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Flow properties of industrial dairy powders
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Abstract — This paper is a review of the flowability of dairy powders and of the existing methods for
the measurement of flow of powders. Their application to dairy powders is discussed and followed by
some recommendations. The physical properties tester from Hosokawa is today the best for dairy
powder flowability measurements. Results for 53 dairy industry powders are presented and dis-
cussed.
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Résumé — L’écoulement des poudres de produits laitiers. L’article étudie et classifie les méthodes
de mesure de I’écoulement des poudres, et s’intéresse a leurs possibilités d’application aux poudres
laitiéres. Il analyse et discute les difficultés, risques d’évolution de produits et hétérogénéité des prati-
ques, et insiste sur les diverses précautions a prendre. De 1’analyse comparative des méthodes se
dégagent quelques recommandations relatives a 'usage et I’exploitation des résultats. Cette compa-
raison conduit a recommander la méthode de I’analyseur de propriétés physiques Hosokawa. Les me-
sures de propriétés comportementales, indices d’écoulement et de foisonnement (propriétés
fusantes) de 53 poudres d’industries laitiéres sont présentées avec d’autres éléments de caractérisa-
tion et discutées.

Ecoulement / poudre laitiére / propriété physique / méthode / comportement

1. INTRODUCTION powder. This extension works for semolina,
but not at all for icing sugar or flour as ex-

The common sense idea of flow is un-  amples. The main reason is the cohesion of
derstood well when you are emptyingabot-  the small particle powders, and eventually
tle of water (or wine), and can be extended ~ arching. The flow of powders is an impor-
to a similar situation of a bottle full of solid ~ tant industrial problem. Historically, the
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pharmaceutical industries, making many
industrial products from basic powders,
met the “flow problem”. Research devel-
oped early to improve the flow and get prac-
tical results, reported by Neumann [24].
The initial work led practically reducing
each powder (with a certain distribution of
particles) to a “quasi-model powder”. This
simplification is based on size control and
the use of sieving techniques. In a way, this
industrial solution stopped the research on
understanding the flow behaviour of real
powders. Then an intensive and legal use of
glidants (silica and stearates) became the
second solution [9].

Today we are still in this situation with
dairy industrial powders, also called milk
powders. They can neither be considered as
model powders, because they often have
large scale granulometries coupled with
structural changes, nor as a “homoge-
neous” family as they are so diverse in
chemical content.

Generally speaking, flow (which means
difficulty or ability in flowing, and also be-
haviour all along the flow) is an averaged
behavioural property of the heterogeneous
particle population of a given powder. Each
powder itself presents a very significant
number of acting and influencing behav-
iour parameters, characterising the single
and the bulk materials. For each parameter,
adispersion does exist and is very often for-
gotten. This dispersion, a “supposed minor
parameter” has consequences on all the
other properties of each powder, including
flow behaviour and measurement! So the
system is complicated, and it is difficult to
go from intuitive qualitative relations to
quantitative physical ones. One of the main
consequences is that there are very few in-
ternational publications about the flow of
dairy powders, and with limited objectives.
Flow and flow measurement methodology
are difficult to compare or to present to-
gether.

In dairy powder processing plants, for
research purposes as well as for laboratory

everyday work, people try to characterise
all the powder properties to reach the con-
cept of functionality or “end use proper-
ties”. Flowability is just one among all the
most interesting properties included in
“technological functionality”, a general
concept with many application fields. And
anyone involved practically in big-bag fill-
ing and storage, bin filling and emptying,
silo management, air transportation or even
dosage, mixing and conditioning of pow-
ders is concerned. They experience every
day why the flow properties of dairy pow-
ders are so important for good industrial ac-
tivity.

2. THE GREAT DIVERSITY
OF DAIRY POWDERS AND
THE INFLUENCE OF THE
NEIGHBOURING FACTORS

2.1. Dairy powders

Dairy powders present a very large di-
versity. Some of the powders derive directly
from the milk, just modified eventually by a
centrifugation treatment for standardisa-
tion. Milk, skimmed milk and full fat milk
are just a diversification of the same raw
material. They differ only by the fat con-
tent, but the other components of these
three powders are globally the same. The
greater difficulty comes from the fact that
the fat can be situated inside the particles, or
in other cases outside. Ifthe fat is on the sur-
face, the powder becomes sticky when the
temperature rises. Indeed, when fat melts, it
gives an adhesive, rubby and viscous liquid
that breaks any particle motion. Conse-
quently, some of these powders do not flow
in certain temperature conditions. Their fat
can be extracted by successive melting and
crystallisations with temperature changes.

