFD soft-
ware, was used in this work.

2.2.1. Governing equations

The modelling involves the solution of the Navier-Stokes equa-
tions, which are based on the assumptions of conservation of mass
and momentum within a moving fluid. In order to simulate the
behaviour of the complex, two phase fluids in the present applica-
tion, the mixture model was used. Here, the momentum and con-
tinuity equations are solved for the mixture, the volume fraction
equations for the secondary phases, while algebraic expressions
are used for the relative velocities and inter-phase drag. The
mixture model lends itself to particle-laden flows with relatively
low volume loading, which is the situation in the present work.

First the mixture continuity equation

0

PV (pw) =0, (8)
ot

where u is the velocity, p is the density and the subscript m indi-

cates a quantity defined for the mixture. The mixture velocity is a

mass-weighted average of the n phases

-l n
Up = — > 0P, 9)
Pm i
where o is the volume fraction and k refers to the kth phase. The
mixture density is

n
Pn =3 by (10)
=1
The momentum equation is

O (Putn) + 7 - (pttntn) = VP +V - 1 (Vity + V)]

+ P8+ V- <fokpkudr‘kudr‘k> ;

k=2
(11)

where g is the gravitational acceleration and uyg, is the drift veloc-
ity for the secondary phase k,

Ugry = Uy — Uy, (12)

The mixture model in ANSYS FLUENT uses an algebraic slip for-
mulation, which is based on the work of Manninen et al. [21]. It
uses the slip velocity, which is related on the drift velocity defined
in Eq. (12). The velocity of the kth phase is calculated from alge-
braic expressions, rather than a separate momentum equation.
So, the final term on the right hand side of Eq. (11) imparts a
momentum source or sink to the mixture momemtum equation,
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based on the relative motion of the primary and secondary phases.
In the present work, the viscosity of the two phases are assumed to
be equal to that of the primary, bituminous phase.

2.3. CFD model setup

It is accepted practice in stirred or mixing vessels to use the
mixing Reynolds number, Re,; to characterise the flow

Re, =P~ (13)

where D is the diameter of the impeller and N’ is the number of rev-
olutions per second. For Re, > 10,000, the flow is assumed to be
fully turbulent. In the present application, with the least viscous
fluid and the highest impeller speed, the mixing Reynolds number
is approximately 100, which indicates all simulations are laminar.

For the spindle geometry, smooth, no slip wall boundary condi-
tions were applied to the inner, outer and bottom walls. The upper
boundary was set as a symmetry plane as the shear between air
and bitumen is insignificant. A moving mesh approach was used,
where the entire fluid domain was rotated about the vertical z axis
at the appropriate angular velocity, while the outer wall was held
stationary relative to the moving zone. The reason for doing this,
rather than simply moving the outer wall relative to a stationary
fluid domain was so that animations for the DHI impeller could
be produced with the helices being seen in motion. There was no
significant computational overhead associated with the approach
used.

The geometry of the spindle was developed based on the Brook-
field SC4-27 and realised with ANSYS DesignModeler. A mesh
consisting of tetrahedra and triangular prisms (in the inflation
layers adjacent to walls) was generated using ANSYS Meshing
and the volume mesh associated with the surface mesh shown in
Fig. 5 contains 155,000 cells.

The DHI geometry was designed to create a convective like flow
within the sample, which allows the uniform distribution of sus-
pended solids within a viscous fluid. The idea is that the outer helix
pumps the fluid downwards while the inner helix pumps it
upwards. Based on the prototype design, DesignModeler and
Meshing were used to produce a mesh, which, due to the increased
complexity of the design, contained approximately 1300,000 tetra-
hedral and triangular prism cells. The CAD model and associated
surface mesh can be seen in Fig. 6. A mesh convergence study

Fig. 5. On the left, a solid model of the Brookfield SC4-27 spindle; and on the right,
the surface mesh on the spindle and outer wall.

Fig. 6. On the left, a solid model of the DHI mixer; and on the right, the surface
mesh on the mixer and outer wall.

was conducted with the DHI geometry and key flow parameters
at monitoring points were found not to change as the number of
cells increased above the 1.3 million of the mesh shown in Fig. 6.

Standard solver settings were used throughout: the SIMPLE
algorithm was used for pressure-velocity coupling; the Least
Squares Cell Based discretization for gradients and second order
differencing for the momentum and volume fraction equations.
Due to the use of a moving mesh, the solution was necessarily tran-
sient and it was found that the simulations had to be run for ~60 s
of real time to achieve a stationary solution, where the mean veloc-
ity and volume fraction did not drift with time, as measured at a
number of monitoring points. The exact run time varied depending
on fluid properties and rotation rate.

