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IDENTIFICATION OF MECHANICAL PROPERTIES OF COMPOUND
FEEDS FOR MODELLING THE PROCESSES
OF THICKENING AND COMPACTION
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Physical relationships for the analysis of stresd atrain in modeling of compaction
process of materials of vegetable origin with prope of plasticity are described. The
study is based on the yield condition formulated@rgen. The analysis uses the basic
functions of porosity and the Amontons—Coulomb &nandl laws of friction for porous
materials. The experimental and theoretical te$t§odder mixture compression are
performed in a closed chamber. The identificatibrmaterial constants is made by the
numerical methods and nonlinear regression equatitascribing the pressure on the
stamps of the chamber.
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The aggregation of loose and porous materials bshar@cal compaction into a
product of a specific shape and dimensions is epph powder metallurgy [1, 2], ce-
ramic [3, 4], chemical and pharmaceutical [5, @lustries. Compaction of loose mate-
rials of plant origin is used in the food and f¢éHor energy [8, 9] industries. Interes-
tingly, a number of similarities can be noticedlie above-mentioned applications in
applied technologies and equipment used for theymtinn of compacted materials.
Currently, for determining the optimal parametefsttee process of compaction on
stamp and rotary presses digital simulation mettasdsapplied, which use mathema-
tical models for loose and porous media regardesd @astic material. For many years
a systematic development of loose material models taking place, from the Cou-
lomb plasticity model [10], Drucker—Prager [11],rG&lay [12], Lade [13] to so call
density-reinforcement elliptic plasticity modelsskd on the Huber-Mises yield crite-
rion. Among them, the Green [14], Kuhn and Down&§]][ Shima and Oyane [16],
Doraivelu [17] or Gurson [18] criteria can be digfilished.

The studies of the authors [19] on the modellingtted processes of pressure
agglomeration of compound feeds have indicated mpassibilities of applying the
loose material plasticity theory to the modellinfgtlee processes of their agglomera-
tion. The thin cross-section method and the looaterial density-reinforcement yield
criterion [14] were used in the present study teetlsp a mathematical model for the
distribution of stresses during compaction of tbmpound feeds in a closed chamber.
Similarly to [20], the model equations were subsaqly used for determining the ma-
terial parameters by means of intensification ohsueed force variations at selected
points in the compaction chamber.

The main advantage of the adopted research methbd easiness of determining
the variations in the material density being thied@, the ease of measuring the com-
paction pressure and the straightforward natur¢heftheoretical relationships des-
cribing the axially symmetrical stress state.
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Basic assumptions and solutions. A schematic of the loose material compaction
in a closed chamber is shown in Fig. 1. Due toatkially symmetrical stress state and
the uniaxial strain state the cylindrical coordenaystem{r, ¢, Z is adopted, whose z

axis is directed opposite to the stamp displacerdgattion and, at the same time, is
the axis of the system symmetry. This assumpticualt® from the geometry of the
chamber and its non-deformability. The origin of gystem is positioned at the cham-
ber bottom. It is assumed that the agglomerate@nmaiais homogeneous and exhibits
isotropic properties. The isotropy of the materésdults from the random arrangement
of particles in the compound feed, and its homoigjgme due to the uniform distribu-
tion of individual components and the small diffeze in size and shape between them.
The material is fed by gravity to the compactioamber. The analysis of thickening is
made for the Green elliptic yield criterion [14hdwn from the metal powder compac-
tion theory, which is written in the form [21]:

Az 3),+0a(@)I2-B@)oZ =0, (1)
whereJ; = 0, + 20, is the first invariant
P*l T of stress tensor,), = (o, —0,)!/3 is the
second invariant of deviatoric stress ten-

sor, oy is the compressive yield strength,

P, 0(®) andB(®) are unknown functions of
h the material porosityd, 0,,04,0, are
o, the stress tensor components.

It is assumed, that in the case of
compacting the material in a closed cham-
ber with smooth walls (with the friction
omitted), at any height of compacting
T stamp position, the sample is homoge-

P

<Y

neous within the entire volume and its
density depends solely on the instanta-
neous stamp position relative to the cham-
ber bottom. The variations of the stresses
or ando; are the functions of the material poros@®y[21]:

o, =§(©)0;, 2)

where §(©) =[1-2a(0©)]/[L+4a(®)] is the function defining the lateral pressure eoef
ficient, and

Fig. 1. Schematic of stress action
in the closed chamber compaction process.