But dairy powders also include hun-
dreds of derived bioproducts, developed
within the whole dairy industry, and follow-
ing the idea of avoiding any loss and
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sparing any biochemical materials. All
these products, issuing from biotechnology
and from the cracking of milk and whey,
and also from the cheese industry by-prod-
ucts, present a very large panoply of com-
ponents, structures, physical states, degrees
of purity, distributions of particle shapes
and sizes. This incredible diversity makes
the idea of measuring their flow properties
with the same machinery a dream rather
than reality. The versatility of components
and structures also makes the conception of
a polyvalent measurement system very dif-
ficult. The dry powder form also covers
recent development of ingredients and bi-
ologically active additives, dairy powders
of which the components are the fruit of an
extraction, pure or fermented materials,
eventually encapsulated. The value of these
new products is 10, 20 or 100 times more
than that of a classical milk powder. It be-
comes very important to avoid losses and to
correctly manage the process, and so
flowability becomes an important property.

2.2. Role of neighbouring parameter

When you compare dairy powders and a
model powder of glass particles, you under-
stand a great difference: glass beads keep
their properties on a large scale of physical
parameter change, but dairy powders are
continuously in evolution, from the begin-
ning of the drying process to storage and
end use. All the physical parameters act on
powder evolution, but with special kinetics
depending on the neighbouring parameters.
These evolutions and their kinetics are spe-
cific to any dairy powder and include all the
previous technological steps as major pa-
rameters. Two similar samples immedi-
ately after drying, even if they are close
together and with the same physical proper-
ties (a,, specific weight, size and shape of
particles, etc.) cannot present the same flow
if they are differently influenced by the
interparticle behaviour, depending on tem-
peratures, relative humidity, compression

levels, and even geographical situation in
the whole population.

As a behavioural property, the flow of a
powder is an integration of all the particle
interactions. Everyone is able to understand
that the “flow function” is not at all a simple
one and that as much as possible, physical
parameters have to be fixed. In many ad-
vanced countries laboratories are also regu-
lated in moisture and temperature. In all
other situations too many changing param-
eters influence the measurements. So it
should be accepted that we must remain
very prudent in the comparison of different
measurements because the drying kinetics,
handling and neighbouring parameters are
never the same. Two sister particles can also
present different thermodynamical histo-
ries.

3. PHYSICAL PREREQUISITES
AND INTERACTIONS
WITH THE MEASUREMENT
METHODS

The representative value of the sample is
fundamental, and the powder is in continu-
ous evolution. Practically, the majority of
the laboratory rooms depend on the daily
situation and climate. Theoretically, only a
physically controlled and regulated room
should be devoted to the flow measure-
ments.

Very important for the definition of the
best storage conditions, the equilibrated
water activity (a,,) is not known exactly. It
differs by whether the powder is in
desorption or in adsorption, because of a
marked hysteresis on many sorption iso-
therms of dairy powders. As a conse-
quence, when one receives a powder in
one’s laboratory, one could dry it or
moisten it in function of both the relative
humidity and the temperature. The time it-
selfinduces changes. Practically all storage
conditions present an effect on the powder.
Everyone knows that cement bags can
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solidify. After consolidation with time
(and/or moisture) “caking” does also exist
for all dairy powders, and obviously can
stop any continuous powder processing.
The general tendency in the laboratories is
to keep the powder inside its original bag
until the beginning of the measurements,
and to work quickly when the powders stay
in the open atmosphere to avoid moisture
sorption (or minimise influence). It is very
important to remember the problem of sam-
pling. A measurement is valuable only if
the sample is representative of the whole
powder. For one dairy powder we have
done a full-scale examination of segrega-
tion in bags, very important even for this
low density (~300 kg-m~) powder [16].
Segregation makes sampling very difficult.

Evaluation of the flow capacity of pow-
ders is a very important topic for many in-
dustries, not specific to dairy ones. It must
be understood that the dairy powder proper-
ties could be difficult to discover if we try to
determine their flowability with the same
laboratory machines as those used for me-
tallic or glass powders (which present a
much higher density and potential energy).
The rheological behaviour of a powder is
complex as it is linked to all cohesion,
densification and avalanche phenomena.

Very often cohesion and densification
develop forces against flowing, which also
supposes a free trajectory for each particle
ofthe bed. The physical state of a powder is
not well defined, as powder behaves as a
multiphasic product. All the possible ex-
changes between phases are already initi-
ated during drying, and linked to molecular
and particular interactions throughout the
time. The very great diversity in methods is
multiplied by the great diversity in classes
of particulate products, demonstrated by
the Geldart classification [6]. The flow of
particulate materials under gravity does ex-
ist in natural phenomena, and the simple
observation of nature enables the develop-
ment to imitation or physically similar
methods using the gravity field. Many

scientists want to separate the influence of
the powder properties and of the external
factors and parameters to try to explain the
behaviour. But flowing induces so many
numerous particle interactions inside a
given powder that it seems hard to get easy
conclusions.