3. Results
3.1. Experimental

In the manufacturing of rubberized bitumen, the process can
take up to 2 h, at which point the particles have swollen to their
maximum extent. However, in these experiments, in certain cases
(i.e. for the f10 fluid with 400 um particles) the particles were
already settling after a few seconds. It was decided that a testing
period of 10 minutes was sufficient to resolve the settling process
without the swelling of the particles compromising the results.

Figs. 7 and 8 show images of the distribution of the particles
within the blend at the start of the tests and after 10 minutes of
rotation for the f100 and f500 fluids respectively. These figures
show that using the lower viscosity fluid, f100, at 10 rpm both
standard spindle and the DHI do not maintain particles in suspen-
sion. At 100 and 200 rpm it is interesting to note how, due its
shape, the standard impeller creates two layers of crumb rubber
particles on top and bottom. In this case, the particles are forced
to migrate from the narrow gap into regions where the swirl is less
intense.

However, at these higher rotation rates, the DHI creates a more
even distribution of particles. Observations confirmed that this was
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Fig. 7. Images of the distribution of particles in the viscometer using the f100 fluid for the SC4-27 spindle (top) and DHI (bottom) at the start of the test and after 10 minutes

for various rotational speeds.

a result of a combination of effects consisting in the inner spiral
transporting the particles upwards while the outer thread moves
the particles back down - confirming that the design was working
as intended. As a result, particles are circulated throughout the
container and phase separation is avoided for the whole duration
of the experiment.

These results show that the rotational speed is of fundamental
importance when considering the extent to which the sample is
homogenised and plays a crucial role in determining the efficacy
of the impeller. This, of course, has significant consequences on
the viscosity readings, which are a function of testing geometry,
rotational speed and applied torque.

Fig. 9 shows that the apparent viscosity measurements are
independent of the rotational speed for the DHI than the SC4-27
spindle (apart from at 10 rpm). The fact that the curves for 100
and 200 rpm are convergent for the DHI echoes the observations
made about Fig. 7, where the higher rotational speeds produce a
less heterogeneous blend. At 10 rpm, there is clearly some inter-
mittency to the viscosity measurements as the particles do not
reach a steady-state distribution. In any case, both viscosity values
over time and shear dependency, play in favour of the DHI, which
seems to provide more stable rheological information of this com-
plex system - itself an indication of the better mixing efficiency
over the timescale of the test.

For the higher viscosity fluid, f500, over the same timescale,
these observations are not so clear (Fig. 10). In this test, all viscos-
ity measurements are still increasing after 600 s, suggesting that
the particles were still undergoing redistribution or possibly the
swelling process is starting, especially at the higher rotational
speed. Indeed, the absence of a 200 rpm result prevents the same
conclusion being drawn for convergence of the viscosity results

as the rotation speed is increased above 100 rpm. Indeed, after
20 minutes (1200 s) the viscosity had still not settled down to a
consistent value. Unfortunately, running the tests for a longer per-
iod meant that the temperature of the mixture would begin to drop
and viscosity measurements would then have a temperature com-
ponent. Again, however, the viscosity trend with time still favours
the DHI.

3.2. CFD simulations

3.2.1. Validation (Single Phase)

While not presented here, it should be noted that the CFD
model of the SC4-27 spindle produced values of SRC and SMC that
were very close (within 1%) as those quoted in the Brookfield liter-
ature for a range of rotational speeds and fluid viscosities.

Then, for the DHI geomerty, in an attempt to reproduce the sin-
gle phase experimental testing of Lo Presti et al. [19], a number of
single phase simulations were performed. The rotational speed of
the impeller was again varied as too was the viscosity of the fluid.
Values of both the rotational speed and dynamic viscosity were
matched to those used by Lo Presti et al. [19] as closely as possible.
The dynamic viscosity values used were 0.0094, 0.098, 0.488, 0.970
and 5.040 Pa s, while rotational speeds of 10, 50, 100 and 200 rpm
were chosen. Thus, in total, 20 simulations were performed. In
order to be able to compare across this range of viscosity and rota-
tional speed, the mixing Reynolds number, Eq. (13), was used with
an equivalent diameter of 11.7 mm. The choice of the diameter is
somewhat arbitrary and corresponds in this case to the diameter
of the SC4-27 spindle, although it is a value roughly halfway
between the inner and outer helices of the DHI. The SMC values
are calculated from a re-arrangement of Eq. (5), via a conversion
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Fig. 8. Images of the distribution of particles in the viscometer using the f500 fluid for the SC4-27 spindle (top) and DHI (bottom) at the start of the test and after 10 minutes
for various rotational speeds.
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Fig. 9. The variation of viscosity with time during the tests for the SC4-27 spindle and DHI at 10, 100 and 200 rpm using the f100 fluid.
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Fig. 10. The variation of viscosity with time during the tests for the SC4-27 spindle and DHI at 10 and 100 rpm using the f500 fluid.

of the torque that Fluent reported to an equivalent percentage tor-
que, T%, reported by the Brookfield viscometer.

