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Abstract — Skim milk powder is a very valuable industrial ingredient, the properties of which are
dependent on process and running conditions. We studied a powder obtained from a third generation
dryer, its size fractions, and two experimental binary mixes of fractions for physical properties
and use, including flowability. The results indicate special properties for one class, i.e. the
[100-112 um] fraction. The correlation of characteristics is reported, and practical consequences
concerning the process and the quality are discussed.

skim milk powder / size fraction / powder physical property / flowability

Résumé — Propriétés physiques des différentes classes constitutives d’une poudre de lait
écrémé obtenue par atomisation et de leurs mélanges. Une poudre de lait écrémé, traitée sur un
séchoir de 3¢ génération précédant les installations MSD (Multi Stage Dryer), a été tamisée et étu-
diée avec ses fractions sur une panoplie de grandeurs physiques et comportementales, dont celles
d'écoulement. Deux mélanges binaires de fractions, incluant la classe particuliere [100—112 um] ont
été aussi analysés. Les résultats obtenus et I'étude des corrélations entre grandeurs mesurées condui-
sent a des réflexions concretes pour la mesure de la qualité des poudres et le choix réfléchi des ins-
tallations industrielles.

propriété physique / poudre de lait écrémé / granulométrie / écoulement

1. INTRODUCTION powder models, which are far from reality
as they are “monodispersed”. The main dif-
ficulty is that natural powders are very often
“polydispersed” for many characteristics
including, of course, size. Moreover, all the
chemical engineering theories are only
applicable to monodispersed particles, as,
for example, they use only the value of one
diameter to introduce the particle size

Powdered foods are having greater and
greater significance in the food industry.
They can be readily stored and play critical
economical and technical roles in food for-
mulation. Their behaviour is very versatile,
and depends on a great number of factors,

often difficult to control and predict.

Those interested in the theoretical basis
of powder behaviour study very simplified
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within calculations. There is therefore a
need for a practical and experimental
approach.
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The first aim of this study was to estab-
lish an overview of the properties of size
classes for skim milk powder. The initial
approach was to characterise the different
classes for better end-use properties. The
second was to separate classes in order to
obtain a wider scale of properties and the
technological use of the whole fractions,
thus building a sort of discrimination rule.
Food powders are generally a wide mix of
dry particles, with a size dispersion depend-
ing on technological factors characterised
by an average diameter (D,,.,) different

n D

aver;

and with intrinsic properties,

which are always different from simple
addition of initial particle properties.

Another aim was to compare the proper-
ties of the initial size classes and the prop-
erties of some binary mixes of these classes,
with the general purpose of better industrial
management of powder size classes to
extend their use and the market.

Skim milk powder is a special product as
it contains high levels of proteins and lac-
tose. The crystallisation equilibrium and
behaviour of lactose (amorphous, or crys-
tallised with one water molecule) is a major
factor in the evolution of the powder. When
applying our analytical tools to this kind of
product, it was necessary to be very sensi-
tive to the neighbouring hygrometric con-
ditions. Caking and surface crystallisation
of lactose are the well-known possibilities
of evolution that must be avoided by good
control of the physical parameters in neigh-
bouring or storage conditions.

2. MATERIALS AND METHODS

2.1. Products and technological
parameters

Skim milk powder for human consump-
tion was provided by Epi Ingredients (run
of 15/10/01), a large industrial provider in
our region (Ancenis, France). Milk was
pasteurised at 90 °C for 30 s, steam concen-
trated under vacuum to 45% dry matter, and
dried in a spray dryer with incoming air at
204 °C and an outside temperature of 88 °C.

The pulverisation pressure was 180 bar. The
dryer comprised a cylindro-conical cham-
ber where the concentrate was dispersed,
followed by two fluidised beds. The beds
were shaken to obtain more homogeneous
treatment for each particle through the
shearing effects. Storage of samples, class
size sampling and mixing were performed
in closed containers and hermetic glassware
in a temperature-controlled room (20 °C).

2.2. Moisture content of powders
and water activity

Moisture content (4%) was measured
according to the official IDF method [13]
applied to a 5-g sample in a ventilated oven
at 103 £ 2 °C.

Water activity (0.17) was measured at
20 °Cwith an electrical hygrometer (Humidat
RC from Novasina, Pfiffikon, Switzerland).

2.3. Sieving of fractions

Sieving of fractions was performed on a
laboratory sieve machine (“Rotachoc”
from Tripette and Renaud, Villeneuve la
Garenne, France), following the French
norm AFNOR [1], 50 g of sample bein
sieved for 6 min at 120 revolutions-min=*,
and with 71, 80,90, 100, 112, 125, 140, 160
and 180 um sieves.

