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Abstract

Compression of monodisperse powder samples in sjatsi
conditions is addressed in a pressure range suah ghrticles
fragmentation occurs while the solid remains incoespible (typical
pressure range of 1-300 MPa for glass powders).aFgranular bed
made of particles of given size, the existence lokd stages is
observed during compression and crush up. Firsgssatal
compression occurs and the pressure of the grabealdrincreases
along a characteristic curve as the volume decsedseen, a critical
pressure is reached for which fragmentation begsring the
fragmentation process, the granular pressure st@ystant in a given
volume range. At the end of this second stage, B0%0% of initial
grains are reduced to finer particles, dependingtheninitial size.
Then compression undergoes the third stage angréissure increases
along another characteristic curve, in the absemte extra
fragmentation.

The present paper analyses the analogies betweese ptansition in
liquid-vapour systems and powder compression withistcup.
Fragmentation diagram of soda lime glass granwddsls determined
by experimental means. The analogues of the setnrptessure and
latent heat of phase change are determined.

Two thermodynamic models are then examined to septethe crush-
up diagram. The first one uses piecewise functishse the second
one is of van der Waals type. Both equations degtelate granular
pressure, solid volume fraction and initial padialliameter. The
piecewise functions approach provides reasonalpleesentations of
the phase diagram while the van der Waals one fails
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l. Introduction

Compression of powders has been widely studiedarkilobar range (Kuo et al., 1980, Elban
and Chiarito, 1986) and at higher pressures imtagabar range (Marsch et al., 1980, Fortov
et al., 2013) with dynamic shock loading. Dynamipture and fragmentation of granular
materials has been an intense research area siegaaneer work of Griffith (1921), Mott
(1948), Einav (2007a-b), Mott (2006), Davison et(2012) and many other researchers.

In this paper, we address quasi-static compressionitially monodisperse spherical soda-
lime glass particles. The (quasi) monodisperseadtear of the initial bed enables studying the
effects of initial particle size.

Compression of such granular beds exhibits threeessive stages. During the first one, the
behaviour that is observed corresponds to convegitioading curves reported for example
in Kuo et al. (1980), Elban and Chiarito (1986) andhmarized by a "configuration pressure"
equation of state (EOS) (Passman et al., 1984hisrregime, grains deform in elastic-plastic
regime and fragmentation is rare. During this stabe “granular pressure” (denotgdl
increases when the solid volume fraction incredees This granular pressure represents
collective intergranular contact resistance efféatsompression. Details are given in Bdzil et
al. (1999) where this pressure is linked to a srfenergy and in Saurel et al. (2010) where a
convenient and accurate EOS formulation is given.

When compression continues, some critical gramuiessure level is reached and the second
stage begins. Fragmentation occurs and produceaateastic noise in the experiments. The
fragmentation process is continuous with volumereise and occurs at nearly constant
granular pressure, as will be discussed. Thisqudat feature appears to be of prime interest
for the study of granular bed fragmentation. Thew, a given compression level,
fragmentation halts and the third compression skeggns. The powder is now polydisperse,
consisting of particles having initial size as wal smaller grains. Its compression curve
follows another characteristic curve, quite simitar the one of the first stage. Particle
fragmentation is quite rare during this third coegsion stage.

These three stages are illustrated in Figure liratite author’'s knowledge were not reported
before. As shown later, compaction of several pavedenples made of the same material but
with different initial particle sizes enable to lsua fragmentation diagram, schematized in
Figure 2. It has similarities with isothermal comgsion of liquid-vapour systems as, for
instance, a fragmentation dome (analogue of theaain dome) and a critical point. When
the initial particles diameter is greater than ¢hécal one, fragmentation is possible and the
compaction processes follow the three stages destripreviously. Otherwise no
fragmentation takes place and compaction follovesitiitial characteristic curve (the one of
the first stage).

>

Granular pressure (B)

>

Volume fraction of solid (a)

Figure 1: Typical granular pressure evolution &snation of the volume fraction of solid during anapression
test. A: Initial granular bed configuration, B: Efec-plastic deformation and reorganisation proess€: First
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grain fracture, D: Fragmentation at constant granptessure, E: Last grain fracture, F: Elastic{xa
deformation and reorganisation of fragmented powder

A d3 dszcrit dl

Critical point—2

Granular pressure (B)

- Partially
Fragmented powder

Fragmentation
dome

>

Volume fraction of solid (a)

Figure 2: Schematic representation of the fragntiemt@iagram. The fragmentation dome is represebyea

dark grey area. Three typical compaction pathshosvn with dashed grey lines for different initimeter

such that ¢>d,=d.;>ds. d.y;; is the critical initial diameter under which nagmentation happens during
granular bed compression.

