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Abstract

Employing the equality of the mechanical work oéahstress and the energy of liquid bridges, a
formula is developed for shear strasand unconfined yield strengthof compressed powder,
consisting of mono-sized solid particles mixed wath This formula predicts the dependence of
shear stress and unconfined yield strength on itheeight fraction,C, and the radius of the
particles,R, ast andf; [ sgrt (C)R. Experimental data obtained with a Schulze celiewssed to
validate the developed formula. Experimental depand off. on R confirms the theoretical
formula. However, the experimental dependencé oh oil weight fractionC does not agree
with the theory developed, especially at l&® Therefore, the theoretical model needs
modification. Despite some approximations, the thgwedicts certain features, which can be
important for transport of the stressed powderfroxture.
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1. Introduction

The mechanical properties of bulk powders are apomant subject for experimental and
theoretical research of Reed [1]. Industry hasasarable ability to predict process behavior
assuming bulk flow properties are measured at phpgapriate process conditions and bulk-
handling designs are based on sound theoreticabagipes.  Thus, the relationship between
material flow properties and process behavior terofa matter of reasonable well-established
engineering design principles. However, the pnobleith this approach is that changes in
upstream particle production processes cause batkrrals to change particle size distribution,
moisture content, and surface activity. Theseig@arscale properties have significant influence
on the bulk scale material flow properties. Tharsy change in process conditions can result in a
material that may not flow through the existing qass, resulting in hang-up conditions and
decreasing productivity. One solution is to measbulk flow properties under all possible
combinations of process conditions and design Hier worst situation. Unfortunately, this is
often impractical or even impossible since the psscmust exist and be reliably producing
product, which can be tested to measure the flaypgaties in the first place. Another approach
would be to measure the flow properties of givelk boaterial consisting of a known moisture
content, particle size distribution, and surfacéivdg and then use a model to predict or
extrapolate the effect that changes in these padaale properties would have on the basic flow
properties. This approach would allow process &f®tb be developed that include changes in
particle scale properties and allow feed forwamtcpss controls to be used in powder processes.

In addition, using models relating particle scateperties to bulk flow properties will allow
product design during initial formulation stagedJltimately engineers would then be able to
optimize any product for use in a prescribed preaashandling system without resorting to
extensive pilot scale validation of the processrocBsses currently handling powder often
require significantly longer start-up schedulesathieve reliable throughput than processes not
handling powders. Therefore, the development oflet® capable of predicting bulk flow
properties, for given particle scale propertiespfigparamount importance in both process and
product design. This new approach to predict ggsdehavior will help prevent cohesive flow
stoppages and assist engineers in designing powuddrssufficient cohesion to prevent or
minimize segregation during processing and handlikgr example, adding a liquid binder to
bulk material has been successful in reducing g@gjien in food, chemical, and pharmaceutical
industries. The binder produces liquid bridgesMeen particles, which help to avoid powder
segregation.

The bulk flow property causing the most difficulty predicting process behavior is unconfined
yield strength,f.. This bulk property is defined as the major pipat stress acting on an
unconfined bulk material that produces failure loé bulk material through shear. A typical
result from consolidation and fail of a powder séamp shown in Figure. 1. The corresponding
points on the Mohr circle and shear stress timeseare shown to illustrate the procedure of
generating the yield locus. Yield locus conceptvahaoelationship between strength, major
principal stressoi;, and internal friction angle. Yield strength of powders depends on the
consolidation stressy;, applied to the material. Generally, the lardex tonsolidation stress,
the larger the unconfined yield strength. Asdsedavith an unconfined yield strength valfig,

at a particular consolidation stress, is a yield locus. This locus represents theectibn of all
the shear and normal stress points that will causpient failure of the bulk material, which has
been pre-consolidated to a major principal stréss; 0 In fact, measuring this yield locus using



direct shear testers provides the means of detergiunconfined yield strength. The details of
this methodology will be discussed below.
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Figure 1. Yield locus and shear stress time sexescept showing relationship between
strength, £, major principal stress, effective internal friction angleg, and
internal friction angle @