2.4. Mixing of fractions

Two binary mixes were prepared inside
athree-dimensional manual mixer (Bioblock,
Mlkirch, France) and 1.7-litre glassware.
Two binary mixes (M; and M,) were pre-
pared with 41% of the [100—112 um] frac-
tion and 59% of the [140-160 um] for M
and 38% of the [100—112 um] and 62% of
the [71-80 pum] for M,. We first checked
with the standard deviation value, that the
mix was ready in 3 min. rotation time.

2.5. Size measurements

The average sizes and size distributions
of the different samples were checked with
a laser diffraction Malvern Mastersizer
(Malvern Instruments SA, Orsay, France).
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Size distribution was evaluated directly by
the integrated software with the classical

D90—D10)

dispersion index span (
D50

2.6. Image analysis

Pictures of dry particles on a glass plate
were obtained with a polarised microscope
and a Charge Couple Device camera.

Pictures were digitised with an elec-
tronic card Matrox MVP, and then analysed
with Visilog 5.4 software (Noesis, Courta-
beuf, France). Shape factor was defined as:
F=4mA/P2 with A the projected area of
the particle and P the perimeter. The F value
was 1 for a pure sphere and between 0 and
1 for all other shapes.

2.7. Particle density

Particle density, p,, (also known as Pyye),
was measured with an Accupyc 1330 pyc-
nometer (Micrometrics, Creil, France) using
pure helium, and porosity was calculated as
Ant

e=1- , with an apparent density of
Pp
P ant (P o not tapped) according to the Hoso-

kawa powder flow analyser.

2.8. Physical properties

Physical properties were obtained using
a methodology derived from the behaviour
testing procedures of Carr [3-5] with a
powder flow analyser (Micrometrics Lab-
oratory, Hosokawa, Japan) recommended
by other authors [7, 15] as an analyser with
good reproducibility. The parameters meas-
ured included calculated Hausner ratio, cal-
culated compressibility, angles of fall, repose
and difference, angle of spatula, and flow-
ability and floodability indices (the last two
included in the scale [0-100]).

2.9. Inclined plane

According to Devise et al. [6] and Grain-
dorge [9], the horizontal plane turns to ver-
tical at 1.75 x 103 rad-s-!. The initial
conical powder pile was built on the hori-
zontal plane with the Hosokawa tester
device. We then observed the time of “first

particle slipping” and then the whole pile
slipping (the angles measured were slip
angle 040, and flow angle oy, together
with their difference Dyow = Of1ow — Oklide-

The inclined plane and Carr’s methodol-
ogies both provided angle values which
were interesting to compare.

2.10. Statistical methods

Pearson’s correlation measures the
closeness of a linear relationship between
two variables. If one variable can be
expressed exactly as a linear function of
another variable, then the correlationis 1 or
—1, depending on whether the two variables
are directly or inversely related. A correla-
tion of zero means that each variable has no
linear ability predictive of the other.

The “Statgraphics Plus” software, ver-
sion 5.0, from Manugistics Inc., Rockville,
USA, was used to carry out statistical tests,
and P < 0.05 was considered to be statisti-
cally significant for all statistical tests. This
software makes it possible to compute
ANOVA. Least significant difference (LSD),
which compares average values and aggre-
gates some results in homogeneous groups,
was used to compare results.

3. RESULTS AND DISCUSSION

3.1. Properties of initial skim milk
powder and its sieve fractions

The initial skim milk powder (ISMP)
sample provided the size distribution histo-
gram and cumulated histogram shown in
Figures 1 and 2. Table I gives the size dis-
tribution classes in weight, D50 and the
span values. The powder comprised a mul-
timodal population, with a very high per-
centage of fine particles and particles under
71 um. The fine class contained the highest
number of particles. Many particles are
linked together. Laser size measurement does
not give the structure of these powders. We
do not know whether the constitutive parti-
cles were isolated or presented a co-opera-
tive and/or developing structure. It is very
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Table I. Main size and shape characteristics of the powder and its constitutive classes.

Original sample and Particle size Porosity Shape factor
size classes (um) % in weight D50 (um) Span (%) 0<F<l1

ISMP 66.34 1.93 58.6 0.7827
> 180 4.73 218.38 1.43 63.0 0.6425

160-180 2.62 - - - -

140-160 7.33 137.64 1.23 60.1 0.6075

125-140 7.9 116.63 1.26 59.0 0.6075

112-125 8.9 102.76 1.3 58.6 0.5521

100-112 5.11 98 1.12 56.6 0.5853
90-100 12.7 75.56 1.42 58.7 0.6286
80-90 8.32 78.77 1.18 59.5 0.6283
71-80 8.39 73.69 1.14 57.5 0.5996
<71 33.73 44.73 1.35 60.2 0.6082
Total 99.32

40 -
35
30
25 1

20 4

DDHHHH HH

180 160 140 125 112 100 90 80 71

Mass oversize (%)

o

o

<71

Aperture size (um)

Figure 1. Mass histogram of skim milk powder.

difficult to hypothesise and understand the
connection between the first pulverised lig-
uid droplets of a concentrate and the final
dry powder particle properties, as many unit
operations and some parameter values are
involved.