The determination of the fragmentation diagram io@yseful for various applications, such
as for example the building of protection materiagminst mechanical aggressions or the
behaviour of materials during projectile’s impact.

Il. Experiments and results

A conventional laboratory press (CBR T0105.1) isdug compress powder samples of a few
grams. A steel piston is moved at a velocity of71mi@m/min to achieve compression. The
compression cell is a steel tube with 2m@inner diameter. The maximal force reached by
the press is about 100N. Figure 3 illustrates the experimental setup. é@ech compression
test, the height of the sample was measured wdis@acement gauge. The applied forEe) (

and the transmitted forceF() were recorded at the upper and lower surfaceshef

compression chamber, respectively. We found neaglyal forces, meaning quasi-uniform
pressure in the granular sample.

. : F+F .
Following Kuo et al. (1980), the granular pressyités computed ag3 = ;aSt , with S the

upper and lower surface area of the sample. Thiel solume fraction is computed as
a=m,/ (pV) with m, the mass of powder in the sampje, the density of the particle
(2500 kg/ni for soda lime glass) and V the volume of the semBkven granular samples of
soda-lime glass have been considered. Their cleaistats are summarised in Table 1. The
experimental compaction curves are presented iar&ida in thef-a)-plane. Note that the
form of the curves is the same in tifep]-plane asap, Up , the gas density being negligible
compared to the solid one. Figure 4b shows thedigapour phase change of €{ the f-
p)-plane to illustrate the analogy. Obviously martiien liquid-vapour substance could be
considered to illustrate the analogy.Q, N...). Thermodynamics data of Gave been
collected from the NIST online library (http://wedsdk.nist.gov/chemistry/).



Table 1 : Characteristics of each powder sample (da lime)

Test 1 2 3 4 5 6 7
Grain size (um)  2000-3000 1600-2000850-1000 500-600  355-425 212-250 27-32
Initial mass (g) 8.36 8.36 5.06 5.02 5.02 5.06 5.02
Initial volume (cm?) 5.82 5.74 3.38 3.29 3.22 3.26 3.38
Approximate number
of grains in the 410 1103 4900 23 000 65 000 310000 AW’

compression cell

& Dynamometric gauge measuring
the applied force

Displacement
gauge

Piston

Steel tube
(compression cell)

<€ Powder sample

Force gauge measuring the
transmitted force

(€= Dress table

T0105.1

a b

Figure 3: Representation of the experimental figcifi) laboratory press, b) experimental setup.
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Figure 4: a) Phase diagram of pressed granulariads of glass particles.represents the granular pressure
anda the volume fraction. Lines represent compressioras for given initial particle diameter. b) Lidegas
phase diagram dc€0..

Table 1 provides grains size range for each tgsifortunately for obvious technical reasons
it has not been possible to deal with monodispgraaular beds. But each class of particle
size is distinct enough of the others to have #r@ous distinct compression curves shown in
Figure 4a. We believe that particle samples madsirafle spherical particles would show
clearer slope change when fragmentation haltst iasfor liquid-vapour systems, where the
isotherms in the liquid show abrupt changes withgaturation line.
In the present experiments and analysis it is asduimat the granular bed contains enough
particles in all directions to be considered asrmiouum. For Test 1, considering particles of
average siz@.5 mm 10 particles are present along the cell diamexter6 layers of particles
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are present in the vertical direction. This cellpegred of sufficient size regarding
repeatability and coherence of the results of lEgla. For other tests, particles being smaller,
the assumption of continuum media is supported.

[ll. Analysis of the experiments

In this section, the experimental data are analys®dl the extent of the analogy between
fragmentation and liquid-vapour phase change isudsed. First, we focus on the differences
between the two phenomena. For liquid-vapour systdra phase change is reversible and
occurs at constant pressure. Powder fragmentasorobviously irreversible. Another
noticeable difference is that, for liquid-vapoustgms, outside the saturation dome phases are
either pure liquid or pure gas. For powders, tbdmentation is never observed and part of
the initial particles remains intact.