In some well-known and fixed condi-
tions the external factors and parameters
stay constant (constant neighbouring tem-
perature and moisture, for example). But
this could induce errors if one forgets that in
many real situations these external parame-
ters change themselves, and consequently
modify both the powder properties and
their resulting flowability, different from
those appreciated or measured in fixed con-
ditions.

The methodology of comparison leads
to using the same method for close pow-
ders, with a good chance of success. But
initially developed for mine dusts, career
stones and fine, pure chemicals and their
mixes, flours and ground dry materials,
metals and crystallised materials, the more
classical methods seem at the beginning to
have been created and developed each for a
very specific product. So these methods are
difficult to correlate in the majority of con-
crete situations.

Through our experience, we suggest un-
derstanding that the concept of flow is at the
centre of a cobweb from the origins, having
connections with civil engineering, labora-
tory characterisation, rheology of solids,
mechanics of fluids, process engineering,
sensory analysis, behaviour studies, phys-
ics, mathematics and statistics.

4. APPLICABILITY OF METHODS
TO DAIRY POWDERS

Our laboratory practised all of the meth-
ods on a large quantity of diverse powders,
with different success and pleasure. We
concentrated on methods which appeared
to be more discriminative, or rich in both
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quantitative and qualitative results and in-
formation. Each measurement is worth
while when one understands what has been
done and then discusses the results. Big dif-
ferences do exist between these methods:
the preparation of the powder to be mea-
sured is not the same, and follows different
requirements that induce specific structural
states, and so specific flow behaviour. Stor-
age and consolidation, vibration segrega-
tion and cohesion development, all have a
very large impact on “interparticle” phe-
nomena.

All these methods concerning powders
originate from many different industries
and apply different principles. It is actually
difficult to compare them but a mechanical
engineering professor, J. Schwedes, three
years ago realised a general inventory for a
private international company (L.F.P.R.IL,
International Fine Particle Research Insti-
tute, Wilmington, USA). This work is not
completely accessible to public, but only
partly [25]. Some years before, a good pre-
sentation and discussion, with practical ex-
perience from pharmaceutical powders was
also done by Svarowsky [26]. The purpose
and the growing number of these methods
indicate that in every field specialists want
to predict the flow behaviour of powders
and extend it to all technological situations
by the use of simulation methods applied to
model powders. This problem is still in full
discussion in the working party “Me-
chanics of Particulate Solids” of the Euro-
pean Federation of Chemical Engineering.
More recently, Guigon [10] also discussed
the main methods practised in chemical
engineering and applied to chemical
powders.

The historical use of these diverse meth-
ods for dairy and even food powders is very
short compared to its use for minerals and
geological materials, metals and oxides,
sands and glass, chemicals, salts and ce-
ments and even complex compounds and
new taylorised materials. But it is important
to understand that changes in drying tech-

nologies involve a new need for milk and
dairy powder characterisation. The flow
measurement methods have been applied
first to very simple powders (which behave
as physical models), then extended to more
complicated powders. They worked well
with special milk powders in which, for ex-
ample, the size distribution is very reduced
(a simple situation because of a simplified
product). The crisis of energy has led to a
step by step change in drying installations
with significant consequences for the prod-
ucts. Fluidisation first permits better heat
and mass transfer coefficients together with
more regularity in the size and structure of
dried particles. Agglomeration develops in-
side the fluidised bed, together with a better
productivity. Then fluidisation combines
with agglomeration and coating by using
additional nozzles and often spraying addi-
tional components, such as liquid emulsifi-
ers or ligands. This combination of drying
with particle texturisation permits the pro-
duction of a new kind of dairy powder [15].
These agglomerated dairy powders, pre-
senting new structures, also possess new
physical properties, new particle shapes
and new particle interactions which are
obligatorily involved in the flow phenom-
ena. From this time we know that the flow
properties depend on the drying technol-
ogy. The four generations of spray dryers
each give a special kind of powder, and with
a good reproducibility so long as machin-
ery and parameters are run equally. We
proved [7] some years ago that for the re-
cent multistage dryer MSD, if you change
the technological parameters, it should be
possible to “taylorise” some characteristics
of the produced powder and consequently
its flow properties. The study and interpre-
tation of concrete flow behaviour measure-
ments introduce more and more parameters.
If they are independent and not linked to-
gether we could discuss their precise influ-
ence. Flow properties are strongly linked to
“security of factories” and “functional prop-
erties of products”. Faced with the difficul-
ties reported by industrial partners, we have
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decided to apply the behavioural experi-
mentation of Carr [4] to specific milk pow-
ders. As a consequence, the special
Hosokawa Tester [11, 12] has run in our
laboratory for more than twenty years. It
has helped to solve some practical and diffi-
cult problems, inside and outside industry.
We use it every day, when needed, instead
of other machinery we developed in paral-
lel, such as the mechanical shear cells and
the consolidation bench. We developed and
studied them at the beginning, and finally
we have stopped using them because they
are too “time consuming”.