The quantity of the [160—180 um] class
was not sufficient to be studied through the
analysis. The D50 value of 66 um for ISMP

was low, corresponding to a high number of
fine particles, and 1.93 for span indicated a
very wide size distribution. It is normal for
each D50 to be close to the size limits of
each sieve class, and it is curious that the
largest fraction [90-100 pum], 12.5% in
weight, obtained a low D50 value (75 um).
All these results are a consequence of pre-
vious sieving which separated the classes,
and show the limitations of size measure-
ments by using two methods, i.e. sieving
and laser diffraction.

The shape factor did not present signifi-
cantdifferences for the populations studied.
It can be seen in Figure 2 that the majority
of particles of the size fractions were
agglomerated, and we obtained a kind of
homogeneity for this shape factor. For
ISMP, the shape factor (0.78) was closer to
1 than that of each constitutive fraction.
This result was a consequence of the influ-
ence of adsorbed fine particles which, in the
case of fractions, could separate during the
sieving of size classes. Fine particles are
known to have a negative effect on the prac-
tical end-use properties of a given powder.
They also have a delicate influence on the
perception of shape of agglomerates, as
they can fill holes.
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Figure 2. Cumulative particle size distribution of classes.

It could be thought initially that the larg-
est particles would present the highest
porosity, in view of the geometrical model
of spherical particles. This is true only for
fractions over 180 um. However, segrega-
tion can impose some disturbance inside the
system, and thus explains this kind of result.
The low value of porosity seems discrimi-
nant for the [100—112 um] class. It could be
explained by a better ordering of constitu-
tive particles during drying and better sur-
face regularity or structure.

Fine particles themselves show a good
sphericity as the small droplets of concen-
trate are rapidly dried and “spheronised” by
surface-active forces. But they also agglom-
erate.

For the binary mixes M1 and M2 results
are given in Table II and Figure 3. The
shapes of the histograms differ for M1 and
M?2. The D50 was just below the constitutive
percentage, and the span was very low. It
would appear that some powder structures

change during the mixing of binary popu-
lations. However, the porosity seemed to be
stable. When we observed these particles, it
became evident that they were part of a
structured organisation, depending on their
random meeting. Plasticity of materials
does exist throughout the first drying
period, allowing deformation and stabilised
contacts. Particle associations (agglomer-
ates and aggregates) present multi-orienta-
tion because of many possible factors (e.g.
probabilities, trajectories, number of con-
tacts, and plastic interactions linked to the
real size of each initial droplet). At this
point, a microscopic study of ISMP, frac-
tions and mixes was performed. A selection
is presented in Figure 4. These electronic
pictures indicated that we could perform
complementary image analysis. However,
the microscopic views of each fraction could
not be considered as a real measurement of
the size and shape of the particles, but as a
qualitative evaluation (although they origi-
nated from the quantitative software results).
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Figure 3. Size classes of mixes, M1 and M2, with their three constitutive classes.

Table II. Characteristics of the powder and of the two selected mixes, constructed from two
particle size classes including the [100—112 pum] fraction.

Sample D50 Span Porosity Shape factor
(um) (%) 0<F<1

ISMP 66.34 1.93 58.6 0.7827

Mix M, 132.28 1.16 58.0 -

41% [100-112]

59% [140-160]

Mix M, 92.87 1.03 58.0 -

38% [100-112]
62% [71-80]

There is a degree of chance in the choice of
the particles, and it is too time-consuming
to achieve a valid number of particles in
each sample (theoretically close to 300).

Our long experience of this kind of study
indicates that these results provide very
good and complementary information on
sieve and laser size measurements. Some
particle size measurement companies now
recommend these techniques themselves,
and have developed special equipment for
the pharmaceutical industry.

The study of a milk powder under a
microscope (or a binocular magnifier) is a
multidimensional measurement method, as
many magnifications and changes in the
number of objects studied, light, etc. can be
used. To check homogeneity or identify a
powder, you need low magnification and a
representative high number of particles in
the field. For example, a photograph of the
ISMP can be considered as an identity card
of the particle population, and a valuable
characterization.
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Figure 4. Optical images of the powder and its constitutive size classes. (a) class > 180 pm;
(b) [140-160 pum]; (c) [100-112 pum]; (d) [71-80 um]; (e) class < 71 um (all pictures at the same mag-
nification); (f) class [100-112 um] at a larger magnification: the number of particles included in

the aggregate remains under 10.

3.2. Hausner ratio (behaviour
of powder)

Hausner’s reference study [12] shows
the value of the ratio between the tapped p o
and not tapped p 5, apparent densities of
the powder. p o, and p 5, are easily meas-
ured using the Hosokawa tester, following
Carr’s procedures [4]. Tapping was applied
180 times in 6 min.