For each powder sample, after crush-up, remainnagugar bed consisted in three main
classes of particles: intact grains, coarse grairsnaller size (a half to a tenth of the initial
grain diameter) and fine dusts. These three clas$gsarticle size have been roughly
separated and corresponding mass fractions report€thure 5. An example of the three
classes of particles collected after a compres&shis shown in Figure 6. From Figure 5 it
appears that the mass fraction of fragments (dustarse) is about 20% for powder samples
made of 25Qum initial diameter particles and tends to 70% fog piarticles (3mm). A
schematic picture of observed sample cross-sedtfi@n final fragmentation is presented in
graph E of Figure 7. It seemed that fragmentedigh@st are trapped in initial intergranular
voids, rendering stress isotropic around partiates preventing further fragmentation.

Knowing the initial and final configuration of trgranular bed (graphs A and E of Figure 7,
respectively), the fragmentation process at greatesis assumed to follow the steps shown in
Figure 7: A) the initial granular bed is compactedl grains are reorganised, B) grains are
deformed in elastic-plastic regime, C) fragmentatiappears and the bed becomes
polydisperse , D) all initial voids are filled witharticle fragments and the stress field around
particles becomes isotropic, preventing furthegrnantation, E) grains are reorganized and
deform again in elastic-plastic regime.

The amount of fragmented particles as a functiothefinitial diameter can be qualitatively
understood by considering the initial intergranwaids. In the case of big particles, the
fragmented particles are polydisperse, as largecies break into medium ones that possibly
break again and fill intergranular voids. Beds madesmaller particles show narrower
polydispersity.

As a result, voids are less effectively filled wihrticles of small initial size than for larger
ones, as already mentioned by Desmond and Weelgl)X20hus, for beds made of small
initial particles, less fragmented mass is neededillt voids and render the stress field
isotopic. In the limit, small enough particles dot mrush at all. This is possibly due to the
increase of some kind of ‘surface pressure’ by@mato capillary fluids that increase stiffly
when the diameter goes to zero. It then becomesilpesto deform elastically and even
compress the solid without breaking particles.

The comparison of the graphs of Figure 4, showlegftagmentation diagram of powders on

one hand and the liquid-vapour diagranCa®, on the other hand, indicates that the inverse of
the initial particle diameter plays similar role @snperature. The temperature is however a
thermodynamic variable while the initial diametemiot, making differences in the definition
of the latent heat of phase change and fragmentatiergy.
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Figure 5: Mass fractions of the various grain siksr compression (end of Stage 2).
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Figure 6: Photograph of the three main classesudigtes collected after compression Test 1, cpording to
particles of 2000-3000 microns initial size. Afsggproximate separation each class is weighted ssatiated
proportion is reported in Figure 5.

A B C D E

Figure 7: Schematic representation of the fragntimtgrocess. A: Initial granular bed configurati@h
Elastic-plastic deformation and reorganisation psses, C: First grain fracture, D: Fragmentatictoastant
pressure, E: Last grain fracture.

As the main differences between liquid-vapour amagrhentation diagrams have been
discussed, we now study the similarities. Compa#dggin the graphs of Figure 4, obvious
analogies exist between the fragmentation diagramhe (5-o)-plane (or in thgs-p)-plane)

and the liquid-vapour diagram in t{p)-plane. Among these common features, existence of
crush granular pressure appears, as well as fragti@ndome and critical point (analogues
of the saturation pressure, saturation dome anidairpoint). In vapour-liquid systems the
most important relations are the saturated pregfuygg, the saturated densities (or specific
volumes) and the latent heat of vaporisation astfans of temperature. Figure 8 represents
the saturated pressure as a function of temperatdethe crush granular pressure as a
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function of the initial diameter. In the latter,etlabscissa scale is reversed as the initial
diameter plays the inverse role of temperaturesétwirves have similar behaviour and both
have a higher physical limit which is the critigadint. Indeed, the analogues-vapour, liquid

and supercritical fluid present at the critical point are respectively initial particles, fragmented
mixture and small initial particles that never fragment. The main difference is that the curve
Psa(T) has a physical lower limit which is the triple pbiFor granular materials no triple
point exists and the crush granular pressure temdsro when the initial diameter grows. A
common form of the saturation pressure is the A&@L888) equation:

B
7+C

10910 Foot )= A -

For CO,, A=9.87, B=957.37and C=14.32for P54 expressed ifPa andT in K (NIST online
library). This equation is a local approximationaomore complex formula linking saturation
pressure and temperature. It results of the cortibmaf liquid and gas equations of state
under the constraints of mixture energy and speeidlume conservation, equal pressures,
equal temperatures and equal Gibbs free energies.

