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Abstract
This paper investigates powder properties that are significant in determining how easily a powder
may be incorporated into water to form a concentrated slurry. The slurryability of a powder is
defined as the time and energy required to prepare a 50 wt% slurry, as well as a threshold
concentration at which it requires 1 kJ to further increase the solid content by 1 wt% at the scale
studied.
Partial least squares (PLS) models relating powder properties to their slurryability are built on a
dataset of thirteen powders. The most significant properties determining slurryability are the
particle pore volume, powder bulk density, and the results of permeability and aeration tests on a
powder rheometer. The d50 particle size and powder cohesion measurements are also relevant in
the models.
By measuring only these six properties the slurryability of two further powders, not included in the
training dataset, were predicted within ±10 %.

Field Code Changed

Introduction
Throughout the process industries there is often a dichotomy between the formulation development
and manufacturing stages of delivering a new product. This leads to issues with the
‘manufacturability’ of a new product as it moves from the laboratory scale into newly designed or
existing manufacturing plants. This is inefficient, as useful data are either lost or not recorded
during the formulation stage, which could be invaluable to the improvement and development of
manufacturing processes. It can also be costly as new products may be sent to manufacture before
they can be successfully made, either requiring extra development work or compromises in product
quality or manufacturing cost. In extremis, the process may even fail due to unpredicted effects of
manufacturing at scale. Such products can include concentrated high solids content slurries, created
by the addition of large amounts of powdered solid (up to and above 50 wt%) to liquid media in a
stirred vessel; these arise in a wide range of industries including paint1, catalyst2, consumer goods3
and aerospace4.
Previously, an optimised geometry was designed to maximise the efficiency of powder incorporation
to prepare concentrated slurries at laboratory and larger scales5,6. However, it was noted that the
scale up of this geometry was strongly affected by a step‐change in incorporation performance that
occurred at approximately 40 wt% for the alumina studied. This value of 40 wt% was observed to be
specific to the type of powder studied and thus may be considered a powder characteristic for an
individual liquid. This study considers a wide range of different powders and uses multivariate
statistical modelling to determine which powder properties drive the point at which this transition
occurs: this should enable the prediction of this transition based on characterisation of new
powders. The ease with which powders are incorporated, defined by how concentrated it is possible
to make a slurry before reaching this transition, is referred to here as the slurryability of that
powder. Raw material properties can significantly impact the behaviour of those materials through

a manufacturing process7,8. However, there are no previous studies considering the effect of raw
powder properties on their ease of incorporation into high solids content dispersions.
The concentration of a slurry has so far been referred to on a wt/wt basis. This is generally how
formulations involving powders are specified, weight being a considerably more reliable measure for
powder quantity than volume, which is dependent upon the previous handling of the powder9–11.
However, volume concentration has been shown to be a better predictor of the slurry rheology, and
therefore the effect of the powder on the behaviour of the system12.
The flow behaviour of fine powders is not trivial, with multiple measurements being required to
characterise powders sufficiently for even simple design calculations13. In this study the powder is
added to water to prepare a slurry. This adds further complication to the forces acting on individual
particles. Due to the presence of three phases at the liquid surface, the interfacial tension between
the liquid and the solid has a significant effect on the complex force balance on the solid. This value
of the interfacial tension is specific to combination of the individual powder and liquid being studied
and can give dramatically different powder wettability behaviour if different liquids or solids are
studied14. In highly hydrophobic solids the high interfacial tension with water can prevent particles
from becoming wetted and thus being fully incorporated15. It can also promote agglomeration of
particles, where air becomes trapped within the agglomerate giving it a lower bulk density than the
solid density, causing it to float even if the solid would sink. The formation of semi‐wetted
agglomerates may also lead to an increase in the apparent volume fraction of the dispersed phase,
with resulting impact on the suspension rheology. This strong impact of wettability on the
behaviour of particles in a solid‐liquid system makes it a key parameter in many sectors. Examples
where this is true include the pharmaceutical sector16 and the food and personal care industries
where the interfacial tension of solids used to stabilise colloidal interfaces is important17–19. The
wettability of a solid is generally indicated as the three‐phase contact angle between the solid,
liquid, and air given by Young’s equation and shown in equation 120:
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Where θ is the three phase contact angle and γ is the interfacial tension between two phases,
denoted as solid (S), liquid (L), and vapour (V).
This contact angle can be measured through several methods depending on the size and shape of
the solid being studied and can generally be classified into three distinct categories: sessile drop,
capillary rise, and direct measurement of the interfacial tension. This last category involves use of
microcalorimetry21 or inverse gas chromatography22; expensive techniques that would only be
available in a specialist research group or facility. Capillary rise methods, based on measuring the
uptake of fluid through a powder bed with time, can be used to measure the contact angle through
application of the Washburn equation23:

̅
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Where h is the liquid height at time t, μ is the liquid dynamic viscosity, and ̅ is the mean capillary
radius. This approach is used frequently for a wide variety of powders24–26. However, researchers
have reported issues when studying powders comprised of porous particles, demonstrating
irreproducible results and effects of the particle porosity and shape on the liquid rise through the
bed2,24,27,28.
Sessile drop methods involve placement of a liquid drop onto the liquid surface and directly
measuring the angle between the solid and the liquid using a camera. This is simple for flat solids.
However, it presents problems for powders, which do not present a flat surface and so the observed
contact angle may not be the actual contact angle, as powder between the droplet and the camera
can obscure the true measurement29. Nowak et al28 compared various capillary rise and sessile drop
approaches for measurement of the three phase contact angle for highly porous solids and found
that the most consistent method involved placing a sessile drop onto a thin layer of powder
dispersed onto a glass slide.

Two multivariate data analysis tools are used in this study. The first, principle component analysis
(PCA), first developed by Karl Pearson in 190130 is a tool used to reduce the dimensionality of a
dataset. It is used herein as a data exploration tool to find powders with similar behaviour and to
map the relationships between various powder properties and powder slurryability. PCA is
frequently used in a wide variety of fields including stock market analysis and prediction in the
finance sector31, image processing32, and pharmaceutical formulation development33. Wang et al34
used PCA to study the effect of powder properties on the performance of a loss in weight powder
feed system.
Partial least squares regression modelling (henceforth referred to as PLS) is a powerful multivariate
statistical technique that looks for underlying latent structures within two datasets, a predictor
dataset (X) and a response dataset (Y). A linear regression model is used to predict the maximum
multidimensional variance in the Y space, explained by a multidimensional direction in the X space35.
PLS has found particular use in the field of chemometrics for spectral calibrations36–38, where the
ability of PLS to comfortably deal with highly co‐correlated X variables (such as spectral bands) and
more variables than observations make it a highly useful tool for building calibrations35. More
recently PLS is finding more use in study of process data, finding complex multivariate relationships
between process and recipe formulation variables39,40. There are multiple ways to consider the
relative effects of different variables in the X space in PLS models. One of the simplest is the use of
Variable Importance in the Projection (VIP) scores, which are defined in equation 341.
∑
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Where d is the number of variables, h is the number of latent variables in the PLS model,
fraction of explained variance in the X space by latent variable k, and

is the

is covariance weighting for

each variable, i, over all latent variables. A cut off threshold is often used for VIP scores, where a
variable with VIP scores < 1 is deemed insignificant41.

This study defines a measure to compare slurryability between a number of different powders. By
measurement of a wide range of powder properties, PLS is used to build a predictive model for the
slurryability of powders based on their bulk and particle properties. This model is validated through
two additional powders which were not part of the datasets used to build the model. VIP scores are
also used to find the most important powder properties dictating the slurryability of a given powder.

Materials and Methods
Materials
In this study 15 different commercially available porous and non‐porous powders were studied to
build and test the predictive multivariate models used. Thirteen of these were used to build the
statistical model, listed in Table 1. The data from remaining two were used to test and validate the
model. The powders were characterised by a variety of techniques which are described below.

Table 1:

List of materials studied

Powder
Name

d10 (μm)

d50 (μm)

d90 (μm)

Skeletal
density
(kg m‐3)

Poured
density
(kg m‐3)

Tapped
density
(kg m‐3)

Mean
pore size
(A)

Pore
volume
(cm3 g‐1)

7.65

25.10

57.30

2432

909

1109

206

0.321

Mixed oxide
1
γ‐alumina 1
α‐alumina 1
α‐alumina 2
Stabilised γ‐
alumina 1
Titania
Magnesia 1
Magnesia 2
Glass frit 1
Mixed oxide
2
Zeolite
γ‐alumina 2
γ‐alumina 3

4.02

18.80

39.30

3352

662

793

107

0.415

11.80

116.00

245.00

2701

313

381

345

1.53

13.50

69.50

147.00

2688

465

567

271

0.78

3.20

21.00

62.40

2731

380

498

181

0.7014

0.03

0.96

3.00

3900

247

357

0

0

2.02

15.46

31.21

3580

651

883

307

0.241

1.98

16.42

33.12

3620

510

690

318

0.251

0.40

3.00

479.60

5389

1124

1337

0

0

3.31

15.01

30.20

6130

1100

1210

289

0.285

1.99

5.02

10.89

2210

450

570

150

0.416

0.81

2.01

21.12

2698

492

679

68

0.147

6.12

47.23

187.65

2701

736

879

71

0.358

Powder Characterisation
Particle size was measured by laser diffraction using a Malvern Mastersizer 3000 (Malvern
Instruments, UK) using a dry dispersion module. The results are reported as D10, D50 and D90 which
represent the size at which 10 %, 50 %, and 90 % respectively of the solid volume in the powder
sample is comprised of particles with an equal or lesser volume than a sphere of that diameter.
Multiple density terms are considered as no individual definition of density can describe all the
necessary features of an individual powdered solid. The first density measurements considered are
the poured and tapped bulk density measurements, bulk powder density values measured using a
measuring cylinder with a known mass of powder carefully poured into it to give the poured density.
This cylinder is then tapped 2000 times using a Tapped Density Tester (Copley Scientific, UK). These
were used to calculate the Hausner ratio, H, (equation 4) 11 and Carrs Index, C, (equation 5) 9 as:
# 4