Another way of describing the strength of a bulktenal would be to recognize that the
unconfined yield strength can be thought of assestance to shear of a collection of particles,
each subjected to a set of contact adhesive famgsurface friction forces during inter-particle
motion. The vector sum of these forces dividedthy appropriate area would yield an
estimation of the shear stress acting during faikmd steady shear. For wetted particles, initial
liquid bridges would form between adjacent particénd the liquid would be drawn to zones
where the inter-particle gap is smallest due tdlleap force. The initial shear deformation of
the particle assembly will break the largest nunddeiquid bridges. Thus, the initial shear force
would be the greatest corresponding to the peasstobserved during initial failure. These
liquid bridges would then break and reform in a4sonultaneous manner during subsequent
shear generating steady state shear stresseds ofittze forces acting between the particles were
known and the initial position of particles wereokm then Newton’s laws of motion could be
applied to the collection of particles and the nmoeat of the particle system be predicted. This
is the basis of the discrete element method (DEM).



DEM provides a reasonable approximation to the rshed normal stresses acting on the bulk
assembly of particles. It will produce an approaiion to the motion of particles in the system
when these particles are perturbed by the motianwéll or other boundary. Thus, the effect of
wall properties on bulk behavior can be evaluatdthe method also allows calculation of a
powder coordination number under normal stress idond. Unfortunately, DEM is very
calculation intensive and only as accurate as rher-particle force laws that are used in the
simulation calculations.  Moreover, DEM demandowledge of the elastic properties of
particles and some hypothesis about adhesion (mrt)derce between patrticles.

Another approach has been suggested by Johansah [&] and is based on the calculation of
inter-particle separation energy rather than marimcontact forces. This previous work
suggested a qualitative formula allowing evaluatémunconfined yield strengthc) for powder
with oil under normal ¢) and sheart stresses. In these calculations it was suggebisd
mechanical work of shear stress is equal to théurapenergy of liquid bridges (annuluses)
between particles. As a result of this hypothesig following qualitative formula was
developed.

Jc

f. O R whereC is liquid weight fraction an® is particles radius.
Due to the qualitative character of this formulaantitative conclusions about the powder
behavior were not possible. In the present papking into account the rupture energy of the
liquid bridges, a formula is developed which allogesantitative calculation df andrt, i. e., the
ability to predict the unconfined yield strengthaofmixture of the solid powder and liquid.

2. Direct shear test methodology

This new analysis starts with a discussion of disbear testing using the Schulze cell [3], which
was used to measure the yield locus of materiaisaguing liquid binders. This standard shear
cell is an annular direct shear cell, which is espnted schematically in Figure. 2. The
description of the shear cell, method of obtainihghr circles and measurement of unconfined
yield strength,f., are given in Addendum. The major principal strésg is determined by
drawing a Mohr circle through the critical stretsta and tangent to the yield locus.

Figure 2. Schematic of the Schulze cell. The annulggion of the cell is filled with powder
with the two load arms connected to the stationaop. The bottom of the cell is
rotated to shear the sample consolidated by apmydiifferent normal loads



This entire process of obtaining Mohr circles igeaated several times for each per-

consolidation stress allowing the latter to varkiefieby several yield loci are generated. There
exists a strength and consolidation point for ewamique yield locus. These unique strength
points are plotted as a function of major principakess associated with the critical state of
stress. This plot is known as the flow functiordda used to predict process behavior of
cohesive materials. Such a plot exists for glasslb mixed with oil in previous work done by

Johanson et al. [2]. This data is used in this papextend and validate the theory for predicting
unconfined yield strength from liquid binder corttand particle size data.

3. Experiment: Materialsand M ethods

The mono-dispersed glass particles (“spheriglaggtl) different sizes (diameters) between 72
and 100Qum were supplied by Potters Industries Inc. In age® with a supplier data, the size
distribution can be characterized by the value®%f Dgy andDio. For example, for particles
with median diametdds;=116 pum, these values are,x%=93 um andy=141 um.”