Similar relation for the crush granular pressureadsinction of initial particles diameter is
considered:

A =694
1091 Berusn )= A 'm , with 1B, =-1966, B, .. in Paandd in meters.
' ! C,=1348

Figure 8 shows the agreement between the Antojme-tglation and experimental data.

However, that equation tends to a non-zero consgthan the initial diameter increases. In the
present context of granular materials, the Antoglation seems consequently inappropriate.
This is not surprising as its origins mentioned\efhan particular temperature equilibrium,

cannot be transposed to granular materials.

To capture the asymptotic behaviour when the diamednds to infinity, the following
expression is used:

c, = 569891 Pa m*

_ 1)
¢, =-0.67385

ﬁcrush (d): codc7 Wlth{
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Figure 8: a) Saturation pressureQ®, as a function of temperature. Antoine equatiomesgonds to the grey

dashed line. b) Crush granular pressure as a @mofithe initial diameter. Experimental data dreven with
black points while Antoine-type relation is in grégshed line and the present fit, with Relation ¢byresponds

to the black line. Critical and triple points (whexisting) are represented by hollow circles irhbef and b).

Figure 9 shows fragmentation and saturation domethé {[-p)-plane and d-a)-plane,
respectively. The dewpoint line and its analoghe, first fragmentation line, have similar
behaviours. The bubble point line and the lastrifragtation line behave differently near the
critical point. In particular no plateau is obsatweear this point for powders. As said earlier,
another difference is the presence of the triplatpfor liquid-gas systems. Correlations for
the saturation pressure as a function of the teatyer exist in the literature (e.g. Span and
Wagner, 1996). However, they require many pararmdégght to ten in that reference) to be
accurate, in particular near the critical point.thie present work the aim is to evaluate the
similarities between the two systems on the bak&mple relations. As a result, a simpler
correlation with three parameters only is used itk the crush volume fraction where
fragmentation starts as a function of initial paes diameter:

¢, =0.6105
Ayeno @)= 5 (1-6°)7 ith 1¢, = 833.31 m” 2
¢, =-0.06137

Analogue of this relation foCOz regarding the saturation density of vapour alseegi
satisfying results, except near the critical p¢aete Figure 9):

A, =1.23x10" kg / m’
Powo = A5 (1-€xp (-B,T)* , with { B, =7.77x10% K~
c,=12.67

The correlation used to fit the fragmentation ciewe @, , is:

c, =0.674
Qs @)=cs*¢c,d ith c. =30.074 m”
. .

The bubble point line of Figure 9a shows the naedr evolution of liquid phase saturation
density as a function of the temperature while“tast fragmentation line” of Figure 9b, is
quite linear versus volume fraction, pointing amotidifference between liquid-vapour
systems and powders.

)
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Figure 9: a) Saturation dome of €8s a function of density. The bubble point linshewn with black lines and
the dewpoint line with grey lines. b) Fragmentatitime as a function of the solid volume fractioheTirst
fragmentation line is shown with black points ahd last fragmentation line is shown with grey pgiftor both
a) and b) critical and triple points (when exisjiage represented by hollow circles.

The critical point is now estimated as the intetisacof the first and last fragmentation lines.
For soda lime particles the fragmentation critaint corresponds to:

d .., =223x10°m, a =0.687 and =164 MPa .

critical

Determination of the specific fragmentation eneaigya function of the initial diameter is now
addressed. It corresponds to the latent heat obrisgtion analogue. As heat transfer is
neglected during fragmentation, the fragmentativergy is determined as,

Verusht ()
Ecrush (d)= J 'ﬁdl/ ’

Verusho ()
with Ecusnexpressed id/kg £ in Paand specific volumeg;ush 0andverush 1in m7kg.
The specific volumescush o and verush 1 represent, for a given particle diameter, the ifipec
volumes where fragmentation begins and ends (aneto@f vapour and liquid saturation
volumes). To calculate the fragmentation energg,diush granular pressure is used. For a
given initial diameter this pressure is constantirdy fragmentation and the related
fragmentation energy reads,

E crush (d): ﬁcrush (d) (Vcrush,O (d)- Vcrush,f (d) )
Experimental data fodv,,, @)=V .o @}V ., (@ )are shown in Figure 10.

critical critical
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< 1.0E-04 - ¢
£
b °
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<>, °
[ ]
0.0E+00 : ‘ ; e
0.004  0.003 0.002 0.001 0

d (m)
Figure 10: Specific volume variationgw,,s{d)) of soda lime granular bed during fragmentatioma &snction of
initial diameter.