Many studies in the pharmaceutical
industry [6, 18] have used the Hausner ratio
as an indicator for the cohesion of a powder.
This index is very dependent on the changes
in structure inside the powder bed, as a con-
sequence of the size, shape and association
of constitutive solid particles. For each
product these changes can be an indicator
of both the differences in processing and in
operational management and machinery
adaptation. This index should therefore be
very valuable in many other industries to
characterise both the powder and the influ-
ence of the dryer, or even just one of these
if the other is constant.

Figure 5 shows that the Hausner ratio
goes down when the average particle size of a

size class goes up, as a function of 1/D

aver’

1,60 y = 3.325x 0218
140 R? =0.9403

1,20 4 *
1,00 §

0,80

Hausner ratio

0,40

0,20 4

0,00

0 20 40 60 80 100 120 140 160 180 200 220 240
Mean size (um)

Figure 5. Variations in Hausner ratio according
to size classes of skim milk powder.

This confirms our previous results [16] with
other powders. Using this size scale for
food powders, larger size is correlated with
lower cohesion, and as a consequence of
less friction and poor Van der Walls forces,
the flow behaviour becomes better and
more homogeneous with more regular shape.
These three factors are of considerable
industrial importance. The Hausner ratio
has also been developed by Geldartet al. [8]
for classification of powders. Each size
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Table III. Properties and characteristics of
[100-112 um] fraction.

L. Mekkaoui

the two prepared mix powders including the

% of  Average Angle Angle Angle Angle Compres- Hausner Density Porosity Particle Loose Tapped
classes size of of of of sibility ~ ratio increase by density density density
inthe mix D50 repose fall difference spatula tapping pycno
(um) ) © (@) ©) (%) (kgm™) (%) (kgm) (kgm) (kgm™)
M1: 41%
[10;)9_}%12]; 1323 408 282 12.7 65.2 14.9 1.18 96 58 1280 543 638
[140-160]
M2: 38%
[10(6);‘17012] 929 432 267 16.5 62.8 23.9 1.31 171 58 1293 544 715
[71-80]
Table I'V. Main properties and flowability and floodability values.
Original sample Compressi- Hausner Geldart Density Poro- Particle  Floodabi- Flowabi- Span Cohesive-
and size classes  bility ratio class increase by  sity density lity lity ness
(um) (%) tapping (%) pycno
(kg-m3) (kg-m™)
ISMP 31.3 1.46 C 250 58.6 1300 75.83 43.0 1.93 48.6
> 180 65a 1.07 a D 30a 63.0f 1290 £ 7241a 61.75e¢ 1.43f 374cd
140-160 157b 1.19b A 103 b 60.1¢ 1280 ¢ 83.66d 59.58d 123c¢ 39.5d
125-140 17.6bc 121D A 107 b 59.0d 1272a  8l.4lcd 5925d 1.26cd 29.6b
112-125 21.0d 1.27¢ AC 148d 58.6¢ 1280 b 804l1c  555¢ 1.3d 352c¢
100-112 17.6 ¢ 1.21b A 135¢ 56.6 a 1273b  81.00cd 6566f 1.12b 255a
90-100 27.1e 1.37d  AC 206 £ 58.7b.c 1282d 7733b 4825b 142f 63.6e
80-90 21.2d 1.27 ¢ AC 149 ¢ 59.5d 1390h  78.58b,c 4941b 1.18b 658¢
71-80 247 e 1.33d  AC 190 £ 575b 1292e  7891bc 4858b 1l.14a 626¢
<71 338f 1.51e C 275 g 60.2 ¢ 1321¢ 7275a 34.67a 135e 73.6f

The same letter following two results (e.g. 3rd column 1.19 b and 1.21 b) means that through LDS tes-
ting these results are not statistically different (P < 0.05).

class therefore has specific and different
properties. For ISMP powder and size classes,
we can apply Geldart’s classification, related
to behaviour in fluidisation. According to
Geldart, for the same product, the decrease
in particle size leads to classes D, A, AC and
C, the lowest size corresponding to the most
cohesive powder. The values that we obtained
for the Hausner ratio (Fig. 5, Tabs. III and
IV) strongly indicate that factors other than
size influence this index. For mixes M and
M,, the Hausner ratio presented the same
tendency, decreasing with increasing parti-
cle size. Variation in this parameter is sen-
sitive to size variations and also to other
factors. Parameter pp,, for mix M; was

lower than that for mix M,, because there
were not enough fine particles to fill the
holes between other particles.