White mineral oil of “Sharpening Stone” grade wdamned from Norton Co., Littleton, NH,
USA. The viscosity of oil was 25 cP, as measuredadyillary viscometer, surface tension was
y=27 mN/m. The contact angle of oil on glass susaemged from 0 to £0

Oil was added to the bulk material by measuringwiegght of oil in an atomizer. The oil was
then sprayed on the bulk material as it was mixea small rotary shaft mixer for five minutes.
The quantity of oil in the mixture was determinedvieighing the atomizer bottle before and
after oil addition. Visual microscopic observasowere made to ensure that the oil was well
distributed in the bulk mixture.

The dimensions of Schulze cell are, as followirng dutside- and inside diameters are 20 cm
and 10 cm, respectively, the height is near 2 che Strength measurements were done in the
standard cell with powder material. Thus they ateurate and done in accordance with the
ATSM standard. The velocity measurements were uredsusing x-ray tomography in a
smaller cell to provide better resolution at thetipke scale. The size of the cell is 40 mm outside
diameter and 32 mm inside diameter. The annulasespathe cell was 10 mm with a depth of 10
mm. X-ray tomography can provide a 2% to 5% spatésdolution. With respect to the
resolution, the reconstruction was done with a Vogeolution of 80 microns. Thus the smaller
cell has a benefit. Please note that the numbpanticle diameters in this small scale shear cell
was in accordance with the number or relative sizgarticles addresses in the ASTM standard
to achieve reasonable shear results.

4. Results and discussion
4.1. Particle scale theory for predicting strength

Consider the behavior of the powder in the Schaidk[3] under normal and shear stress. This
behavior mimics the transport properties of powtheough bins and hoppers. To relate the
mechanical properties of the powder mixed with iiqwith properties of the liquid bridge
between individual particles, one of two alternatiiypotheses can be chosefhe first
hypothesis is that in the process of powder shganmaximal attractive (adhesion) forces act
during liquid bridge breakage. The second hypothissthat the work, caused by lateral (shear)
stress, is equal to the energy needed to brealkighel annuli between particles. The first



hypothesis leads to conclusions that unconfinedd ystrength should be independent of oil
weight fraction (weight fraction)C, because maximal capillary adhesion force (at ibtance
between particledd=0) in agreement with Haines [4] and Fisher [5]independent of the
annulus volumey, and therefore o€. The first hypothesis contradicts previous expental
data obtained for powder from quartz or glass gadi[2, 6]. The second hypothesis about
correlation between work of adhesion and work @aststress leads to the following.

Energy of the annulus can be calculated as thgriatef the force/distance dependence
relationships, which in turn can be determined ftbmpaper of Rabinovich et. al. [7]. On the
other hand, the energy of one annulus with smedidfivolume is given directly by Israelachvili

[8], as the following Eg. 1,

E =271’ coglar (1)

wherey is the liquid surface tensio®, is the contact angle ard is the half-embracing angle
(Figure. 3). Israelachvili [8] obtained this formula calculatitige difference between free energy
of dry solid surface and energy of surface coatediduid. The validity of Eq. 1, despite the
non- equilibrium character of the capillary forcghwthe constant volume bridge, was confirmed
by Rabinovich et. al. [6, 7] theoretically and esipeentally.

Figure 3. Geometry of the liquid bridge betweemat spherical particles



The present discussion allows the correlation betwtbe energy of annulus breakage and the
powder yield strength. The calculation of the ansutnergy with Eq. 1 requires knowledge of
the value of the bridge embracing angle or the bridge volumey,;, which is related ta. For
powder mixed with oil, this volumé/;, can be found if the weight fraction of oil in pder C)

is known, as follows:

_ 87R°Cp,,

Vi
3n0,

(@)

whereC is weight fraction of oil, the density of ojh, is equal to 0.95 g/ctrand pso is the
solid density fgass 2.5 g/cm) andn is the number of the oil annuluses associated edith
glass particle (coordination number). Eq. 2 takés account that each annulus belongs to the
pair of particlesin Eq. 2 (and in Egs. 5 and 9 below) we imply tiwable volume of liquid is
found in the liquid bridge. It is almost correct fail on silica surface, because in this case the
pressure inside oil is almost equal to atmosplarec(minus dispersion force silica/oil/air) while
in bridge (under curve meniscus) the pressurev&ddhan atmospheric one. However, due to
kinetic reasons (viscosity), part of oil remaindilm. This yields to overestimated values\af

in Eg. 2 and. in Eg. 9. Another problem is that not every cohfaant is filled by oil bridges.
Moreover, different bridges have different volumiesthe present paper we don’t consider these
effects because their including would make theooydomplex and demand involving additional
unknown fitting coefficients.