Fig. 11 shows a clustering of the SMC values around a value of
50, across a 5 decade range of Reynolds numbers. Note that the
value of SMC that Lo Presti et al. [19] found for the DHI was 50
and so there is quantitative agreement between the experiment
and simulations. What the numerical modelling reveals, however,
is that at a fixed rotational speed, there is a dependency on the
Reynolds number, the extent of which is reduced at the highest
rotational speed of 200 rpm. Similarly, we see that for a fixed value
of viscosity there is a marked increase in SMC as the rotational
speed is increased. This can be seen in the clustering of results in
lines comprised of the four symbols from left to right. There are
several explanations for this functional dependence of SMC on
Re,,. First since the same mesh was used for all simulations, the
local cell Reynolds numbers would differ from simulation to simu-
lation, which may result in a numerical errors being introduced.
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Fig. 11. Plot of the Spindle Multiplier Constant (SMC) against mixing Reynolds
number for the DHI impellor.

Second, from the physical perspective, it is thought that the varia-
tions are down to the flow patterns changing across the range of
Reynolds numbers. There is some experimental evidence to back
this up. With reference back to Fig. 7, it can be seen that the DHI
produces more consistent mixing at a rotational speed of greater
than 100 rpm. This may be attributed to the impeller producing a
different flow field, a more efficient flow field from the mixing per-
spective, that at 10 rpm. This difference may explain the function
dependence of SMC on the mixing Reynolds number.

3.2.2. Understanding the DHI mixing process (multiphase)

When considering all the combinations of parameters in the
experimental tests discussed in Section 3.1, it became apparent
that there were two distinct sets of cases: those with stratification
of the particulate phase and those where homogeneous mixing
was observed. Thus, the numerical modelling focused on the cases
where these extremes were exhibited. Table 2 shows the range of
simulations that were run with a <) indicating those cases where
phase stratification was expected and a e where a level of homo-
geneity in the secondary phase distribution was expected. The
two gaps in the table are due to the high viscosity of the f500 pre-
venting the viscometer from operating under those conditions. In
all cases the volume fraction of the particulate phase was 3 % and
the diameter of the particles was 400 pm.

Before considering the mixing efficiencies of the two designs, it
is instructive to look at the velocity fields in both cases. Fig. 12(a)
shows contours of the steady-state velocity magnitude for the
SC4-27 spindle. The SC4-27 creates a Taylor-Couette flow between
the rotating spindle and the stationary wall. There is a large
circumferential or swirling component to the flow but not a
vertical component. As such, particulates in the flow are not driven
vertically through the gap (in either direction) but rather tend to
sink to the bottom under the effects of gravity.

On the other hand, the instantaneous velocity field for the DHI,
Fig. 12(b), presents a far more complex picture. Here the plot is
showing a snapshot of the velocity magnitude and what cannot
be gleaned from this plot that the outer helix is moving fluid down-
wards, while the inner one is moving fluid upwards. This becomes
clear in Fig. 13, in which the vector length is constant but the col-
our represents the local velocity magnitude (blue is zero, red is
0.061 m s~!). While the figure shows only the vectors on a vertical
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gZIEF?) simulations (<) indicates cases where experimentally there was phase stratification, ¢ where there was a good level of mixing).
SC4-27 DHI
Fluid 10 rpm 100 rpm 200 rpm 10 rpm 100 rpm 200 rpm
f100 & & & ¢ . .
f500 o . & .

(a) (b)

Fig. 12. Contours of velocity magnitude for the (a) SC4-27 spindle and (b) DHI
(right) at 100 rpm.

plane and the view focusses on the mid-height region, the flow is
now entirely 3D in nature and the simple observations and theory
associated with Taylor-Couette flow are no longer possible.

To gain a better understanding of the degree of homogenisation,
the volume fraction of the particulate phase was evaluated once
the volume fraction for both types of spindle had reached a
steady-state. For the DHI, while the velocity is not steady, the dis-
tribution of particles does reach something very close to a steady
state because of the very low settling velocity of the particles in
the highly viscous fluids under consideration. Qualitatively, the

Fig. 13. A close-up of the inner and outer helices of the DHI impellor, showing the
flow vectors on the plane y = 0. Vectors are the same length and the velocity
magnitude is indicated by the color (blue is zero, red is 0.061ms~'). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

results from the numerical simulations, compared very favourably
with the experimental results.

