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Abstract - In this work the effect of air humidity on powder flow properties was studied by
medns of a ring shear tester. Powder sample moisture content was conditioned by humid air in a
Auidization column, In spite of the very low moisture contents in the powder (<0.2%) obtained by

interparticle force. This result was used to derive the powder tensile strength following the Rumpf
approach and compare it with values derived Srom shear experiments. A single fitted value of the
unknown capiflary bridge gap is able 1o provide quantitative agreement for experiments with
highly humid air. Model estimation indicates that water mainly condenses on rough surfaces of the
particles and only a small portion of this condensed humidity contributes to change the powder
HAow properties in interparticle capillary bridges. Copyright © 2009 Praise Worthy Prize S.r.l -

All rights reserved,
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Nomenclature

a bridge gap, m

C powder cohesion, Pa

d average particle diameter, m

dig particle diameter corresponding to the 0% in
the cumulative psd, m

dsa median of the psd, m

oy particle diameter corresponding to the 990% in
the cumulative psd, m

F. tensile force of the bridge, m

P, vapour pressure over a planar surface, Pa

P, effective vapour pressure over a curved
surface, Pa

R universal constant of gases, J kmol"' K!

F radius of the bridge axial section, m

rs radius of the bridge smaller cross section, m

s asperity radius, m

Fun average radius of convex curvature, m

RH Relative humidity,

Vioridee bridge volume, m’

Vigtes  volume of the water condensed over a
particle, m’

X, water content of powders

i angle defined in Fig, 2,

AP total pressure difference between gas and
liquid, Pa

2 bulk solids porosity,

¢ angle of static internal friction, deg

2 liquid density, kg m™

) molar density, kmol m?

Ps particle density, kg m”

Iid normal stress, Pa

Menuscript recerved and revised December 2008, accepred January 2009

a; consolidation stress, Pa

g, unconfined yield stress, Pa
A tensile strength, Pa

o surface tension, Pa

T shear stress, Pa

I Introduction

In powder processing industry one important issue is
the handling of fine and cohesive powders, that is
strongly dependent on operating conditions such as the
temperature, the presence of liquids as well ag on
chemical and physical characteristics such as shape,
roughness and particle size distribution. In fact, both
operating conditions and chemical and physicai
characteristics may affect the flowability of granular
materials and compromise the reliability of many
operations related to storage and transportation as well
as to powder processing, such as drying, dosing and
fluidization. It is well known that among  these
properties humidity plays a significant role in affecting
powder flowability. In fact, humidity can cause the
formation of liquid bridges between particles giving rise
to interparticle capillary forces. These contribute to
increase the powder cohesion and negatively affect its
propensity to flow. Moreover, capillary forces modify
also powder bulk properties such as voidage,
aggregative structure and permeability. These properties
and the relative importance of capillary forces with
respect to fluid dynamic forces seriously affect the
fluidization behaviour of fine powders [1]-{2]. D' Amore
et al [3] studied the effect of powder humidity on
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fluidization properties and found very different results
for porous and non porous materials.

The effect of liquid bridges on powders cohesive
behaviour has been studied both at the particle level and
at the bulk level. At the bulk level experimental
measurements of the tensile strength or of the
unconfined yicld strength of wet powders were carried
out by split-cells and shear cells [41-[5]. Investigated
water contents were between few points percent and
10% mainly corresponding to liquid bridges in the
pendular state. More recently, Johanson et al [6]
demonstrated that also oil contents below 0.2% can
significantly affect glass beads unconfined yield
strength.

The first model relating the tensile strength of moist
powder agglomerates t0 capillary forces at the particle
scale was proposed by Rumpf [7] by applying a force
balance at interparticle contacts. The same approach
was then followed by other authors [4]-{5] to predict the
strength of wet granular materials. In particular,
Schumann et al. [8] focused the attention on the particle
contact model of two spherical particles in contact with
humidity adsorption layers. According to Schumann’s
work, the flowability of bulk solids decreases when
relative humidity increases. This behaviour is is account
for by the behaviour of a single particle in wet
environment. Johanson ef al. [6] proposed a different
model to link capillary forces and the powder strength
by calculating the work necessary to separate adjacent
particles. In general, all the above described medels
depend on powder bulk properties such as voidage but
also on geometrical parameters of liquid bridges and
interparticle contacts, which are often more difficult to
measure. Studies on surfaces with roughness has been
taken. Rabinovich et al. (9] found that the presence of
nanoscale roughness reduces the capillary adhesion
between particles and in the same while it increases the
critical refative humidity.