For contacting particles (the shortest distade®) the bridge volume is related to the embracing
angle,a, as suggested by Rabinovich et al. [6, 7]:

2V
2
a“ = HR% 3)

The total number of bridgesl) per unit volumeY) is [9]

N _ 3k.n
V - 8]ﬂ3 (4)

where random volume packing factor kg=0.64 (i.e., the portion of the total volume fillbg
particles), as suggested by Jaeger and Nagel$ifdjlar to Eq. 1, Eg. 4 also takes into account
that each bridge belongs to two patrticles.

Suppose that only a certain portiprof available liquid bridges is broken, while thest of the
particles bridges remains intact during shear. diergyE needed to rupture liquid bridges per
unit volume during shifting for one elementary @listep, is obtained from Egs.1 to 4, and given
in EQ. 5.



E _ Crpsol
v =3ycoFk [pL] ? (5)

iq
where the elementary step distaricés given by Eq. 6.
| = 2R (6)

Note that this equation gives only the first appmoation for the elementary step, because the
actual distance between particles depends on ttlengatype. Note also that if rupture occurs at
smaller distance than elementary step, then prbtyaboefficient p in Egq. 9 decreases, but
theory developed still will be valid. Fitting comlient p in Eg. 5 takes into account not only
portion of the broken bridges, but also possibibfysimultaneously reforming bridges, which
number should be subtracted form the number oféarditidges.

On the other hand, the mechanical wafg uring shear at a shear stregsf@r the shift of unit
volume of ni-layers of particles for the elementary step widspect to each other can be
calculated as follows:

W/V =W/(Anl)=1/n 7)

WhereA is an area of the horizontal layer (failure plané)Shulze cell (see Figure. 2). Here
incremental approach is suggested when shear $tetseen two layers equah,. The Mohr
circle geometry implies the following relationshyetween yield strengtfy and shear stress
along the failure plane:

¢ - 201
° cosg ®

whereg@ s the internal angle of friction given by thestoof the yield strength locus in the Mohr
circle diagram (Figure 1). Making the assumptiloat tmechanical workyV, should equal liquid
bridge rupture energyk, and using Egs. 5, 7 and 8, the following finatniala for the
unconfined yield strength is obtained:

.I: :6yCO§|:K' m] H) Crpsol
¢ Rcog 33 ©)

It is important to note the following approximat®omade for the development of this formula
and restrictions for its application: the formutaualid only for a small volume of the liquid
bridges as compared with the particle volume; maién is taken into account; the powder is
suggested to be mono-dispersed; the volume of legaald bridge is considered to be the same;
all particle contacts considered contain liquicdbas (i.e., there are no dry contacts); all liquid
exists in the bridges and there is no liquid film the particle surface; and the shear stress



changes linearly through- layers of the powder. The approximation for srhaidige volume is
valid almost always. However, the friction forcenaaot actually be neglected, especially under
low or zero humidity.

Note that only at very low concentrations of liqui] the volume of bridg#/;, calculated with
EqQ. 2, is too small to create bridge [11]. As itswshown in Ref. [11], in the case of water the
minimal radius of meniscus, when the bridge volwueld be considered as phase (rather than
monolayer) and when the conception of surface ¢engs valid, r min=0.5 nm. The
corresponding minimal volume of liquid bridge cam dalculated for various radius of particle.
For lower concentrations, only part of contact poiwill be filled by liquid and Eq. 9 is not
valid. Note also, that for very low concentratiohliquid, Eq. 9 is not valid also for another
reason. Namely, we did not involve in theory thetion force, which plays major role at low
liquid concentration. This problem is consideredh@ second part of the present paper.

Monodispersed particles can be used in laboratmsyit(was in the present paper) rather than in
industrial processes. Advanced model taking ougrothstrictions should be developed in the
future papers.