100 1
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These values are often used as rule of thumb metrics to determine the flowability of a powder, with
HR values > 1.25 and CI values > 25 indicating poor flow. These values are clearly related and will
show a significant degree of co‐correlation. However, this is easily handled by the multivariate
statistical approaches used in this study so there is little reason to neglect either.
Skeletal density measurements, a measure of the density of the pure solid material, neglecting inter‐
and intra‐ particle pores, were taken using helium pycnometry. Mean pore diameters and pore
volumes were measured using nitrogen adsorption BET.

Powder Flow Characterisation
Powder flow characterisation was carried out in two different types of equipment: a shear cell for
quasi‐static behaviour and a powder rheometer for dynamic characterisation. The rheometer was

used also to assess powder aeration and compressibility as well as permeability of a compact
powder bed.
Shear Cell
A Brookfield Powder Flow Tester (PFT) (AMETEK Brookfield, USA) was used to perform shear cell
measurements on the powders. The test consists of three steps: (1) pre‐compaction of a pre‐
prepared uniform powder bed to an initial consolidation stress, (2) the powder is sheared until a
steady state is achieved, this is the preshear point, (3) the normal stress is then reduced and the
yield point is again found by applying a shear stress to the powder bed. This is repeated for five
normal stresses to give a yield locus, as shown in Figure 142. This test is repeated at normal
consolidation stresses of 15 kPa, 9 kPa, 6 kPa, and 3 kPa to give four yield loci.
A Mohr‐Coulomb analysis approach is used, where a linear regression is fitted to the yield locus. The
slope of this linear regression, φ, is an estimate of the powder internal angle of friction. Two Mohr
circles are used to find the flow function of the powder. The first of which passes through the origin
and is tangential to the yield locus defines the powder unconfined yield strength, σc, as shown in
Figure 142. The second Mohr circle is drawn tangential to the yield locus at the preshear point and
defines the major principal stress, σ1. The powder flow function (ffc) is defined as the gradient of a
plot of the major principal stress against the unconfined yield strength. Figure 2 shows a guideline
of how the flow function of a powder corresponds to how easily it is likely to flow.

Figure 1:

Example yield locus of a powder bed 42
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Figure 2:

Guideline flow function values for different powder flow regimes

Freeman FT4 Powder Rheometer
A series of tests were carried out on a Freeman FT4 powder rheometer (Freeman Technologies, UK).
For each test the powder is first conditioned in the rheometer by a helical blade, shown in Figure 3,
moving up and down through the powder bed three times at a tip speed of 60 mm s‐1 to give a
uniform powder bed and to remove the handling history of the powder43. Four different tests are
carried out in the FT4, all of which are preceded by this conditioning stage: the compressibility test,
the permeability test, the flow energy test, and the aeration test.

Figure 3:

Freeman FT4 powder rheometer helical impeller blade used for conditioning and measurement

In the compressibility test the powder is subjected to a normal pressure up to 15 kPa for one minute.
The powder compressibility is given as a function of the change in powder bed volume:

%

100

# 6

Where Vi is the powder volume after conditioning and VC is the compressed powder volume.
In the permeability test air is passed through the powder bed after the conditioning step at a flow
rate of 2 mm s‐1. The powder bed is compressed at 15 kPa during this test. The permeability of the
powder is indicated by the measured pressure drop across the powder bed, with a low pressure
drop indicating a high permeability powder bed. The permeability of a powder bed is proportional
to the bed porosity and particle diameter squared using Darcy’s law and the Kozeny‐Carman
equation respectively44,45.
In the basic flow energy dynamic test the powder is initially conditioned. Following this the impeller
is passed down through the powder bed at a fixed velocity. The energy required for the powder to
flow during this test is measured by the torque on the impeller and the normal force exerted on the
base of the instrument. Higher flow energies indicate a higher level of mechanical locking and
friction, this would indicate powders with higher angles of internal friction that are less likely to flow
easily. This test is repeated three times with a conditioning stage in between each measurement.
The aeration test is similar to the basic flow energy test. In this test the powder is fluidised where
possible, if not it is simply aerated, and the normal dynamic test is carried out. The test is repeated
three times at air flows decreasing from 20 mm s‐1 to 0 mm s‐1. At each air velocity the flow energy
is measured three times, with a conditioning stage between each measurement. The aeration index
is the ratio of flow energy under fixed bed conditions46, i.e. air velocity = 0 mm s‐1, and the flow
energy under full fluidisation where possible, or at 20 mm s‐1 where the powder will not fluidise.
This measurement is used to give an indication of how the powder behaves when aerated, with high

aeration indexes suggesting that the powder is easily aeratable and does not remain cohesive whilst
aerated, allowing the impeller blade to easily move through the bed.