This paper presents results of the effect of air
humidity on the strength of an non porous powder
assessed by preliminary shear experiments. The original
idea was to measure the powder shear properties in an
aerated shear cell developed at the University of Salemo
and to use a humid air flow for conditioning the powder.
Unfortunately this approach was not feasible due to
poor air distribution in the powder sample determined
by the formation of a first humid layer at the cell
bottom. For this reason the powder sample was
moisturized in a fluidizing column with humid air at
low fluidization velocities. The flow properties of
moisturized powder were measured in a Schulze ring
shear tester.

[I. Experimental Setup

L1 Apparatus

The fluidization column is made of glass (50 mm 1D}
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and is provided with a porous distributor about 5 mm
thick made of sintered glass particles of about 100 um
diameter. Humidity in the air fed to the apparatus was
regulated by mixing two air streams, one made of dry
air and the other made of water saturated air. Dry air
was obtained from the technical desiccated air provided
by the departmental compressor. Water saturated air
was obtained by forcing air flow through the water
contained in a temperature controlled bubble trap. Alr
flow rates of the two streams were separately adjusted
with two thermal mass flow controllers. Humidity in the
mixed air stream was monitored with a relative
humidity and dry bulb temperature sensor (Delta Ohm).

A Schulze ring shear tester RST-01.01 equipped with
a small cell of 96 mL was used. A software application
to acquire, visualize and record the main measured data
was developed in LabVIEW environment (National
Instrument).

Water content in powders, X,,, was measured with a
thermogravimetric moisture analyzer (OHAUS MB 45).

112 Materials

In this work fine glass beads (dj¢= 36 um, dse= 48
um and deg= 65 pum, p, = 2450 kg m) where used in the
experiments. A SEM microphotograph of this material
is reported in Fig. 1, from which it appears that, in spite
of the solvent washing procedure performed before the
experiments, beads show a number of superficial
asperities that are probably due to adhering impurities.

Fig. 1. SEM microphotograph of glass beads

113, Procedure

Batches of about 200 g of glass beads were
conditioned by holding them in the fluidization cofumn
0 contact with air at a certain relative humidity. The air
flow was kept at values just above the minimum for
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fluidization, in order to avoid the formation of
preferential flow channels with water condensation. The
contact time was always several hours long and
generally longer than 12 hours. The sample was then
fully fluidized with air at a similar humidity to that used
for hemogenization. Few grams of the humidified batch
were used in the powder moisture analyzer to evaluate
the water content and about 130 g were used to perform
shear experiments. At the end of the shear experiment,
the moisture of the tested powder was measured again
in order to verify that moisture had not changed during
the shear experiment.

A moisturized powder sample was used to evaluate a
single yield locus. The procedure adopted is the
standard procedure to be used with the Schulze shear
tester (ASTM D6673-02). Two consolidation loads of
300 and 600g were adopted. A simplified Coulomb
approach was used and each yield locus was
characterized by the cohesion, , and the angle of static
internal friction, ¢. According to one of the mostly
consolidated approaches, the (a, r} point relative to
steady state flow under the consolidation load was used
to draw the Mahr circle tangent to the yield locus and to
determine the major principal stress at consolidation, g,.
Coherently, the unconfined yield strength, o, was
obtained from the Mohr circle passing through the
origin and tangent to the yield locus. Values of powder
cohesion and angle of internal friction were used to
estimate the powder tensile strength, o, that according to
the Mohr-Coulomb approach is given by:

__2Ccos¢

= 1
1+ sing t

t

1. Results and Discussion

Shear experiments with moisturized powder were
carried out with two consolidation loads of 300 and
600g. Resulting yield loci for the 600g consolidation
load are reported in Fig. 2, which shows that the
moisture content causes an increase of the powder
cohesion, C, while its effect on the angle of internal
friction, ¢, is weak.