Fig. 14 shows the results achieved using the 100 and f500 fluids
at different rotational speeds for both the CFD model and the
experimental tests. With reference to the figure, the contour plots
of the volume fraction of the particulate phase do bear some sim-
ilarity to the photographs from the experiments that are shown
below them. The highly concentrated zone of particles near the
bottom of the container (indicated by the red region, which corre-
sponds to a volume fraction of 0.08) becomes less apparent when
the angular velocity of the spindle and the viscosity of the fluids
are increased. In fact, the contour range is clipped to a maximum
of 0.08, so although the zone for the f100, 10 rpm case looks small,
it is in fact a very small region of very high concentrations. In this
case, the suspended particles are able to sink to the bottom and
concentrate on the central region where fluid motion is minimal
- see Fig. 12(a).

There is still some stratification of the secondary phase in all the
plots in Fig. 14, which is also apparent in the experimental results.
Two effects are not captured by the CFD model, however. First, the
floating scum of particles on the surface of the liquid are not seen
because the top boundary of the CFD domain is a symmetry bound-
ary - these particles are held there by surface tension effects,
which are not included in the numerical model. Second, the CFD
model does not show the that some particles stay above the nar-
row Couette flow region, as well as falling below it. The gap
between the spindle and the container wall seems to prevent the
particles from settling out, at least on the time scales over which
the experiments were run.

The CFD model confirms that the main issue of using the stan-
dard spindle is that it causes phase separation between the parti-
cles and bitumen leading to misleading viscosity measurements.
This is due to the absence of vertical components of velocity in
what is essentially a flow regime with cylindrical symmetry.
Increasing the fluid viscosity (f500) can also lead to a more homo-
geneous distribution of particles in the liquid and reduces the phe-
nomenon of particles concentration on the bottom. However, it is
not clear that this enhanced mixing is not simply due to the lower
terminal velocity of the particles in the more viscous fluid. A look
at Fig. 10 would indicate that the apparent viscosity for the f500,
100 rpm case had not settled to a constant value and thus a longer
test may have produced more stratification.

A very different picture generally emerges when considering
the DHI impeller (Fig. 15). There is qualitative agreement between
the CFD and experimental data in this case. However, at 10 rpm,
the DHI still produces a noticeably stratified particulate phase.
Again, due to the clipping of the volume fraction at 0.08, the fact
that the red region (indicating volume fractions above 0.08) is lar-
ger than for the SC4-27 cases, then there is some agitation of the
fluid in this region. This agitation is sufficient to keep the particles
partially suspended above the base of the viscometer. Nonetheless,
this level of mixing is not sufficient to render any apparent viscos-
ity measurements reliable. At 100 rpm, a level of homogeneity is
seen in the particulate phase, which indicates that the impeller is
performing its intended task, which is to mix the particulate phase
throughout the device.
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Fig. 14. Volume fractions from the CFD model (top) and experimental images (bottom) for the SC4-27 spindle. The volume fractions range from 0 (blue) to 0.08 (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Volume fractions from the CFD model (top) and experimental images (bottom) for the DHI. The volume fractions range from 0 (blue) to 0.08 (red). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

In this study, the authors used customised laboratory testing
and computer simulations to gain a deeper understanding of the
fundamental mechanisms behind the improved viscosity measure-
ments obtained when using the DHI with rubberised bitumen.
Furthermore, this study look closely at the phase separation issues
that can occur in a wide range of complex fluids. Overall, the
following conclusions can be drawn:

o The experimental programme provided a clearer picture of the
mixing enhancement provided by the DHI when measuring
multiphase fluids composed of a liquid and a suspended partic-
ulate phase. Furthermore, the DHI geometry allows obtaining a
steady apparent viscosity measurement and requires lower
torques. This extends the range of measurable viscosity when
compared to the standard spindle, SC4-27.

e CFD simulations clarified the mechanisms behind the previ-
ously assumed convective flow created by the DHI. In fact, the
analysis of the velocity fields confirms that the central screw
of the DHI drags up the complex system while the external
screw transports the mixture downwards. Results also high-
lighted that with current design, the central screw of the DHI
could be more effective at pumping the fluid vertically - this
leads the way to enhancements in the design.

o The single phase CFD simulations produced values of SMC that
were in close agreement with the experiments of Lo Presti et al.
[19]. In summary, CFD helped to gain insights in the complex
flow regimes and shows potential to be used as a platform to
design new testing geometries for complex fluids as well as
for virtual rheology measurements. In the next future, research-
ers should look with confidence in using CFD as platform for
improving rheometry of complex fluids. The DHI showed to be
a significant step forward from the testing geometries currently
used for viscosity measurements of complex fluids, especially
within product development. The author are looking at improv-
ing the current design as well as performing a campaign aimed
at experimentally testing the viscometer for a variety of
standard viscosity fluids with different particle loadings and
diameters, as well as using complex systems with different
rheological properties. This will allow to produce a library of
results that will mean this rheometry can be used effectively
in the bitumen and other industries for product development
and quality control of these type of complex systems.
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