Powder Wetting Characterisation
Contact Angle
To measure the powder contact angle with water the method shown by Nowak et al28 to be most
appropriate for use with highly porous powders was used. A thin layer of powder was adhered to a
flat surface using a spray adhesive. Particles not firmly attached to the slide 30 seconds after
application were removed. The size of the liquid drop was chosen such that the mean capillary
length, a, defined in equation 7, was larger than the radius of the droplet. This is done to make the
effect of gravity negligible when compared to capillary effects47. The capillary length of water is 2.7
mm so a 10 μL droplet was used for all solids, giving a droplet with radius approximately 2.3 mm48.
2

# 7

A KRUSS Drop Shape Analyser (DSA) 100 (KRUSS GmbH, Germany) was used to place the droplets on
the powder surface and measure the resultant contact angle. Each measurement was repeated 25
times for each powder due to the possible complications in contact angle measurement of powders,
such as powder between the droplet and camera obscuring the true contact angle, described above.
The values stated are the mean of all measurements. An example DSA image is shown in Figure 4.

Figure 4: Example sessile drop sat on a powder bed

Slurryability Measurement
Slurryability was measured in a 5 L cylindrical stirred vessel with the geometric configuration that
was found previously to incorporate powder most effectively into high concentration slurries5,6. This
geometry is shown in Figure 56 and comprised a stainless steel flat‐bottomed cylindrical mixing
vessel with diameter, T = 0.17 m, a down‐pumping pitched blade turbine (PBT) impeller with a
diameter, D, of 0.085 m (D/T = 0.5). Off‐bottom clearance, C, (measured to the middle of the
impeller) was 0.085 m (C/T = 0.5; C = D). The impeller was placed off‐centre, E, by 0.1 T (0.017 m)
and tilted, α, by 10o. No baffles were used. The impeller speed, N, was fixed at 450 RPM.

Figure 5:

Mixing vessel schematic6

Slurryability was assessed by measuring the time taken to add 50 wt% powder to a given vessel.
Prior to the start of the experiment the vessel with filled with 3.86 L of water and 3.86 kg of powder
was weighed out into fifty × 77 g aliquots using a KTron KT20 loss in weight powder feeder
configured to deliver a constant total mass. This allowed tracking of the amount of powder added to
the vessel with time. The powder was added to water the stirred vessel described above up to 50

wt% as quickly as possible, adding each subsequent aliquot to the liquid surface as soon as the
previous powder had been drawn down and incorporated into the slurry. The time and energy
required to prepare a 50 wt% slurry was measured in this way for all powders studied. The
slurryability of each powder was measured three times, the values used are the mean of these
repeats.
The impeller shaft torque was measured using a calibrated Binsfield TorqueTrak 10k wireless strain
gauge. The impeller power, P, was found from the shaft torque, Γ, as:
2

# 8

The measured torque, and so impeller power draw was found to fluctuate by ±5 % of the reading
value. All values used are the moving average value recorded over 1 s at a sampling frequency of 10
Hz.

Multivariate Analysis
Multivariate data analysis was carried out using JMP statistical software (SAS Institute Inc., UK). The
data were first normalised using Z‐score normalisation (or auto‐scaling) as the different properties
measured all have different units and scales. Z‐score normalisation centres all the data around 0,
with a standard deviation of 1 and is done simply by applying the following to all measurements:

,

,

̅
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Where Z is the normalised value, x is the measurement of the ith property for the mth powder, ̅ is
the property mean for all powders, and s is the standard deviation of that property across all
powders.
Principal component analysis is used as an exploratory tool to find trends and patterns within the
dataset. PCA works by reducing the dimensionality of the dataset by orthogonal transformation,
reducing the total number of variables to a set of orthogonal principal components (PC). The first PC