Equation 9 predicts the correlations between theomfined yield strengthf; (or unconfined
shear stresg), and weight fraction of 0ilC, and radius of particle®. Moreover, this equation
expresses the yield strength as a function of tegstion @) of broken bridges in the shear
layer. Validation of this equation was performgdrbeasuring number of shear layers,and
measuring the yield strength, using experimental data obtained with Schulzke cel

4.2. Number of shear layers

The number of particle layers,, involved in shear is an important parameter e phedictive
strength equation. This parameter is used to agtithe number of particles involved in rupture
of liquid bridges during shear. To compare experital results for unconfined yield strength
with theory (Eq. 9) we should know independentlyeasst one of two parameters, the number of
shear layersn,, or the probability of bridge rupture, X-ray micro-tomography developed by
Lin and Miller [12] at the University of Utah praled the important information on the
formation of the shear zones within a shearing povedmple in a specially designed micro-ring
shear tester, similar in construction to the Sabgkll. This small-scale cell was used to observe
the thickness of the shear layer during failure estilmate the number of moving particle layers
(m) in a glass powder. The powder used in this exparirwas ground glass with 5% fine iron
oxide particles that were introduced as a tracer the cell. The material in the cell was
compacted and the base was manually turned usiotpey stage to shear the bulk material in
the cell. The position of markers was trackedtafess during the shear process and the relative
displacements of iron markers were computed asetitin of depth in the test cell.

The relative motion of particles and the width loé tshear zone were analyzed using results of
Lin and Miller [12] of x-ray micro-tomography cafdatof obtaining three-dimensional images of
powder samples. The relative angular movemenhefdry ground glass particles with radius
near 25um is shown in Figure. 4 as a function of heightheff shear cell. It is important to note
that this figure shows three distinct slopes indhgular displacement of material as a function
of material height in the cell. The region betwedmeight of 6 mm to a height of just over 7 mm
shows almost a 3 degrees change in angular dispéate The displacements below and above
this zone are likely due to local consolidatiortted material during shear but do not represent a
significant relative motion of particles during she This distinct displacement zone between 6



and 7 mm was taken to be the active shear zondentdaster. Histograms of the angular
displacement of observed particles in differentemosuggest an average angular displacement of
2 degrees in the lower section of the test cellevtine top material is displaced approximately 5
degrees. The shear-zone was identified and maaketie “effective shear zone”, which was
determined to be equal 1.5 mm of height, corresipgnieh the first approximation to 30 particle
layers. (Note, that here we suggested the distheteeen layer to be equal t&R.2Actual
distance depends on the type of packing. Changbeoprecise number of layer yields to the
change of the probability gf in Eg. 9, which is fitting parameter in the prespaper, but does
not influence of the suggested theory.) A similesult was obtained using a slice model to
approximate shear zones in the Jenike cell. Toerethe number of particle layers, used to
predict unconfined yield strength, from Eqg. 9 was set equal to 30. Typical literatshear
layers valuesn,, for glass [13-18] were found to be in the range 4 to 18; Janssen et. al. [19,
20] foundn,; equal 1000. The present experimental value seelins teasonable.

10 T 1 T T

- Angle of cell o '-'_ 1
rotation=7.37 f ||| ?P
8 : | -

Effective shear zor

(8] o

Height from Bottom of Cell (mn

i

]
:
—
;
11—__ J il

]

il |

4 5 6

| l 1 ] |
0 [ 2 3 4 5 [

Mean Angular Movement of Particles (degree)

Figure 4. Mean angular displacement of glass pahes along the height of micro- ring shear
tester. Radius of particles is 2@n. The sudden change in slope of this figure
identified as the “effective shear zone” represetite size of the failure zone in the
test cell. Results show the size of the shear Zorge near 1.5 mm, which
corresponds to aboutn30. Histograms in the figure relate to the prolaty of
the angular movement of particles at the certainidiet in the tester
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4.3. Estimation of coordination number

The coordination number also affects the predictibunconfined yield strength. Estimations of
the coordination number were determined using a Dadproach. The Discrete Element
Method (DEM) is used to simulate the current systérapherical particles in the Schulze shear
cell. The exact geometry of the shear cell was asetlthe particles were allowed to rain down
into the cell. After deposition of the particleBetsystem was packed by simulated shaking of the
cell. The contact (coordination) number for eachtiple in the loose packed state was
determined. The distribution (histogram) of the rclation number, obtained for the packing
density of 0.4, is plotted in Figure. 5. As a rgstihe coordination numbemn) used in the
prediction of unconfined yield strength from Eqv8s equal to 8.0.