e P, — -

T T

o, Pa

Fig. 2 Moistunized powder yield loct at 600 g normal load: O,
RH=20%, 0. RH=30%, <. RH=70%: +. RH=91% X RH=95%
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These effects are made clear in Figs. 3(a) and 3(b).
which respectively plot C and ¢ as a function of the air
moisture content. These results are coherent with the so
called theory of shift, by Pierrat et a/. [10]. According to
this theory, the effect of humidity is that of changing the
powder cohesion, that is the yield locus intercept,
without affecting significantly the angle of intemal
friction, that is the yicld locus slope. A consequence of
this theory is that, once a powder yield locus is known
at a certain humidity, powder yield loci at different
moisture contents can be obtained by measuring only
one physical parameter related to the intercept such as
the tensile strength, o\, or the cohesion . The angle of
internal friction in fact is not expected to change
significantly. {t is remarkable that, in spite of the fact
that the theory of shift was originally verified at higher
moisture contents (1% <X,, <25%)[10], it also applies to
the much lower powder moisture contents investigated
in this work. In particular, direct inspection of Fig. 3
indicates that this Kind of behaviour is found for
RH < 950%.

In fact, in this range of RH the angle of internal
friction ¢ is only limitedly affected by this parameter,
changing between 23° and 27°. Instead, in the same
range of RF{, the cohesion increases considerably rising
from 33 up to 74 Pa.

0 . :
0 20 10 60 80 100
RH %
(a}
40
30
£ 20
- i
10 '
0 ; ‘ : . ‘
0 20 40 60 80 130

RH %
(b)

Fig. 3. Powder flow properties vs air humidity for a consolidation load
of 600g: (a), cohesion C, (b}, angle of static internal friction ¢

For air R higher than 90% both C and ¢ strongiy
increase with RH and the theory of shift is no more
applicable. This behaviour is further confirmed by plots
of the unconfined vield strength as a function of the
major principal stress, a;, reported in Fig. 4 and derived
from shear experiments with consolidation loads of 300
and 600 g.
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Fig. 4. Powder {low functions of at different moisture contents: L B
RH=20%. M, RH= 30%; & RE=70%; +, RH=91%; X, RH=95%

The effect of humidity on the powder shear
properties is due to a partial condensation of water
under concave air-water interfaces or, more in general,
interfaces which, with their shape, determine some
pressure reduction within the liquid as a consequence of
the action of the surface tension. When this happens the
liquid vapour pressure P,' is reduced with respect to that
measured over a planar surface P,. The Kelvin equation
relates the reduced vapour pressure of the liquid behind
the curved surface with the total pressure difference
between gas and liquid, AP:

P, -AP
- )
P exp( —leT] )

4]

In Eq. (2) R is the ideal gas constant, T is the absolute
temperature and p, is the molar density of the liquid. At

equilibrium between humid air and water we have that
the water partial pressure in air is equal to the water
vapour pressure within the condensed water and,
therefore:

P .
RH:F— {3

el

Equation (3) explains why in presence of a rough
surface, also with humid air below saturaticn
(RH < 100%), we can have water condensation in all
asperieties or contact points which are able to produce
interfacies that, with their curvature, produce an internal
pressure reduction AP sufficient to produce, according
to Eq. (2) a ratio P’/ P, equal to-air RH.

It was mentioned above that the total pressure
difference, AP, between gas and liquid is determined by
the action of the surface tension, o, over a concave
interface. This value is a function of the local average
radius, r.,.:

AP = =28 (4)

The combination of Eqs (2) to (4) can be used to
evajuate the maximum average radius », that a liquid
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surface can have to be stable with a certain air relative
humidity, For RH of the crder of 90% and for typical
water surface tensions &, = 0.073 Pa m, this procedure
provides values of r,, of the order of 10%m and AP
values of the order of 10° Pa. This value of ry, is so
small that it means that any liquid bridge between
particles cannot include the surface asperities shown by
the glass particle on the micro-photograph in Fig. 1,
that, in fact, are approximately 1 or 2 order of
magnitude larger than the liquid bridge itself. This also
implies that if liquid bridges form they are likely to
form between asperities of adjacent particles. Therefore,
in the following we will assume that liquid bridges
between particles are connected to spherical objects
having the asperities radius, r,, rather than to spherical
objects characterized by the particle radius. In the lack
of a more precise determination we will assume r, to be
100 times smaller than the particle diameter and,
therefore it was set to 0.5 um.