(PC1) describes the largest possible variance within the dataset, with subsequent PCs describing less
variance with increasing dimensions. Each subsequent PC is orthogonal to all preceding PCs.
Partial Least Squares regression (PLS) works in a similar manner, reducing the number of dimensions
in both the predictor (X) and response (Y) datasets into a series of orthogonal structures. The Y
structures are then regressed onto the X structures to give a covariance matrix relating the two using
a Nonlinear Iterative Partial Least Squares (NIPALS) algorithm. Leave‐one‐out cross‐validation was
used during this analysis. This involves calculating potential models whilst leaving out one of the
observations (in this case leaving out a powder). The response, based on each model, is predicted
for the left‐out observation to give a residual between the predicted value and the measured value.
This is repeated for all observations, giving a total precision value, given as the root mean squared
error of cross validation (RMSECV). This is repeated testing a different number of latent variables in
the two structures. The optimum number of structures is determined as that which gives the lowest
RMSECV value, whilst explaining as much of the variation in the Y block as possible (in terms of R2).
VIP scores are then calculated using equation 3, shown above, to calculate the relative importance
of each of the individual predictor variables studied.
PLS is a particularly effective technique for this application as it effective at handling co‐correlation
between predictor variables. This is important here due to the inevitable relationships between
different powder properties. For example, as stated above, there is clearly a strong correlation
between Hausner Ratio and Carr’s Index. However, there will also be other significant related
variables such as particle porosity and bulk density, many of the various dynamic flow properties,
and particle size values and pressure drop measurements.
PLS models can be improved by removing noise in the original dataset. VIP scores can be used as a
variable selection method to indicate which of the initial variables are likely to contribute only noise,
and which contribute useful variance. Therefore, the PLS algorithm is run over the dataset twice.
Once to find an initial model, calculating VIP scores of all variables. Insignificant variables (those

with a VIP score < 1) are then removed from the dataset and the model rebuilt. This will provide an
improved model, with less overfitting49.
The performance of the predictive models built using PLS can be considered by calculating the root
mean square error (RMSE) between the predicted and measured values of slurryability. RMSE is
calculated as:

1
,

,
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Where N is the number of powders studied.
In order to validate the models built using partial least squares regression analysis two extra
powders were studied, a zeolite material (zeolite 1) and another mixed oxide (mixed oxide 3). These
powders were not included in the training sets used to build the models and so are used to study the
applicability of the models outside of the original training set of powders.

Results and Discussion
Powder Characterisation
Table 1 gives the particle size, bulk density, skeletal density, and pore volume measurements for
each of the thirteen powders studied in the training dataset. These powders were chosen to give a
wide range of properties, as shown for all of these measures in Table 1.
Figure 6 shows the shear cell measurements at an initial consolidation stress of 15 kPa. The flow
function coefficient is used to characterise how easily a powder will flow, with larger flow functions
indicating easier flow, as shown in Figure 2. The glass frit showed the highest flow function
coefficient, indicating it is the best flowing powder. The various alumina powders studied generally
showed the lowest flow function values. The glass frit also showed the highest cohesion, with the

magnesia powders and mixed oxides also showing reasonable cohesion. Again, the alumina
powders showed the lowest cohesion values.
Figure 7 shows the basic flow energies and aeration energies of the initial 13 powders studied. The
glass frit and mixed oxide 1 required the most energy to flow, whereas the titania powder sample
required the least. Many of the powders were found possible to fully aerate during the test, with
the glass frit, mixed oxides, and γ‐alumina 2 being the only powders where it was not possible. This
meant that most of the powders showed a significant aeration index as the energy required to make
them flow dropped considerably when they were fully aerated.
Figure 8 shows the compressibility and pressure drop measurements from the Freeman FT4 powder
rheometer. The magnesia and titania proved to be the most compressible, with the mixed oxides
and alumina powders showing little tendency to compress.

Figure 6:

Shear cell measurements for initial 13 powders

Figure 7:

Basic flow energy and aeration energy test results from the Freeman FT4 for initial 13 powders

Figure 8: Compressibility and pressure drop tests from the Freeman FT4 for the initial 13 powders

Slurryability and powder ranking
In order to model the effect of powder and particle properties on the slurryability of a powder, a
definition of powder slurryability is required that allows direct comparison between powders. The
slurryability of a powder is defined in three ways:
1. t50

The time required to prepare a 50 wt% slurry.

2. E50

The cumulative specific energy required to prepare a 50 wt% slurry.

3. X11

The solid content at which it requires more than 1 kJ to raise the slurry
solid content by 1 wt%.

These three approaches are shown graphically for three example powders in Figure 9, Figure 10, and
Figure 11 respectively. Figure 9 shows the time taken to add powder to the vessel up to the final
solid concentration of 50 wt%. t50 is defined as the time value of the final point of the curve. Figure
10 shows the cumulative energy required to incorporate powder into slurry. This energy is
calculated using the measured impeller torque and mixing time. E50 is defined as the cumulative
energy value of the final point of the curve. Figure 11 shows how this energy requirement increases
with increasing solid content and defines X11 as the solid content when the curve for each powder
crosses 1000 J %‐1.
All three measures show a significant reduction in the slurryability of the powders considered as the
solid content is increased, as seen by a turning point in all curves. These turning points align with the
step change in incorporation performance that occurs as the solid concentration increases and the
mechanism of incorporation changes as noted previously 5,6.
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Figure 9:

Slurryability approach 1 – time taken to prepare a 50 wt% slurry
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Figure 10:

Slurryability approach 2 – total energy required to achieve a 50 wt% slurry
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Figure 11:

Table 2

Slurryability approach 3 – solid content at which it requires at least 1 kJ to raise the solid content of the
slurry by 1 wt%

Table 2 shows the slurryability measurements for each of the thirteen initial powders. There was a
significant range in powder slurryability within the dataset with slurry time to prepare a 50 wt%
slurry at 6 minutes for the easiest powders (γ‐alumina 1 and Mixed oxide 1) and over four hours for
the least slurryable powder studied (Stabilised γ‐alumina 1).
Table 2:

Measured slurryability values

Powder Name

Slurry Time
(mins)
6.2
6.0
212.0
171.3
250.0

Slurry Energy
(kJ kg‐1)
0.12
0.11
28.2
22.4
34.5

Threshold
Concentration (wt %)
48.2
48.8
32.1
38.2
25.1

Mixed oxide 1
γ‐alumina 1
α‐alumina 1
α‐alumina 2
Stabilised γ‐
alumina 1
Titania
92.6
9.9
41.3
Magnesia 1
7.1
0.25
47.3
Magnesia 2
75.5
1.2
41.5
Glass frit 1
21.3
1.3
46.2
Mixed oxide 2
8.1
0.8
47.6
Zeolite
15.1
0.21
45.2
γ‐alumina 2
131.2
17.8
39.2
γ‐alumina 3
21.8
3.2
43.2
Figure 12 shows the relative rankings of each powder in terms of their slurryability ranked from most
easily incorporated to most difficult for each of the three measures of slurryability described above.
It is clear that for most cases all three metrics give similar rankings of each powder.

Figure 12:

Relative rankings of each powder in terms of each slurryability measure with 1 being slurry time, 2
slurry energy, and 3 threshold concentration

Univariate Analysis
The most likely powder properties governing how easy a powder is to incorporate are the volume
concentration and the interfacial tension with the liquid into which the powder is being added. Each
of these can be studied in isolation.

Powder Density
Figure 11 shows the energy to increase the solid content of three slurries by 1 wt% of three powders
with different slurryabilities as their solid content by weight is increased. Figure 13 shows the same
three powders with the slurry solid contents expressed by volume. The two alumina powders appear
to behave similarly when normalised by their volume, with their X11 occurring at around 50 vol% for
both powders. However, the titania powder does not, reaching a considerably higher solid content
of 71 vol% before it requires 1 kJ to add an addition 1 wt% of powder.
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Figure 13:

Energy to increase the solid content slurry by 1 wt% against the slurry solid volume concentration

Contact angle
Figure 14 shows the measured three phase contact angle plotted against the threshold slurry
content slurryability measure. It is clear there is little trend between the contact angle with water
and the slurryability of a powder, indicating that the interfacial tension between the solid and the

liquid has little efffect in how
w easy that powder is to
t incorporate. Howevver, given that measurring the
contact angle forr porous po
owders is no
otoriously difficult,
d
it iss it is difficu
ult to draw a firm conclusion.
An improvementt to this study would be to repeatt this measu
urement using a numb
ber of different
liquidss, with a wiide range off dispersivee and polar surface ten
nsion compo
onents to fiind the solid
d
surfacce free enerrgy for each
h powder, as
a described
d by Owenss, Wendt, Raabel, and Kaelbe50–52.
It is clear that, altthough som
me differencces in slurryyability can be explained when lo
ooking at
propeerties in isolation, there
e will alwayys be exceptions. This is
i because the
t system being studied is
complex and can
nnot be desccribed by a single prop
perty. Thereefore, a multivariate approach is needed.

Figure 14:
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Multivariate an
nalysis
Princiipal Compo
onents Anaalysis (PCA
A)
Figuree 15 shows a PCA score
es plot for the
t first two
o principal component
c
ts within the dataset,
explaiining the reelationships between the sampless in the firstt two principal compon
nents. Pow
wders
that are similar w
will be clustered in multivariate sp
pace, visualised by their similar sccore values.. These
first tw
wo compon
nents accou
unt for 58.6 % of the vaariation meeasured with
hin the pow
wder properties,
with 74.3
7 % of th
he variation described by three prrincipal com
mponents, aand adding more principal

components beyond three describes relatively little extra variation for each PC added. This suggests
that three principal components are required to suitably describe the measured variation between
the powders, with the first two describing the majority of the variation. It is interesting to note that
the different mixed oxides, magnesia, and α‐alumina powders are clustered with one another in
pairs, suggesting that these pairs are similar powders. The most unique powder of all appears to be
the glass frit, which sits by itself with a high value in PC1.