0.25
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Fraction of contacts

3 4 5 6 7 8 9 10 11

Coordination number

Figure 5. DEM- diagram of coordination number imonosized powder with volume packing
fraction 0.4

4.4. Results of Schulze tests

The Schulze cell was used as described above tsumeghe unconfined yield strength as a
function of the major consolidation stress for vad glass bead particle sizes and oil contents.
This information was required to generate typidaWwf functions for glass bead mixtures.
Although flow functions are very useful in predigiprocess behavior, it is difficult to see the
relationships between strength and binder weigtatiivn and strength and particle size. In order
to determine these relationships, strength valueprescribed major stress conditions were
interpolated and the strength data were plottedield strength as a function of binder weight
fraction (for a given particles radius) and as rcfion of particle size (for a given binder weight
fraction). Figures 6 and 7 contain the resultdhese tests for glass beads with oil added as the
binder.

Results for the experimental dependence of thed ys#lengthf; (points) on the particle size
(diameter) at oil weight fractioB= 0.001 (=0.1%) and major principle stress 2 kPa are given
in Figure. 6. The solid line corresponds to thailtssSrom Eq. 9 with the parameter values given

11



in the figure caption. Note, that to fit the expeental data by the theoretical line the best fit
value of probability of the bridge rupture (i.ehet probability of the mutual movement of
particles) was obtained equal@e0.127. This probability number is less than ond mnplies
that each particle breaks a unique liquid bridgesfeery five that are involved in the shear zone.
This could occur if the bulk material shears inlaggerates containing several adjacent particles
rather than shearing occurring between individaatiples. Note also, that the linear character of
the experimental dependencefofis. 1R demonstrates that the flow parameters in Eq, 9

p) are independent &.

025 | 5 ¥

0 T T T
0 0.005 0.01 0.015 0.02

Unconfined yield strength. fc (kPa)
o
\l
(6)]

1/Particle size, D (um)

Figure 6. Unconfined yield strength as a functiomf the reciprocal diameter (1/D) for oll
content of 0.1% and a major normal stregs 2 kPa. The points are experimental
data and the solid line is plotted with the thedoatl Eg. 9 with the following
parameters;o,=2.510° kg/n?, piq=0.9510°kg/m?®, =27 mN/m; n=8; k=0.64;
ni=30; =30, 8=0°, the fitting value of p=0.127. The linearity of gph proves the
independence of the parameters value of the paesctadius

The dependence of on the other parameter, the oil weight fracti@) i6 shown in Figure. 7.
Fitting the experimental data by Eq. 9 (with thestbitting parametep=0.168) gives a poor
result because the theoretical line predict tohgough the coordinate origin, which contradicts
the experimental data. Moreover, the value of thst fit parametep=0.168 does not coincides
with the fitting value ofp=0.127, obtained above form the dependencike ¥$. R (Figure.6). It
means that the present theory (Eq. 9) needs matidfit The theory can be improved by
introducing additional inter-particle forces besidhose caused during the rupture of the oil
bridges. Particularly, the inclusion of the frigtidorce should significantly increase the yield
strength for dry powder (i.e., 8=0). This model is developed in the second pathefpresent
paper.
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Figure. 7. Unconfined yield strength of 100m diameter glass beads vs. the weight fraction of
oil. The points are experimental data and the sdiiide is Eq. 9 with the best fitting
parameter p=0.168. The latter does not coincidehwthie fitting value of p=0.127,
obtained from Eqg. 9 and the experimental dependemnde, vs. 1/D (Figure. 6).
Eq. 9 gives poor fit for experimental dependenger$. C. The disagreement of the
experimental data and the theoretical Eq. 9 meahattimproved theoretical model
should be developed

Despite the restrictions mentioned above, the d@esl theory predicts, at least semi-
guantitatively, the correct character of the depeicé off. on R and, therefore, suggests the
gualitative correctness of the “energetic” approastd in the present paper for investigation of
the flow behavior of the solid/liquid mixture undaormal and shear stress. Moreover, the
linearity of the dependencesfgivs. YR andsqgri{C) proves that the values of the parametars (
n;, andp) don’t depend on the radius of particles and theveight fraction. It allows prediction
the yield strength of the liquid/ powder mixture.