5. FLOW MEASUREMENT
METHODS APPLIED
TO DAIRY POWDERS

5.1. The mechanical methods
(using shear testers)

They were developed from soil mechan-
ics and physical theories [23], and have
been applied to some dairy powders: their
main problem concerns their price, their
precision mechanically speaking, the num-
ber of shear cells needed for reliable results
and the time needed to prepare, realise and
treat the results. A lot of work is devoted to
these shear test devices, the last one being
circular, such as the Pesch cell or the
Walker device [27] and the others, the first
ones, proceeding from the Jenike [21] shear
cell (USA) or from the French “boite de
cisaillement de Cassagrande”.

These measurements were developed
historically on products other than dairy
ones. They determine cohesion and give a
value for the angle of internal friction of the
powder itself. They can be adapted to mea-
sure the angle of friction on a surface. These
methods are physically acceptable and give
good and reliable results. But they depend
on the consolidation pressure that milk
powder normally accepts without rupture,
on the powder bed geometrical structure,
and they are really too time consuming. Re-
liable results have been obtained by Loisel
[23], summerised in the following table,
and concerning an agglomerated skimmed
milk powder (D5, = 60 um) from a second
generation dryer (Tab. I).

The angles of internal friction values are
difficult to determine as they depend on so
many manipulations and historical parame-
ters. The results often depend on the labora-
tory. For skimmed milk powders, the
scientific literature oscillates between 36
and 44 degrees, depending on the dryer, the
analyst, the shearing device and laboratory
conditions.

5.2. The practical use testers

They are commercial systems derived
from the previous ones, but faster than the
above shear testers. These are Hosokawa
Cohetester from Japan (Hosokawa Nauta,
Doetinchem, Holland) and Johansson
Hang-Up Indicizer (JR Johanson inc., The
Solids Flow Consultants, San Luis Obispo,

Table I. Cohesion (kPa) and angles in degrees of internal friction (standard deviation) for normal

skimed milk powder.

Shearing device Filing method Angle of internal friction Cohesion
(kPa)
Cassagrande Many couch 39.6 (2.9) 3.7 (1.3)
Shear cell Uniaxial comp. 39.8 (1.2) 4.8 (1.8)
Triaxial cell - 41.7 (2) 6 (2

Triaxial cell Consolidated

435 (2) 1 ©
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California, USA) which are sold at a high
price. But they are not so physically well
defined as the previous ones, and cannot be
considered as pure research tools. They can
be considered as routine tools to check or
follow the same industrial production, be-
cause they give fast and acceptable results.

5.3. The easy methods derived
from fluid viscosity evaluation
methods

They are based on the action of gravity.
These methods combine the principle of the
“viscosity measurement” of Newtonian flu-
ids following Engler, with the measurement
of the time needed for a given quantity of
powder to flow through a controlled diame-
ter funnel. This method takes care of the
bridges, which can appear inside the powder
and stop the flow. The results are expressed
in time of the flow for a given quantity, or in
the critical diameter value for the hole. The
commercial equipment is used in pharma-
ceutical industries mostly for dense powders
and crystalline powders. It was initially de-
veloped and discussed by Gioia [8] and one
commercial device is called Flodex (Fischer
Bioblock Scientific, matériel de mesure de
I’indice de fluidité Flodex, Catalogue 2001,
p- 299, lllkirch, France).

5.4. The combined time consolidation
and wall friction measurements

They derive from the first category ones
and again need more equipment and more
time to be applied, as they suppose a solid
consolidation in time. As a consequence,
their cost and financial investment are
rather significant, and no more acceptable
today. A good description has been given
by Loisel [23].