Figure 16 shows the loadings plot of each of the measured powder properties. In the loadings plot,
points close together suggest correlation whereas points in opposite quadrants (i.e. directly opposite
one another through the centre of the plot) show anti‐correlation. Points in adjacent quadrants
show little or no correlation to one another. This is demonstrated clearly by the three slurryability
measures, where slurry time and slurry energy are closely correlated and strongly anticorrelated to
the threshold concentration (which responds in the opposite direction to slurry time and energy as
powders become harder to incorporate). Some powder properties clearly cluster into sensible
groups. For example particle size measurements cluster together with the pore volume, showing
correlation, as do the Carrs Index and Hausner Ratio. Many of these are expected, as mentioned
previously, showing strong co‐correlation between measured variables. The angle of wall friction,
powder flow function, and powder compressibility show little correlation with any other parameter.
It is important to consider the standard deviation as well as the mean because more variable
powders may behave differently than consistent powders, something not described by the mean
value alone. However, most standard deviation and mean values appear strongly correlated due to
their close proximity in
Figure 16. This is likely because the value of the standard deviation is likely to scale in magnitude
with the mean.

It is interesting to note the lack of correlation between the D10 and D50 values with the D90 values.
This is likely because the PSD is being normalised by volume, where a single large particle can
contain a significant amount of the measured volume, having a particularly strong influence on the
value of D90 but not on either the D50 or D10. This is most strongly seen in the glass frit powder, which
has the lowest D10 and D50 values of all powders studied but the highest D90 value.

Figure 15:

PCA scores plot

Figuree 16:

Loadings plot for first two principal com
mponents

Partiaal Least Squ
uares (PLS)
Partiaal least squaares regresssion modelling was app
plied to thee entire training dataseet of 13 origginal
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ncluded 34 predictor
p
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t mean an
nd standard
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The m
most significcant variables in the prrojection incclude the pore volumee, pressure drop test reesult,
bulk d
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nd powder cohesion. The
T plots in
n Figure 18 show the measured
m
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of all three slurryability
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y measures from this model.
m
Slurrry time and
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Figuree 17).
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Figure 18:

Measured vs predicted slurryability values in terms of slurry time (a), slurry energy (b), and threshold
concentration (c) for initial PLS model

The resultant VIP scores for the new model are shown in Figure 19. The pore volume and pressure
drop measurements remain the most significant parameters, with high importance still given to the
bulk density measurements. In this new model, most of the bulk powder flow measurements, such
as flow function, basic flow energy, aeration energy, and aeration index drop below the VIP
significance threshold of 1.
Figure 20 shows the predictive performance of this new model for the three measures of
slurryability. The prediction for the threshold concentration measure gives a strong performance for

all pow
wders studied. The slu
urry energyy prediction
n also showss strong perrformance, although some of
the veery easiest tto incorporate slurriess show less sstrong pred
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he slurry tim
me predictivve
perforrmance is weaker
w
than
n the other two. This is, again, mo
ost evidentt amongst the easiest to
t
incorp
porate slurrries, with magnesia
m
1p
predicted ass having a negative
n
slu
urry time, which
w
is obviously
unrealistic. Tablee 3 shows RMSE valuess for both models,
m
showing the errror betweeen measureed and
prediccted slurryaability valuees. As descrribed abovee, the predictive performance imp
proves wheen noise
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moved in thee second model for bo
oth the slurrry energy an
nd thresholld concentrration
measu
urements. However, the
t slurry time predictive perform
mance dropss.
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Figure 20:

Measured vs predicted slurryability values in terms of slurry time (a), slurry energy (b), and threshold
concentration (c) for second PLS model

Table 3:

RMSE values for the two models

Slurry time

Slurry energy

Threshold concentration

Initial model RMSE

26.6

4.28

2.64

Second model RMSE

33.4

2.72

1.96

The VIP scores in Figure 17 show the key powder properties that affect how easily the powder may
be incorporated. The four most important properties are the pore volume, pressure drop, aeration

energy, and bulk density. Knowing this, it is possible to hypothesise some physical meaning behand
why these properties are important.
As described above, the powder content is described in weight fraction as this is the easiest to
measure and matches formulation specifications. However, volume concentration of the dispersed
phase(s) is important in the behaviour of any multiphase system. This makes explaining the
importance of the powder bulk density trivial, as powders with low bulk densities will ostensibly
occupy a larger volume for the same weight content as powders with higher densities. This is clearly
shown as powders with low bulk densities such as the titania, stabilised γ‐alumina, and α‐alumina 1
proved to be some of the hardest to incorporate powders, based on their slurryability measures
shown in Table 2.
The significance of pore volume is also relatively simple to explain, as particles with significant
porosity are likely to occupy a larger volume until the pores fully fill with liquid. This means the
particle will act as a less dense particle initially. The presence of air inside the particle is also likely to
increase the buoyancy force on the particle as it hits the liquid surface when initially added to the
vessel. This increased buoyancy force will make it harder to draw the powder down into the fluid
and incorporate it into a slurry. The presence of pores also generates the possibility of a dynamic
effect to occur, where even after the particles are incorporated, whilst the pores are still filling with
liquid they occupy a larger volume in the slurry. This gives a temporarily higher solid phase volume
concentration, increasing the slurry apparent viscosity and making it more difficult to add additional
powder until the air inside the pores has been displaced. This effect is described by Wood et al5.
The importance of the aeration energy and pressure drop measurements in the models is slightly
harder to explain physically. However, as the powder is poured onto the liquid surface, it is possible
that less aeratable powders have a tendency to cluster as they are poured and aerated. The
consequence of this is that as the powder hits the liquid surface and begins to wet, clustered
particles are more likely to form semi‐wet agglomerates on the free surface. Wood et al5 showed