Finally, the behaviour of the mix could
be predicted with the Hausner ratio, as the
Hausner ratio correlated with cohesiveness,
Geldart’s classification [8] for fluidised bed,
compressibility and roughly with flowabil-
ity. The cohesiveness of a given powder
therefore cannot only be explained by par-
ticle size. In this case, lactose, fatty acids,
moisture and other chemical components
also contribute to the inter-particle relation-
ships, and molecule behaviour is also
dependent on the drying parameters that can
induce changes in the physical state.
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Figure 6. Compressibility according to size for
fractions of skim milk powder.

3.3. Compressibility

Compressibility is the ability to reduce
volume by tapping, developed by Carr [4]
as an average and indirect measure of cohe-
sion forces [(1 —P ant/ P ) X 100]. Generally
speaking, a powder with a compressibility
> 28% presents poor flowability and is clas-
sified as cohesive [12]. The results are pre-
sented in Figure 6 and showed nearly the
same tendency as for the Hausner ratio.
Compressibility is normally dependent on
size distribution of constitutive particles. It
can easily be linked to different unit oper-
ations used in powder industries, such as

60 §

504 ¢
m AlLf
a o
+ Als®
—— Polynomial (A1
—— Polynomial (A1
40 | —— Polynomial (A1
—— Polynomial (A1

30 q

Angle (°)

20 4

preparation, compaction, measuring out
and packaging. It also helps to understand
“arching” during storage in bins and silos.

Compressibility for the two binary
mixes (M; and M,) followed the same ten-
dency as the Hausner ratio, declining when
average size increased.

3.4. Study of the different angles

Although the angle of repose is the best
known, further information can be obtained
from the measurements of other angles. All
the results for angles are given in Table V
and their variation in Figure 7.

3.4.1. Angle of repose (Ar)

The angle of repose is the more classical
measurement under gravity proposed by
Carr [4] and has been used for the last fifty
years. It is obtained by control of distribu-
tion through a vibrating sieve, whereby the
powder falls before being stopped by the
horizontal surface, and the falling speed is
regulated by a controlled vibrating sieve.

It is known that this angle is dependent
on size, shape, size distribution, surface
roughness of particles, porosity of the bed,
and on moisture within and in the neigh-
bouring environment [19]. For a value of
angle of repose over 40° the powder is

y=0.0013x - 0.4143x + 84.142
R?=0.8052

y=0.0004 X’ - 0.1215x + 49.228

. R? =0.2199
)\ﬁ_,_/_,_,/«
)

y=0.0002% - 0.0076x + 19.87
R?=0.7151

y=0.0002x" - 0.1139x + 29.356
R? =07728

0 50 100

150 200 250

Average size (um)

Figure 7. Angles according to size classes of skim milk powder.
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Table V. Values of the angles for the different size classes.

Original sample D50  Angle of Angleof Angleof Angleof Angleof Angle  Difference
and size classes  (um) repose fall difference spatula slide of flow  Offow — Oklide
() ©) (@) (@) Olide Oflow
© ©
ISMP 66.3 41.8 20.5 21.3 74.5 13.1 46.1 33
> 180 2184a 404 c 28.6¢ 119a 56.5¢ 240¢g 33.1a 9.1a
140-160 137.6b 393D 20.5b 18.8d 506a 19.0d,e 40.2d 2l.1¢
125-140 116.6c  42.6d 245d 18.1¢ 565¢ 17.5c¢,d 39.1¢c,d 21.6¢
112-125 102.8d 43.5d 23.0c¢c 205¢ 585c¢ 204e,f 358ab,c 154D
100-112 98.0¢e 357a 20.0b 157b 53.6b 208e,f 353a,b 145b
90-100 75.6g  434d 204b 23.0f 563b 227f,g 350ab 123a,b
80-90 78.7f  44.1d 213b 228f 60.3 ¢ 155b,c 38.0b,c,d 22.6¢c
71-80 737h 385D 185a 20.0d 61.5d 143b 375b,c,d 232c
<71 4471 455e 203 b 252¢g 69.4 ¢ 12.8 a 53.0e 40.2d

The same letter following two results (e.g. 3rd column 42.6 d and 43.5 d) mean that through LDS testing

these results are not statistically different (P < 0.05).

considered cohesive and with poor flowa-
bility [22]. There can be difficulties with the
determination of angles with this ISMP:
fine particles which are very sensitive to
friction can produce a new cone on the top
of the normal cone, due to an electrostatic
effect, giving real difficulties in reading.
Moreover, the angles of repose of ISMP size
classes present a particular behaviour. They
should increase with the decrease in size, as
proposed by Wouters and Geldart [22]. How-
ever, classes [100—112 um] and [71-80 um]
did not display this tendency. Other properties
of powder could probably explain this.

The size class [100-112 pm] was really
different from all the other classes as it pre-
sented the lowest value for the angle of
repose. It should therefore have had the best
flowability.

TableIII gives the results obtained by the
analysis of the two prepared mixes (M1 and
M2) to be compared with both the ISMP
and its constitutive size classes. It is easy to
verify for these two mixes that particle size
(D50) plays a role in other properties. The
angle of repose was thus lower for larger
and higher for smaller sizes.