0, =0,(0) =371+ 4 (©)B(©)/a () oy . €)

The elementary Eq. (2) serves for determining tivetiona(©), with the mate-
rial friction against the chamber and stamp wadls1g eliminated. Such tests include
the measurement of the force acting on the halfldyoariginating from the lateral
pressures and the force acting on the ram duringrimhcompaction. By determining
this function it is possible to determine the pdsofunction 3(®) and the value of the
compressive yield strengty using Eq. (3).

Under actual compacting conditions the frictiortted material against the mould
walls occurs, which causes a non-uniform matemasity distribution and differences
in axial stress magnitudes between the compactamgsand the chamber bottom. It is
assumed that friction forces occur only within tarow zones adjacent to the chamber
walls, whereas the friction on the stamp walls Hrelchamber bottom is omitted due
to the absence of displacements in the radial tilirectherefore the friction force work
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on those surfaces is equal to zero, thus havingffieat on the compaction process. In
that case the axial componentafstress in the cross-section has a uniform distribu
tion, therefore the distribution of pressures am$tamp and on the chamber bottom is
also uniform.

Expression (3) that defines tlw stresses for frictionless compaction remains
valid only for a certain cross-sectian< h with a density (or porosity) equal to the
average material density (porosity). Based on thmothesis of the linear distribution
of thickened material density [22], it is assumlealt tthe average (apparent) density is
at the mid-heighk.

From the condition of the balance of forces actingan infinitely small material
volume element of a thickneskz, and after making the necessary arrangement, the
following has been obtained (Fig. 1):

do, =21,/Rdz (4)

where 1, =1,(0) =m (1-0)?'3/B(@)/30, are the tangential stressew, is the

Prandtl friction coefficient of compact materiaB[2R is the chamber radius.

By integrating both sides of Eq. (4), while adoptthe Prandtl friction model and
assuming the linear distribution of density (or qmity) along the sample height, the
following expression is obtained:

a, z
[ do,= [ 2t,/Rdz. (5)
02(O) h/2

After integration of equation (5) and making apprate transformations we find:
0,(2)=0,(0) +21 O 2= W2)/ R (6)
where®@, is the average sample porosity, described byelaionship:
O =1-pm/pL=1-m /(MR Ip ),

where py, is the average density of a sample of the hdiglpi. is the density of the
solid (compact) material of the poros@y= 0,m, is the sample mass.

Based on expression (6), the forces acting ontdmas P™ atz = h and on the
chamber bottomP™ atz= 0, are as follows (Fig. 1):
*=nR[0,(0,) T {0 )N R. (7)

The magnitude of forc, acting on the half-chamber, originating from thelial
stresses is determined from the formula:

h
R, =[28(©)0 () Rdz (8)
0

After integration of the relationhip (8) we obtain:
R, =2€(Op)o ,(© YRh. 9)

In the case of Amontons—Coulomb type of frictigr= po, equation (5) takes the
form:

g, z
[ do,/o,=2uR" [ €@, dz (10)
0,0 h/2
where p=p, 1-06,,)%3, u, is the Amontons—Coulomb friction coefficient ofeth

compact material [23].
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By solving equation (10) after some transformatjeve find
0,(2) =0 (0 ) exp{ 2E © ,)[z- 0.5n]/ B .

Finally, by proceeding similarly as for the Prangtpe friction, the following
expressions is obtained:

* =1iR%0,(©,,) expuE @ ,)h/ R,

R = p_lexp[—hE(Om)p/R]{exp[Zfi Cn1/R- J}o ;0 m-

The test stand for the deter mi-
nation of the compound feed me
chanical properties. To determine the
material constants of the compound
feed an SJ-3 test stand was built,
whose schematic is illustrated in Fig. 2.
The test stand includes small work-
shop pressl, using which the com-
pound feed poured to chambgris
thickened.