It remains to compute the specific fragmentatioargn and two specific definitions may be
considered in this aim. In the first definition tte#al mass of powder is considered, yielding
Ecrusnrepresenting the specific energy, per unit massitidl powder.

IT‘frag

It can be divided by the mass fraction of fragmedrgewder ¥;,, = as only part of the

ot
powder sample is fragmented. Both definitions amesaered in the graph b) of Figure 11
where these energies are shown as functions otleagttameter.

400
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€

2 200

>
= 150

Ecrusn (KI/Kg)
\

- = Per kilogram of fragmented

100
powder

50

0 0l — Per kilqgram of powder )

205 225 245 265 285 305 325 0.003 0.0025 0.002 0.0015 0.001 0.0005 0
T(K) d(m)

Figure 11: a) Specific latent heat of vaporisatibiCO2as a function of temperature. b) Specific crusérgn
as a function of particles initial diameter.

Both definitions are useful. The first one, defirmdthe basis of unit mass of initial powder,
is needed for global computations, at the scalgrahular beds. The second one provides
information for fragmented particles and is moréadle for local computations, as done for
example in Antonyuk et al. (2006), Moreno-Atanaamnm Ghadiri (2006).

Figure 11-b provides extra information. It is ofteonsidered that fragmentation energy is
directly linked to the specific surface of the gsai Such dependence doesn’'t appear in this
figure as the fragmentation energy is nearly caristehen the particle diameter varies of a

factor 3, the specific interfacial area varyingnfrd 777° / kg for the largest particles of Table

1 (2500 tm initial diameter) to3m7° / kg for those ofl mminitial diameter. This remark

supports the observations of McSaveney and Dag2i@39).

It is also interesting to compare specific energegsorted in Figure 11b to literature data.
Bergstrom et al. (1961) reports specific crush gyef about ZJ/kgfor soda lime particles
significantly bigger than those considered in threspnt study. Jandacka et al. (2009)
considers powders of mineral almandine and rempresific crush energies of abd&ikJ/kg
Lade et al. (1996) reports lower energy (about 0.6 kJ/kg but considers softer materials (soil).
Energy levels of Figure 11b seem consequently indgagreement with these data, in
particular with those of Bergstrom et al. (1961).

Practical use of the graphs
As an engineering example of present collected lgatas consider a bumper aimed to stop a
car of 100kg at velocity 19&m/h(u=55m/9. The corresponding kinetic energy is 1KI3

The initial powder grain size must be chosen inoett&nce to the impact pressuB,..,.

Assuming sound speed in the glass powder of the order of 36¥s (computed with
Relation (5) avec checked against Rogue et al.8)188ta) impact pressure is approximately
given by,

mpact = Fam T @RJCU = 10° +0.6 x 2500 % 300 % 55 = 25 MPa

where @p) =0.6 x2500 =1500kg / m’ denotes the density of the granular bed .

-10-



For such pressure level Figure 8b indicates thdicpes must have a diameter greater tBan
mm For these particles, the crush energy is alf®yt, 03 AJ / kg . Thus 504kg of glass

powder with 3mminitial diameter will be appropriate to dissipake kinetic energy of the
1000kg car impacting at 198m/h

IV. Fragmentation diagram modelling

In this section modelling of the fragmentation d&ayg is addressed. The aim is to reproduce
the experimental diagram in thg d)-plane (Figure 4a) with the help of an EOS expness
the crush granular pressyfeas a function of volume fraction and initial pelei diameter.
Two EOS are considered. The first one assemblegwise functions while the second one
mimics the van der Waals formulation.

1) Granular equation of state
In this section, we address modelling of compactiorves with piecewise functions. In this
frame the granular pressytes given by:

,80 (a)/f as< acrush,() (d)
18 (O', d): lgcrush (d)/f acrush,O (d)< a< acrush] (d)
B, (a,d )otherwise

Ocrush,0 @Nd acrush,1 are the solid volume fractions crush bounds reiisg respectively the
beginning and end of the fragmentation process.a-given powder these bounds depend
only of the particles initial diametegf, is the compaction curve before fragmentation and
depends only of the volume fractiofieusn corresponds to the crush granular pressure
occurring during fragmentation. It also dependsyai the initial diameter. Lasp; is the
compaction curve after fragmentation and dependsatume fraction and initial diameter.
Figure 12 illustrates the preceding definitionsesi functions being determined from
experimental data.