The theory of capillary bridges, reported by Pierrat
and Caram [11], corrects Eq. (4) for the saddle shaped
surface of the typical liquid bridge as represented in Fig.
5.

Asperity

Particle!of diamter 4

Fig 5 Scheme and nomenclature in a the capillary bridge

This theory accounts for the radius of the bridge
smaller cross section, r», which has a negative effect
because it is the convex curvature around the bridge
axis which tends to increase the internal bridge pressure.
The theory also accounts for the radius of the bridge
axial section r, which, instead, has a positive effect
hecause it refer to a concave curvature which tends to
reduce the pressure within the bridge:

AP—a{llJ (5
nohn

Both radii appearing in Eq. (3) can be expressed as a
function of the radius of the spherical object to which
the bridge is connected. As previously explained in our
case the object is the particle asperity and the
appropriate radius is r, in our case. The other parameters
which determine r, and r, are the angle § as defined in
Fig. 5, and the gap a between the bridged objects. By
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applying geometrical considerations it is possible to
write the following refationships between r, and r» and
the contact parameters:

A =rn[([+i)secﬁ—lJ (6)
2r,

and

The gap a filled by the bridge is a parameter of the
model and a value for it has to be assumed. Given the
low moisture contents measured in the powders and the
fact that below air saturation small curvature radius are
required, reasonable values of a are of the same order of
¥, or smaller,

Assumed a certain value for g and previded the
above determined value of r,, Eqs (2), (3) and (5) to (7)
can be combined to evaluate for each air relative
humidity an angle £ and the bridge radii #, and r,. In
turn, all these values can be used to evaluate the bridge
volume, Vg, and the tensile force of the bridge, £,
given by the sum of the effects of surface tension and
pressure difference:

[rl2+(r, +rz)2]r! cos f+

(r,3 cos® ﬂ)

Vhrrd'gg =2m¢- 3 + N
! T (8)
27r,
—
3(2+C03ﬁ)(]—6‘0sﬁ)2
o) 2 11
Fo=2mno +aro,| ——— (9
\hon

In order to relate the bridge tensile force to the
powder tensile strength, we assumed that a single bridge
is responsible for each contact of the particle with its
neighbours also called the particle *“cocrdination
number™,

According to Rumpf [7] the particle coordination
number depends on the powder porosity, ¢, and is of the
order of /e, Therefore, the relationship between the
force £, with the powder tensje strength is a function of
the particle diameter, 4, and follows the equation
proposed by Rumpf [7];

l—g F.
o =—L Ll (10)

f s 4
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Given the above set of equations, the procedure to
estimate the powder tensile strength starting form ait
relative humidity can be summarized as follows. Given
RI, Eqgs (2) and (3) are used to evaluate the absolute
pressure reduction within the bridge AP. This valye
together with the asperity radius ra and the assumed
value for the bridge gap a are used to evaluate from the
set of Eqs (5), (6) and (7) the values for the angle £ and
the bridge radii riand r». In tumn these values are used to
evaluate the bridge volume, according to Eg. (8), the
interparticle contact force f., according to Eq. (9), and
the powder tensile strength, according to Eq. (10). For
each of the air humidity tested, Table 1 reports the
results of the averaged values of the measured tensile
strength according to Eq. (1) and of the values of the
tensile strength estimated according to the above
procedure starting from the air RH. In the same table are
reported the bridge radii r, and #3, and the f angle. All
the results depend on the bridge gap 4. As indicated in
the table, for all the experiments was assumed the same
@ value and was used as a sort of fitting parameter. The
assumed for g was 0.01pm. As it is possibie to observe
from Table I, this single value of a is able o provide
with mode! tensile strength values of the same order of
magnitude of the experimental values. In particular, at
low air humidity values (RH < 90%) the model tends to
overestimate the experimental tensile strength, but with
a correct trend. For air RH > 90% the model prediction
becomes lower than the experimental and it is not ahle
to provide the correct trend. Both these discrepancies
might be explained with a deviation of the effective
number of particle contacts with respect to the Rumpf
theory due to the change of volume of the condensed
bridges. In particular the estimated number of contacts
might be larger than real at low relative humidity and
viceversa. Also the effective radius of the contact may
change at high air humidity values when bridges may
develop at scales larger than the asperity.