The compaction chamber has
been split along the opening axis, and
then fastened together with clamping
ring 4 allowing the measurement of
forces acting on the half-chamber
(half-mould). The compaction of the
compound takes place with the upper
stamp, with the lower stamp consti-
Fig. 2. Schematic diagram of the SJ-3 test stand:tuting the constructional bottom of the

1 - manual preSQ—diVided CompaCtion chamber. Upper and lower Starnas
chamber3 — upper and lower stamps (extenso- are extensometric force transducers.
metric force transducers};— clamping ring In order to determine the sample den-

(an extensometric force transducér}: base; itv during compaction. a TPP 100
6 — TPP 100 transformer displacement transducer? y g comp ’
transformer displacement transducer

C — computerM — KWS/6a-5 extensometric .
bridge;R — MC201A recorder. was fixed to the lower bageand the

upper stamp.

Signals from the stamps, the clamping ring anddiBplacement transducer were
routed to the KWS/6a-5 extensometric bridge and tbennected to the MC201A
recorder coupled with a notebook computer. For nding measurements, the
MC201.EXE program was employed, whereby the measemts were stored on the
hard disk in the form of binary files. The storddd were subjected to further analysis
using the authors own software.

The measurement of the compaction forces on theeruppd lower stamps
enabled the determination of the friction forceswdng between the material being
compacted and the mould walls. The friction foree¢he difference between the force
occurring on the upper stamp and the force ondivet force.

Identification of the material parameters. During measurements, strong ad-
hesion of the compound feed to the mould walls n@ticed to exist for testing tem-
peratures from 40 to 9Q. This decided the use of the Prandtl friction eiddr iden-
tification in this temperature range. In the cafthe temperature of 2C, no adhesion
of the compound feed to the mould walls occurrbdyefore at this temperature the
Amontons—Coulomb friction model was employed.

As the porosity function form the Shima-Oyane fims were adopted [16]:

(11)
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a(©)=Def, B©)=(1-0), (12)

whereC, D, E are the parameters of the porosity function.

The recorded experimental points of forces actingtle lower stamp, upper
stamp and half-mould during compaction were appnatéd by the least squares me-
thod by minimizing the following expression:

Nk , _ ., ,

Y[R =R+ -P)2+(B - B)°]. (13)
i=n,

where R*,R™, R, is thei-th points of the function of the approximated foran the

upper stamp, lower stamp and mould clar®j,, P~ , B is thei-th points of the re-

corded force on the upper stamp, lower stamp anddramp. The minimization of
expression (13) was made within the measurement pmge fronm, (defined for the
material bulk density o, = 570 kg/ni) to n, (defined for the upper stamp force cor-
responding to the unit compaction pressures of 5aM

This method enables all parameters being identifidzk obtained in a single search,
while considering the recorded curves of forcestmnupper stamp, lower stamp and
mould clamp. In the case of the lateral force mesment curve, the approximation
considered points lying above the force correspuntl the clamping ring pre-tension.

In the case of using the Prandtl friction modeljagtpns (7) and (9) were used in
identification, while for the Amontons—Coulomb mdbdequations (11). As the solid
material densityp,, the density of the material compacted in theedoshamber at a
pressure of 200MPa was adopted for the compounrdrging temperature. No signi-
ficant changes in this density were observed dumegsurements. The average of 12
measurements being equalpio= 1498 kg/m was assumed.

The approximation was made with respect to theesahfC, D, E, oy, m_ (1).
For searching the minimum of the square sum functive Hook-Jeeves simple search

gradientless method was used. Then, the averagesvabtained for each temperature
were approximated with either an exponential @dmfunction. Due to the small changes
perature variation interval. Because of the frictiaw change at the temperature of
10°C, the variations in the Prandtl fric-
1%
from 40°C. o] 3¢
Examples of graphical identification %}\
2%
mental data together with the model \\
curves are shown in Fig. 3.
R? squared regression coefficient values 0
above 99% were obtained, which indica-
Fig. 3.Example of diagrams of the variations
mental and the model curves. The of forcesP* (curve 1): P (curve2);
ce for the possibility of using the metal (= acrc) using the Prandtl friction model.
powder theory of plasticity for the study
In the case of using the Prandtl friction for tamperature of 1 and the Amon-
tons—Coulomb friction (the underlined value) famfgeratures above 20, greater dis-

in C, D porosity function values, the average values veesmimed for the entire tem-
tion coefficient m. were approximated z
results obtained based on the experi 2
4 D

In the identification carried out, the %
tes good consistence between the experi:
achieved consistence provides an eviden-p, (curve3), together with the model curves
of compound feed agglomeration processes.
crepancies between the experimental curves andntiael curves and the lowé¥

25 30 35 h,mm
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regression coefficient values were obtained. Thainbd average values of individual
compound feed material parameters at the tempeséwamined are given in Table.