5.5. The sensory evaluation methods
and close processes

The first method is the determination of
the angle of repose. Too many practical

fluctuations exist in the way one produces
the slope as well as in the way one measures
the angle (see Svarovsky [26]). Rapid com-
parison of results from different laborato-
ries can be meaningless. That is a problem
and there is a need for normalisation [1, 19,
20]. But everyone can imagine and realise
many other sensory methods with some
creativity, using some specific tools, such
asaglass pipe [13]. I found them interesting
to develop and to practise because they
helped me to ask and answer a lot of ques-
tions about the powders. They can be ap-
plied well to dairy products. For example,
some users keep the powder closed inside a
transparent glass pipe, without the influ-
ence of external moisture. It is easy to ob-
serve the powder’s behaviour, to compare
two powders, even very close in properties,
and to try to discriminate them. And it
works quite well for a specialist who under-
stands exactly why he is manipulating the
powder in this way. But it is difficult to
recommend them for general use because
some physicists are not convinced of their
value. As for the angle of repose determina-
tion, so many differences could be in the
methodology, the neighbouring parameters,
the practice and the subjective interpreta-
tion: you must study beforehand, be careful
and become a specialist. These methods,
that can also be considered as screening
ones, are cheap, very worthwhile and easy
to apply to dairy powders.

5.6. The latest created methods

They are still in development and evolu-
tion, and so no references in the scientific
literature are available, only commercial
ones.

5.6.1. The automatic device from TSI

The device recently developed by TSI, a
turning cylinder, permits the determination
of the turning angle of repose of a given
quantity of powder placed inside the cylin-
der. By using electronic cells inside, and an
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outside light, it is possible to determine the
value of the angle of repose. It is also possi-
ble to study avalanches. This method is ap-
plied, particularly in the United States, to
lactose powder used in pharmaceutics (TSI
Aeroflow, automated powder flowability
analyser, TSI, St. Paul, MN, USA).

5.6.2. The avalanche direct
determination

The method of measurement of the mass
(or the volume) of avalanches is still
presently integrated in many research
programmes. It was introduced by the Aus-
tralian scientist Brian Kaye [22]. The stabil-
ity of the methodology applied to achieve
these measurements is very important, spe-
cific to any researcher, and needs to be stand-
ardised before general use could occur.
Through the avalanche methodology, it is
possible to get a fractal representation of
each powder, which permits interesting
comparisons following the evolution of
powder properties in time by an easy com-
parison of the phase space attractor [22]. In
fact, the only machinery developed com-
mercially by TSI is “Aero-flow”, an auto-
mated powder flowability analyser, which
also permits the study of the progress of the
powder avalanche. It gives a flowability in-
dex (scale between 0 and 20) and a cohesivity
index, comparative behaviour items (TSI
Aeroflow, automated powder flowability
analyser, TSI, St. Paul, MN, USA).

5.6.3. The powder rheometer

The new Manumit method, just developed
by “Stable Micro Systems” is an adaptation
of the well known TAX2 Texture Analyser,
with a rotational torque to press (compaction)
or swell (aeration) the powder before you
slice it up and down successively. Measure-
ments are known for microcrystalline cellu-
lose only, and the measurement system needs
to be standardised on simple powders before
being applied to dairy ones (Stable Micro
Systems, The new ManUmit Powder Rhe-
ometer, Godalming, Surrey, UK).

5.7. The Hosokawa powder tester

The “multisequential” manipulation and
evaluation of powder properties through
the behavioural tester, Hosokawa, gives the
flowability index and the floodability in-
dex. This is the tester that is mainly used
and recommended for food powders, in-
cluding dairy ones. The Hosokawa powder
tester [11, 12] constitutes a multiparameter
analytical tool to characterise many physi-
cal powder properties, including the flow
ones. It evaluates four physical properties,
measuring the angle of repose, angle of
spatula, compressibility and cohesion by
special behavioural manipulations, as first
described by Carr [4]. These four physical
properties are assessed in arriving at a
flowability index having a theoretical value
from 1 to 100 (in practice never under 10).
A floodability index, also ranging between
0 and 100, is obtained from the flowability
index together with other values. These
ones derive from the measured angle of fall,
angle of difference and evaluation of
dispersibility. Floodability corresponds to
the fluidisation of fine particles in the air,
difficult to control and spattering. In fact
seven parameters characterising the pow-
der are measured and converted into global
behaviour values, the flowability and
floodability indexes. The algorithm build-
ing the relation between the measured val-
ues and the index has been experimentally
obtained (with more than 300 powders) by
the first experimental work of Carr [4]. In-
dexes by themselves permit classification
of powders, with a standard deviation of
one unit on the scale 0—100. It is also possi-
ble to compare together some of the internal
values obtained through this methodology,
such as, for example, those of the angle of
repose, or the angle of difference. The angle
of repose is classically considered as an
evaluation of flowability [24]. But one must
be very clever in the way the powder is put
down on a horizontal surface. Various pro-
totypes of this measurement system exist,
which differ in the powder processing and
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deposition. As another example, the angle
of difference is a good evaluation of the in-
stability of a powder cone under a vibration
or a shock, and so is linked to the avalanching
phenomenon: the higher the angle of differ-
ence, the larger the avalanches of the parti-
cles. From the Hosokawa measurements it is
also possible to calculate directly the valuable
Hausner ratio (tapped specific weight divided
by loose specific weight), a compressibility
index classically used in pharmaceutical in-
dustries. The Hausner ratio is correlated with
flowability: the powders with a high
Hausner ratio generally present significant
cohesion, and consequently bad flowability.

