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DEVELOPMENT OF A BAGASSE PELLETING MACHI NE
USING A ROLLING PRI NCI PLE
82/ 2435

SUMVARY

The project report consists of two parts. The University
of Queensland conponent describes the results of tests to
establish information on basic properties of bagasse that are of
significance in the design of a rolling pelleting machine. These
properties include the dynamc conpression and relaxation
characteristics under normal and sinusoidal (as developed in a
rolling pelleter) conpression, the frictional properties, and the
energy required to conpact the bagasse. The properties were
nmeasured over a range of variables such as tenperature, noisture
content and particle size.

The properties of single fibres were investigated and a
theory has been proposed to explain the conpaction process.

The Sugar Research Institute conponent of the report
describes the devel opnent of the rolling pelleting machine. The
pilot plant machine was able to produce pellets of up to the
design density of 500 kg/nf at a rate of up to 500 kg/h. This
throughput was below that originally predicted due to feeding
problens with the light |ow noisture naterial. Dfficulties were
experienced with scraper action of the roll scrapers.

The pilot plant and trials established the feasibility of
the rolling principle for pellet production. Further devel oprent
is required before a 'production' unit can be produced.






PART B:  UNIVERSITY CF QUEENSLAND COVPONENT

CHAPTER 1

| NTRODUCTI ON

The objectives of the project have been outlined in Part A
- the Sugar Research Institute conmponent of the work. The
investigations at the Departnment of Mechanical Engineering,
carried out under the present grant, considered further the
influence of preconpression by rolling, retention, particle size,
tenperature and noisture on the properties of the pellets
produced. This work was initiated under the Project Grant
"Blimnation of the Wse of Fuel Gl for Steam Generation in the
Sugar | ndustry”.

The opportunity was taken to use the facilities at the
CSIRO Division of Textile Industry, GCeelong, to study three
di nensi onal conpression characteristics of bagasse over a range
of conpression and retention tines. This work confirmed that
reasonabl e pellets could be obtained at the Iower levels of press
times achi eved.

Work undertaken under the previous NERDDC grant showed

that retention, i.e. holding a load on the bagasse sanple after
conpression, was a significant way in which pellet properties
could be inproved. In an attenpt to obtain an understanding of
retention it was decided to investigate the relaxation
characteristic of bagasse under conditions of both Iinear
conpression and sinusoi dal conpression which simulted the
conpression experienced in a rolling machine. The relaxation

characteristics were studied over a wi de range of operating
condi tions which included noi sture content, tenperature, |evel of
conpaction, speed of conpaction, and particle size. The extent
of relaxation can have a significant influence on the design of a
pelleting machine, particularly in relation to discharge
condi tions.



In any pelleting machine the energy of conpaction of the

material is an inportant design parameter. Tests were carried
out over a range of tenperatures, speeds of conpaction, bagasse
noi stures, bagasse fineness and levels of compaction to

investigate their influence on the conpaction energy.

In any practical pelleting machine friction plays a very

important role. Both the rolling die and reciprocating type of
pelleting machines rely on friction to supply the back pressure
necessary to achieve conpaction. As outlined in Part A of the

report friction plays an inportant role in the two roll pelleter
since friction on the rolls provide the driving force to push the
material through the machine and also contributes to the back
pressure supplied by the chutes. A series of tests was therefore
carried out to investigate the coefficient of friction over a
range of bagasse nmoisture, particle size, tenperatures and
pressures for a range of surface conditions.

An investigation of the literature on pelleting and
conpaction established that no theory exists for pelleting of
agricultural waste materials such as bagasse. An effective
theory for pelleting is necessary if a full understanding of the
process is to be obtained. An attempt was made to develop a
theory of conpaction and the results are outlined in this report.
The theory explains the pelleting process but does not cover the
influence of retention.



CHAPTER 2
RESULTS CF TESTS AT CSIRO DIVISION CF TEXTILE | NDUSTRY

2-1 | NTRODUCTI ON

The CSIRO Division of Textile Industry has for many years
now conducted tests on conpaction of wool. As an essential part
of this programme they have devel oped several presses to conpact
the wool under an approximation to triaxial conditions. The
| argest of the presses is shown schematically in Figure 2.1 This
unit produces conpressed blocks with typical dimensions 200 x 150
X 40 mm Typical pellets are shown in Figure 2.2.