Aver age values of the identified compound feed parameters

Test temper i g strength Friction coef- Porosity function (12) parameters

rature .

T °C oy, MPa ficient my(p) C D E
10 37,74 _0,1227 12,19 0,2204 0,3744
40 25,80 0,3686 12,12 0,2428 0,5089
53 20,70 0,3398 12,25 0,1981 0,5948
65 17,13 0,2677 12,25 0,2210 0,7386
78 13,94 0,2372 12,48 0,2297 0,8341
90 14,59 0,1949 12,05 0,2562 0,9738

The obtained results of approximation of the averagterial parameters shown
in Table 1. as a function of temperature are repesl by the formulaery = 43.16¢
xexp(—0.0135); E = 0.3178exp(0.01243; C = 12.22;D = 0.228 for 10C <T < 9C°C
and Prandtl friction coefficienty = —0.00359% + 0.516 at 40C <T < 9C°C.

CONCLUSIONS

The investigation of the closed-chamber pressugtoateration process enables
the determination by the identification method akis material parameters, such as:
settling density, maximum density and the shedd\sé&rength. It is established, that:
the consistence between the behaviour of the expetal and the theoretical stamp
compaction pressure variations curves providesvaterce for the correctness of the
assumed density-reinforcement ideally plastic |dusdy model and the yield criterion
used in mathematical modelling of the closed-chandmenpound feed compaction
process; the results of this examination can bd feremodelling other, more complex
processes of compound feed pressure agglomeratignanulating machines.

For the description of the stress and strain stathe processes of compacting
plant materials with plastic features, aside frdm thin cross-section method, also
more advanced methods, such as the charactenstited or MES, can be used.

PE3FOME. OtpumaHo ¢(opMynmu Il po3paxyHKy HampyxeHb i nedopmamiii mig gac
VINITBHEHHS MaTepialliB POCIMHHOTO NOXO/KEHHS. MaTeMaTHYHa MOZIEITb I[OT'0 TIPOLeCy IPyH-
TYETHCS Ha YMOBI ImacTHHOCTI [ piHa 3 BUKOpUCTAHHAM (YHKIIIi MTOPYBATOCTI, 8 TAKOK 3aKOHIB
Tepts Kymona—AmonToHa i [Ipanaris mis nopysaTtix MarepiamniB. UncnoBwmit aHami3 i HOTro ekc-
HepUMEHTabHY BepHr(]ikalilo BUKOHAHO IS YIIUIBHEHHS POCIHHHOI CyMIIlli B 3aKpHUTIiH Kame-
pi. HeoOxifHi X1 IbOr0 MEXaHIYHI CTalli MaTepiary i1eHTH(IKOBAHO 32 JOMOMOTOK0 YHCIOBHX
METO/IB 1 PIBHAHB HENiHIHHOI perpecii, 0 OMHUCYIOTh THCK Ha IIPECH.

PE3FOME. Tlomy4eHs! (OpMyIIBI U pacdeTa HaNpsHKEHUH U gedopMaryii mpu yrioTHe-
HUM MaTEpPUAJIOB PACTUTENBHOIO IMPOMUCXOXKAEHUS. MaremaTudeckas MOAENb 3TOro Ipouecca
0a3upyercs Ha yCIOBUH INIACTUYHOCTH ['prHA ¢ HCTIOTb30BaHHEM (DYHKIIUH ITOPHCTOCTH, a TaK-
ke 3akoHOB TpeHus KynoHa—AmonToHa u IIpannTis i NOpUCThIX MaTepuanoB. UncieHHbIH
aHaIN3 U ero HKCIEPHMEHTANBHYIO0 BepU(DHUKALNIO BBIIOTHEHO JUIS YIUIOTHEHUS PACTHTEIBHOMN
cMecH B 3aKphITOH kamepe. HeoOXommMere I 3TOTO MEXaHHYECKHE IOCTOSHHEBIE MaTepHaia
UICHTH(HIIPOBAHO C ITOMOIIBIO YHCICHHBIX METOJOB M ypaBHEHWH HEIWHEHHON perpeccuu,
OIUCBIBAIOLINX JAABJICHUE HA IIPECCHL.
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