The Hosokawa tester includes, in fact,
real manipulation of the powder [4]. If
one’s senses are really working, one real-
ises at the same time a kind of “sensory
analysis” of the powder, a virtual compari-
son, as well as a real one for many powders.
Then it is possible to integrate this evalua-
tion in the report written about the powder.
Many years ago, I developed a jury and
pushed forward the capacities of sensory
analysis for powder evaluation [13]. Today
I recommend the Hosokawa methodology,
and consider it to be better and more reli-
able than the sensory analysis because of
its larger application field and its reduced
risks of error. In fact, there is more
complementarity than opposition between
the two methods, but the methodology for
the Hosokawa tester is easier, and now
better known and well accepted even by
people with initial criticism.

6. ANALYTICAL RESULTS
AND FLOW PROPERTIES
OF DAIRY POWDERS

6.1. Additional determinations
for maximal analytical control

To avoid the influence of both relative
humidity and temperature, we decided to
work all the time inside a dedicated closed

laboratory (temperature: 20 = 2 °C, relative
moisture between 50 and 65%) that we con-
sidered as “stable” during one flowability
determination, and from one to another. In
order to study the role of moisture through
time, the powder was first completely
dried, then prepared in reduced volume
tanks at different a,, [23] and for a sufficient
time (> some hours) to get the initial equi-
librium state (checked by a constant weight
of the sample).

Water activity (a,,) of powders was
measured with a Novasina capacity sensor,
which was calibrated with specific salts
before every measurement series. For the
particle size measurements, we used both
the normative sieve methods and the
methodology of Malvern laser diffraction
with the size of particles through the vol-
ume of equivalent spheres, and the three
ratios of 10%, 50% and 90% of the whole
distribution curve. Diameters D, 0.1, D,
0.5 and D, 0.9 are present in our results.
Finally, to check and understand the
flowability of a given powder is not very
easy. There is aneed for many other deter-
minations which help to characterise pre-
cisely the product and the conditions of
the measurements.

The following Table II gives a list of the
measured characteristics for some well-
characterised dairy powders, and gives the
code for the reading of the results. Table II
gives the code, with the explanation:
percent moisture (1) is obtained with an
oven at 102 °C (constant weight), equilib-
rium ay (2) at a temperature of (20 + 2 °C)
with a Novasina Capacity probe, and
tapped and loose specific weights (4 and 5)
are in g-cm or in t-m 3. They are measured
by the Hosokawa tester methodology. All
the angles (8, 9, 10, 11) are in degrees, and
the indexes of flowability and of floodability
(12 and 13) are calculated from Hosokawa
[4, 11] and in the scale 0—100. The codes for
reading all the following tables are the same
as in Table I1.
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Table II. Code of measured characteristics.

Code Measured characteristics Units
1 Moisture %
2 Equilibrium water activity -
3 Granulometry D, 0.1, D, 0.5, D, 0.9 um
4 Loose specific weight g-cm™
5 Tapped specific weight g-cm™
6 Calculated compressibility %
7 Hausner ratio = (5) / (4) -
8 Angle of repose °
9 Angle of fall °
10 Angle of difference = (8) — (9) °
11 Angle of spatula °
12 Flowability index Hosokawa [0—100] -
13 Floodability index Hosokawa [0—100] -

6.2. Results on flowability and
floodability of dairy powders

6.2.1. Flowability of dairy ingredient
powders and feeds for calves

The first analytical work was done be-
cause we had been asked to answer the
question: why there was so a great diversity
in the flowability of the formulations of the
Univor®. We controlled the flowability of
the mix and tried to find an explanation by
also controlling the flowability of the ingre-
dients included in the mix. The chemical
formulations of'the calfreplacers Univor A,
B, B’, C and D, chemically and nutrition-
ally equivalent, all present bad but different
flowability indexes; respectively, 37, 37,
51, 31 and 39. But the flowability of their
main raw materials are not so bad, and have
better flowability indexes, respectively, 60
(skimmed milk), 53 (whey proteins), 46.5
(milk 35% tallow). The size measurements
indicate that granulometric repartition
plays a large role in flowability, as a
multimodal powder presents the best index

(51), due mostly to its large particles
(> 160 um). It appears from this that the
change in drying technologies for saving
energy could have a good impact on some
end use properties of powders, such as
flowability.