B d=d,
Bola)
_ o d=d,
critical point B,(a,d,)
i \ \ d=d1
cxcrush,o(d) B,(0,d,)
\
Bcrush(dz)" ---------
crush,l(d)
Bcrush(dl) : -----

acrush,O(dl) acrush,o(dl)

Figure 12: Schematic representation of the ‘fragiaion diagram’.

The analytical expressions @Bfus{d), acrushdd) and acrysh {d) were determined previously
and correspond to Equations (1), (2) and (3).

The compaction curve before fragmentation must losv rconsidered. Experimental
observations indicate that this curve is independéthe initial particles diameter.

When dealing with solid-gas mixtures compressionly dhe solid phase is subjected to
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intergranular efforts and contains consequentlyfigamational energy, representing the
energy stored at particles contacts. The granul@S Es determined by quasi-static
compression of powders. The system volume is medsand the granular bed solid volume
fraction is deduced, as a function of the appliedstraint. This type of experiment is
described for example in Kuo et al. (1980), Elbad &hiarito (1986), Bdzil et al. (1999) and
in the present work. Such measurements consequsattynarize all three dimensional
contacts and efforts and record their collectifeas.

It is possible to fit corresponding curves (grangeessure — solid volume fractian) by the
following function (Saurel et al., 2010), represegtthe configuration energy (the granular
pressure will be determined subsequently):

r((1-a)in(l-a )+ (+In(l-a, )@ -a, > (-a, )In(ra, )" , if a,<a

B(a)={ -
0, otherwise; (4)

where g, corresponds to the solid volume fraction when th@nglar constraint is zero (
a, =0.6 in the present work). This volume fraction dependsthe powder material, on its
morphology etc. It is clear in (4) th@(a, )=0 (that ensures continuity of B with respect to
a at a=aqa,). Parameterg and n are also characteristics of a given powder andemor
precisely of its response during quasi-static logdi

For the present application, it is necessary taesgfirst and second derivatives of (4). The
first derivative provides the granular pressure,

n-1
B _ |-(ap)r n /n(”’j(B (a)j” ifa>a,
oa 7-a, T

B, (@)= ap
0 otherwise

wherep represents density of the material (2500 kg/m3dafa lime glass).
The second derivative of (4) is provides the squgranular sound speed” (Kapila et al.,
2001),

» ,d°B
Cwmlz 12
da , (5)
with,
1 B(a) n%l B(a) %2 :
dzB _ rn[(—)(—j +(n—1)(|n(1—a}+]){—j } , if a,<a
daz l1-a T T

0, otherwise.
For soda lime, parameters associated to thesedusdre:
T=415 10° J / kg
{n =1.001

Compaction curves after fragmentation are now adee These curves depend on volume
fraction and initial particles diameter. As thisrtps also a compaction process, we use the
same mathematical form Aswith an additional functiof(d):
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n @M

B, @d)={PT @ @) /n(7 Za(d)j(f (icfr))jn(d) theraza, @)
1A -ty

0 otherwise
(6)

Now coefficientsag,  andn are all functions of the initial diameter. Aftdret fragmentation
process, the new compaction curve starts from rildeceush volume fractioficrysh {d). Thus

ao(d) becomesig(d)=acrush, {d). In order to enforce continuity of the compact@mve during
and after fragmentation, functidhmust be equal to the crush presdaf@)= f.us{d) given

by Relation (1).

The various loading curves are then used to deterrinctionsz(d) andn(d) yielding the
following fittings,

c, =114 x10° J/ kg
1(d)=6 + ¢ d with | , (7)
c, =-2.857 x10" J/ (kg.m)
c, =1.0146
p 5 c,=394.77 m’
n @)=c,tc,d+c,d” +c,;d” \yith 8)

c,, =-214203 m?

c,,=25623 100 m?
These relations are compared to experimental dateiFigure 13, showing good agreement.