5. Conclusions

Equating the shear stress mechanical work andriéeye of liquid bridge rupture, a formula has
been developed for the unconfined yield strength 6§uid/ particle mixture as evaluated in a
Schulze cell. The theory predicts that unconfiyiett strengthfc) is, as follows,

_4D/|105€|](r |]-ll Ep Cl].Ill)sol D\/E
‘ RE/k, Eosp 30y R
where C) is weight fraction of the liquid andR] is the particle radius. The application of the

formula is restricted by small liquid volume, which correct for the modern humidity. All
bridge volumes are suggested to be the same atidgmare mono-dispersed.

f

(10)

Experimental measurements of the yield strengtBcinulze cell confirmed the linear correlation
of fo and 1R, but disproved the theoretically predicted linearrelation with sqrt@). Despite
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limitations, the theory predicts certain featurasthe failure behavior of powder. As a result, the
obtained formula can be applied to predict flowganies of powder particles mixed with oil to

avoid segregation or give estimates of the ten@snfor moist material to form hang-ups in

process equipment.

6. List of symbols

A- area of shear layer,’m

C- liquid weight fraction, g liquid/ g powder

E- energy to rupture- layers of powder mixture for unit step, J

E;- energy of one annulus, J

fe- unconfined shear strength, Pa

H- shortest distance between particles, m

kn- hexagonal volume packing coefficient, dimensiesale

k.- random volume packing coefficient, dimensionless

I- elementary (unit) step distance, m

n- number of oil annuli associated with each pagt{cloordination number)- dimensionless,
ni- number of shear layers of particles, dimensianles

p- proportion of broken bridges, i.e. probabilitythé mutual shift of particles, dimensionless
R- particle radius, m

V- the volume of shifting layers,

V- the annulus volume, n

W- mechanical work during shear for elementary {ustegp, J

Greek letters

a- half-embracing angle of annulus, rad
v- surface tension, N/m

0- contact angle, rad

poil - density of oil, kg/m

psol - density of solid particles, kg/n

o- nhormal stress, Pa

o;- particular consolidation stress, Pa
1- shear stress, Pa

¢- internal angle of friction, rad

7. Addendum:
Schulze cell [3] and measurement of unconfined yield strength f..

The cell consists of an annulus base connectecctgawhich is driven by a motor. A powder
material is placed into the base and the top witlirpding vanes is placed on the material. The
top is connected to two load cells through two imm&rms. The weight of the top and tension
arms is counter balanced by a lever system abavedlh The top remains stationary while the
base is rotated. This allows measurement of tlggoacting on the tester top. Various weights
are applied to the weight hanger connected todpeot the cell. A prescribed normal force is
placed on the weight hanger and the base is rotatétl shear torque on the cell reaches a
constant value. This procedure generated a urstpte of stress within the material known as
the critical state of stress. Once the criticeésg state is reached, the rotation of the base is
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stopped and the normal load on the top is reduddte base rotation is then initiated a second
time and the material experiences a maximum peelrshtress causing failure of the bulk
material in a zone positioned just below the vanethe tester. It is important to point out that
this failure is for the powder material, which Hseen subjected to a prescribed critical state of
stress and then failed. All of the failures meaduin this way are related to a single state of
stress, which represents the critical state ofstieduced during the steady shear part of the test
The maximum shear torque during failure is recorded used to compute a shear stress value
on the failure yield locus. This procedure is @#pd several times to generate a collection of
points on a yield locus. A curve or a line is dnathirough these points and the unconfined yield
strength,f., is obtained by drawing a Mohr circle through trggin and tangent to the yield
locus.
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