Tabie 1 reports also the liquid bridge volume
calculated according to Eq. (8) compared with the water
volume that condenses over each bead. According to
water mass balance, this latter valye is:

ad’ Jej
V.'—ea :%—XW_L ]I)
iig—head 5 2 (

where p, and p; are the solid and liquid densities,
respectively. Inspection of Table | reveals that the
bridge voiume is significantly smaller than the liquid
volume condensed over a single particle. The ratio
between these two values decreases with humidity, but,
in all experimental conditions tested, the ratio is always
larger than 1000, suggesting that interparticle capillary
bridges only represent a small portion of the total
condensed water. This implies that only a small amount
of this water contributes to the change of the powder
shear properties. It is likely, therefore, that most of the
condensed water is located within the particle surface
toughness determined by asperities,
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POWDER PROPERTIES: MEASURED (RH, X, oieq.{1)} AND Esnr.}-:fi]r;?;u THE OTHERS). THE ASPERITY RADILS WAS SET To r=0 5um
RH Ko GEg() % 7 " B a 2Eq(10) T Vi
"o % Pa Pa nm nm deg, um Pa e wm
20 0.04 44 222 03 14 172 0.01 7% 1.26 61
48 0.04 66 101 07 23 1.85 0.01 93 770 50
0 0.10 63 44 ) 34 422 0.01 99 770 151
73 007 70 42 1.6 17 4.56 0.01 101 888 98
80 0.14 83 3 2.2 43 5.38 0.01 101 12.38 212
92 0l 89 12 45 60 3.62 0.01 gl 31.95 1539
96 0.0% 87 6.3 10.2 88 1153 001 90 57.42 129
98 012 109 30 215 122 16.61 001 8l 120.70 181
99 0.16 133 35 I7.0 113 15.20 0.01 72 100.00 242

IV. Conclusion References

Experiments indicate a significant effect of air
humidity on powder flow properties, even if, at
equilibrium the powder moisture content was generally
smaller than 0.2%.

For RH < 90% the main effect on powder flow
properties is an increase of cohesion.

Significant increase of the angle of internal friction
with respect to the dry powder are found only for higher
values of RH. We approached theoretically the
relationship between air relative humidity and powder
tensile strength and set up a calculation procedure which
made use of: 1) the Kelvin equation which relates liquid
underpressure due to liquid surface curvature to the
effective liquid vapour pressure; 2) the theory relating
the liquid under pressure to the capillary bridge
geometry and to the interparticle capillary force; 3) the
Rumpf approach relating the interparticie forces to the
powder tensile strength.

With (his calculation procedure it was possible to
satisfactorily estimate the powder tensile strength and
compare it with the value derived from the powder flow
properties.

A further finding of the application of this theoretical
approach is that only a very small portion of the
condensed water is active in the formation of capillary
bridges which affect the powder shear properties.

This result indicates that the adopted procedure
which starts from air humidity is more likely to
consistently derive the powder flow properties rather
than similar approaches assuming a relationship
between the powder moisture content and the liquid
contained within interparticle bridges.

It has to be recalled, however, that very different
effects of powder moisture can be found between
porous and non porous materials [3] and that, therefore
the drawn conclusion may not apply to porcus materials
which deserve further investigation.

Copyright © 2008 Praise Worthy Prize Sl - A it rights reserved

79

{11 1 Visser, Van der Waals and other cohesive forces affecting
powder fluidization, Powder Technalogy 58 (1989} 1-10.

(2] I P K. Seville, C. D. Willett and P. C. Knight, Interparticle
forces in fluidization: a review, Powder Technology 113 (2000
261-268.

(3] D'Amore, M., Donsi, G and Massimilla L., The influence of bed
misture on fluidization characteristics of fine powders, Powder
Technology 23 (1979).253-259.

[4] HSchubert, Tensile strength of agglomerates, Powder
Technology \1 (1875} 107-119.

[5] ™. Medhe and B. Pitchumani, Effect of moisture induced
capiflary forces on coal flow properties, St World Congress on
FParticle Technolog. Orlando, USA. April 23-27 (2006).

6] K. fohanson, Y Rabinovich, B. Moudgil, K. Breece and H.
Taylor, Relationship between particle scale capillary forces and
bulk unconfined yield strength, Powder Technology 138 (2003}
13-17.