Working with pharmaceuticals, Pilpel
[19] found Ar=AD,,.,"! + B usable for any
diameter, where A and B are constants.

Another model (Ar=a+ b log Dggyer) Was
also proposed by Wouters and Geldart [22].

Neither of these two possible equations
applied to our product. However, the angle
of repose was sensitive, depending on many
parameters, such as fine particle content,
density homogeneity, shape irregularities,
and the shape of particles themselves. The
great number of parameters influencing the
angle of repose for a food powder makes
modelling very difficult. Normally, the angle
of repose is linked to flowability, but as an
integrating measurement, it should be cor-
related with other parameters linked to
flowability, such as the Hausner ratio [22].
It will be seen below that they are not cor-
related. Powder evolution may be the main
factor in the difference (minimisation of
particle interactions and evolution of empty
volume of the powder).

Variations in size of the different angles
are given in Figure 7, together with models.

3.4.2. Angle of fall (Af) and angle
of difference (Ad)

The angle of fall is measured after a
change in angle of repose following a pre-
cise vibration. When the built powder cone
falls, it is normal to interpret that some gas
(generally air) trapped in the structural
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holes inside the powder bed which has ini-
tially been “expanded”, becomes free.

Falls of particles very often become an
avalanche (or successive partial avalanches)
giving a new angle to the slope. A high
value angle of difference (Ar—Af) indicates
that the powder is easily moved at the
beginning of a fall.

3.4.3. Angle of spatula (AS)

The angle of spatula is an average value
between two measurements performed on a
powder after bulk deposition on a horizon-
tal spatula, which is then lifted by a normal-
ised method to minimise bias. A high AS
value indicates very poor flow properties,
as static particles consolidate over time
under gravity and other neighbouring fac-
tors. An AS over 90° often corresponds to
very cohesive powders.

3.5. Flowability and floodability

These indices are behaviour properties,
obtained by simple addition of transformed
values of previous items, following the
Hosokawa methodology according to Carr
[3]. These indices are the weighted addition
of four other previous behaviour measure-
ments [15]. The flowability scale is “uni-
versal”, as ithas been constructed on previous
measurements of 300 different powders,
from [0—19] very poor, [20-39] poor, [40-59]
not good, [60-69] normal, [70-79] good,
[80—89] fairly good and [90-100] very good.
All the dairy powders that we have studied
since 1977 have been under the value of 60,
corresponding to “normal flowability” [15].

3.6. Comparison between ISMP
and its constitutive size classes

Table IV compares properties of the
ISMP and of its constitutive size classes.
Note that a powder presents a normal flow,
without special problems with a flowability
index value of 60. Only the class with
smaller size particles (D <71 um) presented
worse flowability (34) than ISMP (43);
ISMP cannot present good flowability
because of its wide range of particle size
and a high number of small particles.

The size class [100-112 pm] presented
extreme values for each characteristic eval-
uated, such as a low compressibility (17.6%),
the lowest span (1.12), the lowest cohesive-
ness (25.5), and even the lowest specific
weight using the pycnometer, and also a
low Hausner ratio (1.21), together with the
best flowability index with an incredible
value of 65.7. This class should therefore
present high internal homogeneity of particles
and quite “exceptional properties” within
the series studied. This flowability index value
is quite unusual for dairy powders [15].

Classes over 125 um presented flowabil-
ity close to 60 or above (59.3; 59.6; 61.8),
meaning that these powder fractions would
not present technical difficulties for their
processing. They belong to Geldart’s class
A and should behave well during fluidisa-
tion, the main structural operation in the
drying process as it includes agglomeration.

Apart from class sizes under 73 um, each
size class also presented better flowability
than the whole powder itself. This result is
important in itself. Only the fine fraction
(D <71 um) presented another behaviour,
which was easily understandable because
of the cohesiveness of particle systems
obtained with only fine particles [2]. It can
be seen that for this powder homogenising
size of particles through sieving led to new
size classes, each theoretically an identical
product (chemically speaking) but with
specific physical properties. Greater con-
trol of the end use of each fraction can there-
fore be expected from analysis.

3.7. Statistical study and matrix
information

With the ISMP, its different size frac-
tions and the two binary mixes, we obtained
a series of powders of the same composition,
but with different average particle sizes.

Statistical study was applied to evaluate
the effects of dispersion of size classes on
powder properties, using the methodology
that we have already used for milk and egg
powders [9-11, 14] and providing a corre-
lation matrix. Pearson’s matrix correlation
is presented in Table VL.

Carr [3] constructed the concept of flow-
ability on a linear combination from values
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of angle of repose, angle of spatula, cohe-
siveness and compressibility, and thus a
normal correlation does exist. Floodability
is another linear combination of flowability,
angle of fall, angle of difference and dispers-
ibility. This also provides a normal correla-
tion. However, we were above all interested
in other possible correlations which might
appear in the matrix and their significance
in the specific case of ISMP and its size
fractions.