Specific results on feed for calves, Tetilac
and its ingredients

Tetilac is the trademark of a recent feed
for calves. As the formulation becomes
more and more complicated for economical
reasons, many additives have been intro-
duced to improve the formula and theoreti-
cally to avoid practical difficulties. Tetilac
is a good example of the bad flowability of a
mix, after economical modifications in-
cluding much more components, and also
a flowability agent, the glidant “tixosil”.
The ingredients also have very bad
flowability, such as the protein Deltavo,
with a very low index value of 17; and the
glidants, when alone, also get bad values
of 38 (silica) or 35 (tixosil). This means
that it is not easy to introduce them into the
powder system and to mix them. Spray
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dried products (including many technolo-
gies of drying) can integrate formulation
powders, such as multicomponents Univor
or Tetilac, but they also have flowability
problems, and their addition could not im-
prove the flowability of the mix.

6.2.2. Comments on the different
dairy feed ingredients

Crystalline powders: the first idea is that
in the majority of the situations, we are not
facing a sort of model powder with an
average size, but a real, complicated size
distribution, even sometimes with different
structures. For the MSD powders, the large
sized particles are agglomerates [15], and
in the same sample the little sized ones are
particles, not agglomerated, or which sepa-
rate after being agglomerated.

The angle of spatula is interesting, very
low for the sugar “sol 57, large sugar parti-
cles having excellent flowability. Lactose
flowability is in-between this and icing
sugar. That flowability value of 60 is just
the lower limit to avoid processing prob-
lems [11]. Hygroscopicity is a factor influ-
encing the flowability of lactose, with
eventual recrystallisation.

The new commercial sugar “sol 5” is a
good flowing product and has a low com-
pressibility, instead of a large distribution
granulometry. The four dextroses are
market competitors. They have poor
flowabilities and a more significant differ-
ence in floodability. These powders could
be improved through granulation. They will
present problems in use.

The raw materials for formulation of
calf, sheep and animal feeds all have bad or
very bad flowability, and present a large
scale of ay and of other characteristics.
They are used in heterogeneous powders,
very difficult to process. The mineral inte-
grated mix for feed industries should be
difficult to prepare with only one unit oper-
ation (mixing), from such a large diversity

of component properties and physico-
chemical behaviour.

6.2.3. Discussion on milk products
for human beings

For all these spray dried dairy pow-
ders, particularly among the first ten
where particle size is well known, a great
variety appears in the values of the physi-
cal characteristics as well as in the flowability
and floodability values. The limited number of
results makes it difficult to understand which
parameters are influencing the flowability of
a given powder. But the fat content, the par-
ticles and the powder structures play arole.

From the five results for skimmed milk it
is possible to see that the generation of the
dryer influences many primary parameters,
which are included in the flowability evalua-
tion. These five powders are close together,
with the same chemistry. In practice, it is
necessary to reach the technologically ac-
ceptable compromise for powder proper-
ties when drying the powder.

There is no parallelism between specific
weight and flowability. Each powder has a
primary (dispersion) and a secondary (ag-
glomeration) structure, which both inte-
grate together in the results of the
measurement of flowability. The lecithin-
enriched instant milk MSD certainly has
good solubility, but its flowability number
is too low. The dispersion of the values
shows that it is possible to taylorise the
flowability of MSD, as already known [7],
and also that of other processes and prod-
ucts [17]. It can be concluded from experi-
ence that the convexity of agglomerates and
their relative homogeneity in size develop a
better flowability than that presented by
some previous kinds of spray dried pow-
ders with a large sized dispersion. Butifone
uses all the capacities of formulation in a
MSD process [17] the new formulated
powder that is created could have bad
flowability again. It could result from as
many different parameters as bad shapes,
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puzzle effects (giving cohesion), reactive
surface states and electrical charge consid-
erations of the constituent primary parti-
cles. Also, the use of “glidants”, small
particulate additives, develops on spray-
dryers. Ten years ago in our laboratory an
in-depth study of the mechanisms involved
was achieved by Graindorge [9]. Glidants
act, but their place of introduction and their
quantity ratio have to be optimised (the le-
gal maximum is 2% mass). The tendency is
to add too much, with finally a worse result
and consecutive pollution. Today, indus-
trial people should have a certain, and “con-
fidential”, know-how to follow and control
the variations of powder properties [2, 3]
due to the different generations of the dry-
ers themselves. But each practical optimi-
sation seems to be only a partial one,
because only one parameter or factor of the
powder is optimised, and very often others
are lost.