[7} H. Rumgpf, Agglomeration (in W.A. Knepper (ed.) Interscience,
New York, 1962, pp. 379-418

[8] M. Schumann, D. Hohne, S. Thimmier, K. Husemann,
Improvement of the flowability of cohesive buik solids with
surface active agents: modelling and influence of the relative
humidity, NAIC 2006 Spring National Meeling. Orlando. USA.
Mareh 3-7 (2006).

[5] Y.L Rabinovich, I. J. Adler, M. 3. Esayanur, A Ata, R K.
Singh, B. M. Moudgil, Capillary forces between surfaces with
nonoscale roughness, Advances in Colloid and Interface Science
96 (2002) 213-230.

{10] P. Pierrat, D.K. Agrawal and H.S. Caram, Effect of moisture on
the yield locus of granular materials: theory of shift, Powder
Technology 99 (1998) 220-227.

[11] P. Pierrat and H.S. Caram, Tensile strength of wet granular
materials, Powder Technology 9! (1997} 83-93.

[12] ASTM D6773-02 Standard shear test method for hulk solids
using the Schulze ring shear tester.

Authors’ information

Dipartimento di Ingegneria Chimica e Alimentare,
Universita di Salemo,

Via Ponte Don Melillo,

1-84084, Fisciano (SA),

ftaly.

E-mail: mpelettoi@unisa.it

International Review of Chemical Engineerimg, Vol 1N [



G Landi, D. Barietta, G Donsi, G Ferrari, M. Poletto

Giovanna Landi was bom in Salerno,
September 1980, She graduated in Chemical
Engineering at the University of Fiscianc, Italy,
in 2006 and joined in her PhI) in the same year.
Since then she broadened her interests in
powders technology working with a powder
technology group of Salemo. Her interest is
focused on the effect of eperating condition on
powder flow behavior and on the characterization of rheological
properties of fine and cohesive powders.

Diego Barletta is Assistant Professor of
Chemical Engincering at the Schoal of
Engineering of the University of Salemo since
2005. He graduated cum laude in Chemical
Engineering in 1999 at the tintversity of Napoli
Federico i1, He obtained the Doctoral degree in
Chemical  Engincering in 2003 at the

K% University of Salemo.

His research activity concerns the use of acration as a discharge aid of
fine powders from storage equipment, the flow properties and the
fluzdisation behaviour of fine granular materrals. He is author of more
than 40 papers on refereed mtemational journals and conference
proceedings.

Givrgio Donsi is professor of Chemical
Engineering since 1980, He is at the University
of Salemg since 1984 where he has acted as the
Dean of the Faculty of Engineering in the
period from 1986 to 1995 He was elected
rector in 1995 and oceupied this position until
year 2001,

His scientific activity is mainly concemed with
flud dynamics of heterogenecus systems, tluidisation, fundamentals
of the design of apparatuses for the food industry. He is author of
about 200 papers in these fields.

Copyright T 2009 Praise Worthy Prize Sr. - 41! rights reserved

Giovanna Ferrari is professor of Chemical
Engineering since 2000 She is at the
University of Salerno since 1986. In the same
University, she hus been responsible of the
education programme in Chemical Engineering
between 1998 and 2004, Presently she directs
the Regional Center of Competence of Agri-
Food Process {ProdAi Scarl)

Author of mote thar |50 papers in the field of powder technology and
fcod process engineering, her research interests are focused on the
following subjects: heat and mass transfer in particulate systems,
characterisation of flow properties of powders, measurement and
modelling of physical and transport properties of foods, design and
characterisation novel technelogies for food preservation

Massimo Poletto is associate professor of
Chemical Engineering since 2007 at the Scheol
of Engineering of the University of Salerno
where he is a faculty memher of the
Department  of  Chemical and Food
Engineering

He is author of more than 100 papers and
conference presentations, mere than 30 of
which have been published on refereed intenational Joumals in the
field of tluidization powder mechanics and food technology
applications of chemical engineering. Presently he is delegate of the
ltalian Association of Chemical Engineering to the Working party of
the Europcan Federation of Chemical Engineering (EFCE) on
"Mechanics of Particulate Solids” where is was elected chairman for
the period 1/1/2008-31/12/2010.

International Review of Cherncal Engineermg. Vol 1 N |