1.2E+05 1.3
L
RZ=0.952 R2=0.971
1.0E+05 -
1.2 -
8.0E+04 -
B 1.1 A
= 6.0E+04 4 c
|4 1 4
4.0E+04 -
2.0E+04 - 09 1
0.0E+00 : 0.8 :
0.E+00 2.E-03 4.E-03 0.E+00 2.E-03 4.E-03
d(m) d(m)

Figure 13: Equation of state of crushed powdeEujctiont as a function of the initial diameter. b) Function
as a function of the initial diameter. Experimemtata are shown with square symbols.

Figure 14 shows the overall comparison betweerexiperiments and the present EOS, based
on Relations (1-8).
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Figure 14: (8,a)-crush diagram of soda lime glass powder. Experimaare shown in black lines and
computations in dash grey lines. The computed feagation dome is represented by the continuouslgrey

With the present formulation the phase diagramescdbed by a set of equations (1-8). We
now address the same goal with a unique formulation

2) van der Waals - type EOS
We now address modelling of the fragmentation @dagwith an EOS quite similar to the
Van der Waals EOS. For reminder, the Van der Wa&IS reads,

_prT

7-bo

whereP, p andT represent respectively the pressi?a)( density kg/nT) and temperature (
K). r=R/W with R the gas constand/fnol/K) andW its molar weight Kg/mo). a and b
are constant parameters characteristic of a gilted éxpressed from critical pressure and
27r°T?

-ap?,

rT
and b=8—P°. For CO,, T, =30418K and P, =73.80x 10 Pa

C [
(Suehiroet al., 1995 As a resulta=188.8 Pa.fYkg? andb=9.735x 10* m’/kg. Tabulated
data from NIST and van der Waals EOS {00, are reported in Figure 15, showing
gualitative agreement. Van der Waals formulatioedmts metastable states, not reported in
tabulated data but present in reality. It also appehat the phase transition density range
differs noticeably. Many authors have proposed eobéa version of Van der Waals equations
by modifying either the attractive and repulsivene (Redlich and Kwong, 1949, Peng and
Robison, 1976, Patel and Teja, 1982, Reiss el@h9). In the present work, the aim is to
reduce the fragmentation phase diagram with aslsianpEOS as possible.

temperaturea =
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1,5€+07
— A4
& 1,06407 &
a o\
5,0E406
~
“
0,0E+00
1000 1500
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Figure 15: Comparison between the tabulated preggoey lines) folCO2and computed pressure using Van
der Waals EOS (dashed grey lines) as a functiaensity for 250, 300 and 3%Q

In this direction some differences between liquaghour phase change and fragmentation
process must be pointed out. For a gas, followimgsatherm, the pressure increases slowly
as a function of density while the pressure oflitpad increases stiffly. For the fragmentation
process, opposite behaviour is observed regardiagutpr pressure as a function of the
volume fraction. Furthermore, the density startszéwo for fluids while the solid initial
volume fraction is never zero when granular pressayppears. In order to have similar
qualitative behaviour between the fragmentatiorvesirand the liquid-vapour phase change
curves, a new scaling is considered given thewiollg constraints:

- o' :[a,a]- [0.a, ], with a7, a constant to define.

max ] ?
- Decrease the granular pressure slope for small
- Increase the granular pressure slope for large

With these constraints, the following scaling i®jpigd:
a* =c, (7_ e’ @-a, )) (9)
In order to qualitatively match fragmentation cuwwvand CQ isotherms, the following

additional constraints are considered:
- a,, =1000(maximum rescaled volume fraction),

- a,, =500 (rescaled volume fraction of critical point).

From these constraints, constantsand c,; are deducedc,, =1000and c,; =10.
Typical pressure compression record is shown inr€id6 as a function efanda.”.

3.0E+08 a) 3.0E+08 b)
2.0E+08 2 OE+08
T _
& 1.5E+08 g
= £ 15€408
1.0E+08 -
5.0E+07 5 OE+07
0.0E+00 0.0E+00
0.60 0.80 1.00 o 500 1000
a a*

Figure 16: Granular pressure for a granular bexbdf lime with particles of 0.5-OrBmdiameter as a function
of a) volume fractiom and b) rescaled one .
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The granular van der Waals EOS in consideration meads,

B @d)=< 9 @) 9 _aa*? (10)
7-ba

wherec(d) is the analogue off and is therefore function of the initial particiameter.

Fig 15b curve fitting was addressed with paramete&s1 10 Pa, b=7.9 10* anda=6 102

Pa, but it appeared impossible to capture both platwad post fragmentation compaction
curve, as shown in Figure 17.