The average size (or D50) was mainly
correlated with flowability (0.6836, P = 0),
floodability (0.6120, P = 0), Hausner
ratio (—0.8150, P = 0), porosity (0.5257,
P = 0.0003), density increase by tapping,
(-0.8815, P = 0), angle of spatula (-0.6131,
P =0), cohesiveness (-0.7112, P =0), com-
pressibility (—0.8253, P = 0), dispersibility
(0.5119, P = 0.0005), angle of difference
(-0.4647, P = 0.0019), angle of fall (0.3882,
P = 0.0111) and angle of flow (0.3477,
P =0.024), but not at all with angle of repose.

Angle of repose itself was almost corre-
lated with span (0.5986, P = 0), cohesiveness
(0.3609, P = 0.0189), porosity (0.3976,
P =0.0091) and angle of spatula (0.3158,
P = 0.0416). The first correlation con-
firmed that heterogeneous particle popula-
tions (or dispersed populations) present a
high value for angle of repose. Because of
size and shape dispersions, the internal
links inside the particle bed are more
numerous with a polydispersed population
which presents more contact points inside
the powder bed.

Angle of fall was highly correlated with
density increase by tapping (-0.4271,
P = 0.0048), angle of repose (0.5326,
P = 0.0003) it was derived from, cohesive-
ness (-0.4492, P = 0.0028), compressibility
(-0.3858, P = 0.0028), span (0.405,
P = 0.0078), dispersibility (0.3503,
P = 0.0229), D50 (0.3882, P = 0.0111),
Hausner ratio (—0.3883, P = 0.0111) and
porosity (0.3371, P = 0.029). Angle of fall
was really an integrated evaluation of the
powder bed behaviour, including many
properties of the constitutive particles.

Angle of difference was normally corre-
lated with the same parameters as the angle
of repose and angle of fall it derived from,
and also with the shape factor (0.3982,

P =0.009), confirming that for these kinds
of dairy powder the shape influences the
particle bed behaviour.

Angle of spatula was correlated with D50
(-0.6131, P = 0), Hausner ratio (0.5057,
P = 0.00006), compressibility (0.5218, P =
0.0004), angle of slide (-0.4678, P = 0.0018),
cohesiveness (0.3908, P = 0.0105) and angle
of repose (0.3158, P =0.0416). This concept
evaluates internal cohesion of a particle bed
when a powder is under the influence of
universal gravity.

The angle of slide was correlated with
dispersibility (0.4337, P = 0.0041), D50
(0.3477, P = 0.024) and porosity (0.3781,
P =0.0136). These factors indicate that the
way we prepare the particle bed before this
measurement (powder pile) must be con-
trolled and constant. The angle of slide was
correlated with the angle of spatula (—0.4678,
P = 0.0018), and highly correlated with
span (0.5936, P = 0). This could be explained
by the fact that the friction of particles on
the slide are dependent on the cohesiveness
of the bed and its roughness. Cohesiveness
and roughness are a consequence of particle
bed structure, which is itself dependent on
size, shape and dispersion. For this partic-
ular skim milk powder, angle of slide was
obtained by the flow of a cohesive mass,
and not by successive avalanches as for
glass ball powders. This indicates a certain
degree of powder cohesiveness and internal
cohesion.

Density increase by tapping was correlated
with angle of spatula (0.5327, P = 0.0003),
angle of difference (0.5435, P = 0.0002),
cohesiveness (0.7615, P = 0), dispersibility
(-0.5224, P = 0.0004) and D50 (-0.8815,
P =0). This last correlation shows that finer
particles more easily become denser, as
their bed is initially more expanded. Such
density increase ability leads to much
greater cohesiveness of the bed.

Cohesiveness was highly correlated with
compressibility (0.7377, P = 0), dispersi-
bility (-0.4133, P =0.0065), D50 (-0.7112,
P =0), Hausner ratio (0.7369, P = 0), den-
sity increase by tapping (0.7615, P = 0),
shape factor (0.6060, P = 0), angle of
repose (0.3609, P = 0.0189), angle of fall
(-0.4492, P = 0.0028) and angle of spatula
(0.3908, P = 0.0105). This could be explained
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by the fact that the shape of particles for
these products influences the contacts and
their number, with a “puzzle effect” explain-
ing cohesiveness. When we studied the rela-
tionships between compressibility and other
factors, then between dispersibility and other
factors, we could understand the opposition
between compression, which induces cohe-
siveness, and dispersibility which requires
no cohesiveness. The main factor which
influences cohesiveness and dispersibility
is the D50, as the bed geometry of model
spherical particles suggests.