that formation of large agglomerates on the free surface was one of the main hindrances to
increasing the solid content of a concentrated slurry.
Figure 16 shows that the pressure drop measurements are strongly anti‐correlated with D10 and D50
values. The Kozeny‐Carman equation indicates pressure drop is dominated by bed voidage and
specific surface area. Wide size distributions will lead to lower voidages while increasing amounts of
fines will lead to higher surface area; both of which contribute to an increase in pressure drop. It is
apparent therefore that the presence of fine particles has a strong negative impact on the
slurryability of a powder as the extra surface they provide increases the complexity of the slurry
rheology. The presence of these fine particles may well be seen more effectively by measurements
of low permeability than in volume weighted particle size distribution (light scattering‐based)
measurements, explaining why pressure drop and not D10 is significant in the models.

Model Validation
Another mixed oxide powder and a zeolite material not included in the original training set of 13
powders were studied to assess the applicability of this PLS model beyond outside of the original
data set and provide validation of the PLS model. The results from measurements of the identified
key parameters for these powders are shown in Table 4.
Table 4:

Relevant properties of the two validation powders studied

Property
D₅₀ (μm)
Poured Density (kg m‐3)
Tapped Density (kg m‐3)
Cohesion (kPa)
Aeration Energy (mJ)
Pressure Drop (mBar)
Pressure Drop stdev
(mBar)
Pore Volume (cm³ g‐1)

Zeolite
Mixed
1
oxide 3
33.2
60.4
443.2
943.5
394.6
799.6
0.121
0.095
4.2
17.3
10.3
29.6
3.54
0.842

7.21
0.302

Figure 21 shows the plots from Figure 20 with these two validation powders added. In absolute
terms all three slurryability metrics are well predicted, lying close to the measured = predicted line.

Table 5 shows absolute and percentage error for both validation powders for all three metrics. The
mixed oxide 1 powder showed high percentage error for both slurry time and energy, although this
is because it is amongst the easiest to incorporate powders, where slurry time and energy
requirements are low and so small absolute errors give large percentage errors. The threshold
concentration slurryability is well predicted for both powders, with an error of less than ±10 %.

Powder

Slurry time error
Absolute
(mins)
11.3

Percentage Absolute
(%)
(kJ kg‐1)
77.3
0.7

Threshold concentration
error
Percentage Absolute (wt%) Percentage
(%)
(%)
99.2
2.3
5.3

‐27.3

‐16.3

‐12.4

Slurry energy error

‐2.4

2.9

‐8.6

Predicted Threshold Concentration (wt%)

Predicted Slurry Time (mins)

Mixed
oxide 1
Zeolite 1

Absolute and percentage error in predictions for the two validation powders

Predicted Slurry Energy (kJ/kg)

Table 5:

Figure 21:

Measured vs predicted slurryability values for two validation powders in terms of slurry time (a), slurry
energy (b), and threshold concentration (c) for second PLS mode

Conclusions
This study has used multivariate statistical modelling techniques to elucidate the most significant
powder properties determining how easily a given powder may be incorporated into a high solid
content slurry in a stirred vessel. The ease with which a powder is incorporated into a slurry is
defined here as the slurryability of the powder and is measured in three distinct ways: firstly, the
time required to achieve a 50 wt% solid content slurry in a fixed vessel geometry configuration,
secondly the energy required to achieve the same. The third metric considered is a threshold slurry
concentration at which it requires more than 1 kJ to increase the solid content by a further 1 % in
the vessel studied.
Partial least squares models are built which predict the slurryability of a powder based on its key
properties. The most significant properties, based on variable importance in projection scores, are
the particle pore volume, the pressure drop result of the Freeman FT4 powder rheometer
permeability test, the powder aeration energy, again measured on the Freeman FT4 powder
rheometer, powder tapped and poured density, and the d50 particle size of the powder. By
measuring these six properties it is shown to be possible to predict the slurryability of two validation
powders, not present in the original training dataset, to an error in threshold concentration of ±10
%.
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