To correct this weakness, the quadratic term ofvdlreder Waals EOS is changed to a cubic
one and an exponent is added to the short distaepaksive term:

- C @)a’ a3
B -ba §7 aa (11)

Doing so, attractive effects are increased whilertstlistance repulsive ones are decreased.
There is no particular physical relevance in thefsg&nges, just an attempt to improve curve
fitting of Figure 16b. With these modifications inoped agreement is found with the

following parametersa =0.45 Pa, b=1.00x107 and ¢=2.72x70° Pa as shown in
Fig. 17.

3.0E+08
2.5E+08
2.0E+08

1.5E+08

B (Pa)

1.0E+08

5.0E+07

0.0E+00
0 200 400 600 800 1000

u*

Figure 17: Granular pressure as a function oComparison of the various theoretical formulasidor a
granular bed with given initial particle size. Exipeental data are shown in black lines, van der Ii¢/aa
approximation (10) is shown with grey dashed liaed formulation (11) is shown with grey lines, sy
improvements.

The agreement being better with Formulation (11)nees address determination ofas a

function of initial particle sizel. Parametera andb are kept constant aradd) is determined
for each curve using to a least square methodré&igd represents the evolution of functon
versus initial diameter.

critical diameter

3.5E+05 \L

® O
3.0E+05

2.5E+05

o(d)

2.0E+05
1.5E+05
1.0E+05
0 0.001 0.002 0.003
d(m)

Figure 18: Functior(d). Experiments are shown with dot symbols and cfitweith lines.
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For initial diameter smaller than the critical of# < d_, ), functionc(d) is constant as no

fragmentation appears and all compression curvessaperimposed, independently of the
particle size. In order to fit previous dataset, §6< d_,, several functions have been tested

crit ?

and the following formulation, with three paramstenly, was retained:

eexlcd if doc ¢, =136918 Pa
C —exXp\— 8 >d..
C(d) — { 16 X C17 I crit Wlth

_ c,,=910.8 m’
cel1-exp(-c,d,, )]* otherwise ¢, =-0.499

It enables capturing both the stiff slopeagfl) whend - d

c(d) whend — 0003,

Figure 19 compares experimental data and compuogatigth functionc(d) given by (12).
3.E+08 7 7

(12)

and the decreasing slope of

3.E+08 T

/ ! ! 11
h

! v"

1 h

2.E+08 - s I, 2.E+08 4

1.E+08

B (MPa)

0.E+00

-1.E+08

B (MPa)

0.E+00

-1.E+08

1.E+08 A

00

a*

Figure 19: Experimental data (black lines) and EOS (dashed grey lines). a) Plot in tifexf-plane. b) Plot in
the 8, )-plane

The modified Van der Waals EOS (11) is qualitagivéh good agreement with the
experiments. However, as for the original van demal¥ formulation, negative pressures
appear in Figure 19. Negative pressures (tensimas) occur in pure liquids, under specific
conditions (Brin, 1956). In dry granular mediastig clearly impossible. The van der Waals
type formulation can thus be understood as an appation of the pre and post
fragmentation states, not the ‘phase-transitiomezdt thus appears that the various van der
Waals type formulations examined in the preserdystire inappropriate to model the phase
diagram of crushed powders. This is related to canmsexity of van der Waals type EOS
(Saurel et al., 2008) in the crush zone. The pBysigranular material in breakage conditions
differs of liquid-vapour phase change, as alreagyntioned with respect to Antoine relation.
Variants of the van der Waals EOS (Redlich and Kgydl®49, Peng and Robison, 1976,
Patel and Teja, 1982, Reiss et al., 1959) consdigusrem inappropriate as well.

V. Conclusions

The analogue of liquid-vapor phase diagram has betermined for granular beds made of
guasi-monodisperse spherical particles. Under cession effects, particles fragment and
form a mixture in the general sense, made of ingarticles and fragments. This “phase
transition” process occurs at a precise pressura fpven particle size. The energy needed to
fragment the bed varies as a function of particke.sThe corresponding crush diagram
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contains relevant information such as for example analogue of the latent heat of
vaporisation and is determined on the basis of lgrepperiments.
Model equations of state have been examined toodepe the crush diagram. Accurate
representation has been obtained with assemblegwige functions while van der Waals
type formulations seemed inappropriate.
Many perspectives can be considered to continusetimyestigations with:

- astudy of time dependence and relaxation timetalibrium,

- the influence of initial temperature on crush-up,

- the building of a flow model containing such phas@sition process.
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