The Hausner ratio was first correlated
with the D50 (-0.8150, P = 0) but also with
angle of fall (-0.3883, P = 0.0111), angle
of spatula (0.50057, P = 0.0006), cohesiveness
(0.7369, P = 0) and dispersibility (-0.5181,
P =0.0004). All this confirms the high value
of the Hausner ratio for an integrated charac-
terisation of properties of this kind of powder.

Other integrated concepts developed by
Carr, such as flowability, were correlated
with the shape factor (-0.4203, P =0.0056)
and dispersibility (0.4117, P = 0.0068), fac-
tors linked to the behaviour of a powder in
gas/solid suspension. The factors with the
greatest influence on flowability are com-
pressibility and angle of difference, which
reduce the value of this index, and particle
size (D50) only increases this index.

Floodability also normally followed the
flowability it depended on, and was corre-
lated with D50 (0.6836, P = 0). Fine parti-
cles present a special behaviour, usually
called “dusty”. Dustiness of milk powders,
evaluated by floodability, presents some
difficult problems for transfer, measuring
out of bins, and manufacturing within the
food industry, giving a white coating to all
machinery, and presenting risks of contam-
ination and difficulties in ensuring tracea-
bility. This can also affect certain human
allergies, cleaning methodology and process-
ing, and biological and/or cross-pollution
problems for the process machinery.

4. CONCLUSION

This ISMP, spray-dried and partially
agglomerated during drying, was studied

on the size scale 0-200 um (particularly
70-140 pm after sieving).

The properties of this powder are a con-
sequence of the thermodynamic conditions
of drying, together with the structure of the
constitutive particles induced, whether sim-
ple or complex. The structure and properties
of both particles and powder are partially
connected to the final size of the particles
[21]. The population fractions therefore
present different behaviours. Some of the
measurements we performed concern pri-
mary, genuine or generic characteristics,
such as D50, span or shape factor. Other
characteristics, the behaviour ones, depend
on the previous ones and on the geometrical
or the neighbouring situation [16]. Behav-
iour factors integrate other ones, and should
be explained by the primary factors.

Our results therefore lead to the following
conclusions: although its definition is crit-
ical when applied to a population of differ-
ent particle structures such as those of skim
milk powder, D50 influences the compress-
ibility and cohesiveness of the powder. The
“dispersion index span” influences angle of
repose and Dy, and this can be explained
by the role of the particle interactions and
their number. The shape factor is linked
mainly to cohesiveness, flowability and
angle of difference. These relations are
quite logical [19].

Table VII provides an overall view of the
4 main powders studied, and new compar-
isons. It is possible to extract a special size
class [100-112 pym] from this skim milk
powder by simple sieving. It presented very
good end-use properties in relatively low
proportions (6%), with a flowability value
of 65. Close to monodispersed populations
as a consequence of sieving, all the other
fractions over 112 um also presented normal
flowability performance (without problems
for the industry) that were better than the
initial powder with the poor flowability
value of 43.

Two attempts to prepare binary mixes to
obtain a better percentage of good flowa-
bility powders using this special fraction
failed both with large [140-160 um] and
with fine [71-80 um] particles. However,
the two mixes presented different properties.
Itis now evident that mixing the previously
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Table VII. Comparison of powders and binary mixes (prepared in the same fraction ratio as the

initial powder).

D50 Angle of Angle of Angleof Angleof Compres- Hausner  Gel- Density ~ Porosity Particle  Loose Tapped bulk
Sample (um)  repose fall difference  spatula  sibility ratio dart  increase by density bulk density
©) ©) ©) ©) (%) class tapping (%) Pycno  density (kg-m’3)
(kgm™) (kgm) (kgm)
Mi
41% [100-112] 132 40.8 28.1 12.7 65.1 14.95 1.18 A 96 58.0 1280  543.40 639
59% [140-160]
ISMP 663 418 20.5 20.5 74.5 31.3 1.46 C 250 58.6 1300
Best fraction
[100<D< 112] 98.0 35.6 23.0 15.7 53.6 17.6 1.21 A 135 56.6 1273
M2
38% [100-112]  92.8  43.1 26.6 16.5 62.8 23.89 1.31 AC 171 58.0 1293 544.80 715
62% [71-80]
separated fractions is not a solution to REFERENCES

improve end-use properties. However,
some mix properties may be appropriate for
behaviour in some specific unit operations
such as compression, measuring out from
bins, regularity of flow, packaging, etc. On
the other hand, simple extraction by sieving
of the size fraction [100-112 um], with
fairly good end-use properties, does not
affect the properties of the rest (94%) of the
ISMP.

As the ISMP was obtained with a classi-
cal drying processing plant, and not by
Multi-Stage Dryer processing [17], this
result raises some industrial issues: you can
avoid granulation and still achieve particu-
larly good flowability properties for a small
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pharmaceuticals and chemicals. It could
now also be applied to dairy plants.
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