7. CONCLUSION

The Carr study [4, 5] permits the build-
ing of a good classification system for pre-
dicting on a large scale the flowability and
the floodability scores of particle popula-
tions, called an index. This classification is
based first on size, with subdivisions in
function of shape (micaleous, film, chips,
flakes, fibrillar), and also on size unifor-
mity (the uniformity coefficient is the ratio
of the sieve aperture passing 60% (weight)
divided by that passing 10%: it is a disper-
sion index of the population). When we
care about dairy powders and their
flowability, we have to study flowability
with the aim of getting better control of the
process, by akind of preventive measure for
a preventive management of the powder all
through its life. But flowability is actually
known to depend on two phenomena: the
initial flow of some individual particles in
anunbalanced physical situation (that is the
initiation of flow), and continuity and
regularity during flowing. These two main

steps do not appear with evidence in the
Hosokawa methodology. Some of these
phenomena have been extensively studied
these last few years through avalanching
behaviour and the theory of the attractor by
Kaye et al. [22]. The cooperative behaviour
of particles in powders includes both initial
potential energy (linked to their density)
and the particle interactions. So, for low-
density powders such as the dairy and food
ones, the initial flowing energy is low, and
the interparticle forces are sufficient to
brake the flow. The interparticle forces are
themselves dependent on many factors,
such as chemical components, physical
state, size and distribution or repartition,
shape and repartition, and even moisture
and repartition, to stay limited to the more
important ones. As a consequence the pre-
diction, or the explanation, of the generic
flowing properties cannot be reached today
by a general formula, because too many
factors are incorporated.

But in reduced fields of investigation, it
should be possible to model flowability
with only a limited number of specific
factors. That is the reason why the Geldart
classification of powders [6] in homoge-
neous behaviour classes through fluidisation
is useful, and similar ideas are good to ap-
ply to the dairy powders.

We also have to think about this classifi-
cation in function of the technological fac-
tors, which drive the creation of powders,
with the aim of building the network of rela-
tions between technology parameters and
characteristics of the products [18].

On the other hand, the quality of dairy
powders also depends on many other end
use properties, including solubility, wetta-
bility, mechanical resistance and even the
impermeability of particles. We under-
stand immediately that the quality require-
ments of dairy powders are diverse, and
could be contradictory to the concept of
flowability alone. The management of tech-
nology is, as a consequence, a compromise
in function of many requirements. This
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compromise may be reached for simple
powders, close to the concept of “model”
by their relative homogeneity in properties
(such as being about the same size, same
shape, same pure material and with the
same surface properties). Today the great
diversity of dairy powders obtained from
many drying processes make the situation
much harder, and suggest new characterisa-
tion efforts. That concerns formulated pow-
ders, obtained from a dairy base, such as
calf feeds, sheep feeds, and also many for-
mulations of baby foods. Cooperative phe-
nomena, depending on many factors which
integrate all through the powder technol-
ogy, give to the ready-to-use powder a be-
haviour difficult to explain. Our thinking is
in favour of integrated global concepts such
as the Hosokawa gives. We can compare the
Carr methodology [4] with the Geldart one.
Geldart et al. [6], through their classifica-
tion of behaviour in fluidisation (4 classes
of integrated or global behaviour), have in
fact divided the powders into “homoge-
neous behaviour” classes. The flowability
index is doing the same. From the
flowability index, you can fix the limits of
homogeneous behaviour in powders, the
limit of acceptable value for flowability in-
side your process, and so it appears really
usable both for industrial people and for
scientists.

There are many good, long and short
ways of evaluating the flow of a dairy pow-
der. The most simple and natural, sensory
ones are not at all the worst, but they are of-
ten considered as subjective, and any dairy
powder is a very complicated system.

After analysing many difficulties, we
may conclude that even faced with a very
large and versatile need for characterisation
of physical and use properties, we must
trust in the multidimensional behavioural
approach, like the one developed through
the work of Carr and commercially devel-
oped by Hosokawa. The large quantity of
information that is obtained through the
Hosokawa methodology is suitable for

flowability determination and permits a
great number of other interesting compari-
sons. The behaviour is correctly evaluated,
and some differences in the internal mea-
surements can help interpretation. It should
be easy today to establish a database to keep
this information, as suggested previously
[14]. And it is also possible, in the case of a
global characterisation of product and pro-
cess, to use the statistical tools to develop
fruitful data treatment. That is a good solu-
tion for industrial problems such as the
management of flowability, and of course, a
technical and market advantage.
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