2:2 OPERATI ON OF PRESS

The sanple to be conpressed - typically 1.5 kg - is |oaded
into a metal box where it can be heated in a closed atmosphere by
hot air. This ensures that the initial moisture content is

retained. The heated material is then dropped into a hopper with
a noveabl e side which allows the sanple to be presented to a ram
to apply an initial preconpression. This extent of conpression
is dictated by the initial charge mass since the ram conpresses
to a constant height. After this initial conpression the second
ram applies a preset pressure to the sanple. After a controlled
hold time at this pressure the wad is ejected into a 'cold frame'
where it can be held at fixed dimensions for a predeterm ned
time.

23 TEST RESULTS

The objective of the tests was to investigate the
influence of pressing tine and retention time (time held in a
‘cold box' of constant dimensions) on the resulting properties of
the pellets.

The results of the test series for a range of press tines
from 0.5 to 5 mnutes and retention times from 1 to 320 m nutes
are shown in Figures 2.3 and 2.4. The lower limts of press tine



EJECTION OF PELLET
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FIGURE 2.1 SCHEMATI C ARRANGEMENT COF PRESSI NG SYSTEM -
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FIGURE 2.2 SAWPLE COF PELLET PRODUCED
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and retention time were dictated by the physical constraints of
the machine.

The results illustrate that whilst increases in press tinme
and retention increased the density of the pellet at renoval, the
densities after 12 hours were not adversely affected by reduction
in press tine at retention times down to the lower limt achiev-
able in the test rig (1 m nute). These results gave some confid-
ence that the pressure and retention times planned for the
rolling apparatus would produce acceptable pellet densities.



11.

CHAPTER 3
TESTS W TH CRUCI FORM ROLLING MACHI NE

31 I NTRODUCTI ON

The cruciform rolling machine was devel oped under NERDDC
grant 79/ 9389 "Elimnation of Use of Fuel Ol for Steam
Generation in the Sugar Industry'. Tests were carried out under
that project over a range of temperatures, particle sizes,
nmoi sture contents and with and without preconpression.

These tests were extended under the present NERDDC grant
to investigate further the effects of higher tenperature (140°).
The tests were planned in a manner which enabled analysis of
variance of the results to be carried out for the following
‘bl ock' of variables with replicates.

Preconpressi on C Preconpression; No Preconpression.
Ret ention X No Retention; Retention.

Mat eri al M Total; Coarse; Medium Fine.
Tenperature T 20°C; 80°C; 140°C.

Moi sture W 10% 20% 30%

Tests were carried out at a pressure of 36 MPa and a dwell time
of 8 seconds. Retention was for 2 m nutes at 500 kPa.

The significant factors and interactions established in
the analysis of variance are discussed bel ow The broader range
of tests enables a more in depth review of results to be
presented than that outlined in the final report of Project
79/ 9389.

Material specifications are as outlined in the report on
Project 79/9389 (p 97):
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"The fibre fractions were sieved from whol e bagasse. About 30
shakes of the 250 nm dianmeter sieves of 2.8 mm and 0.6 mm
aperture sizes gave three fibre definitions: coarse
(< 2.8 mm), nmedium (< 2.8 mm > 0.6 mm) and fine (< 0.6 mm).
An additional fibre fraction consisted of the original whole
bagasse. The fine fraction contained nostly small flaky pith
particles with occasional tiny broken fibres. The medium
fraction contained nmostly thin fibres or vascular bundles
wi th average |ength of about 10 mm The coarse fraction
necessarily contained the thick rind particles and long fibre
bundl es."

Full test results are shown in Tables 3.1 and 3.2. The
results of the analysis of variance on the data are outlined in
Tables 3.3 and 3.4.

3-2 SINGLE FACTOR EFFECTS

Al'l variables, with the exception of preconpression, had a
significant effect on the density of the pellet at 24 hours. All
variables had a significant effect on durability. The effect of
the single variables, averaged over all other variables, is
sunmari sed bel ow.

PRECOMPRESSI ON

Figure 3.1 illustrates the fact that precompression had no
significant effect on density at 24 hours but increased
durability.

RETENTI ON
Figure 3.2 illustrates the beneficial effect of retention to
inprove both density and durability.

TEMPERATURE

Figure 3.3 shows that there is very little difference between
densities obtained at 20° and 80°C but that densities at 140°C
are inferior to those at 20° and 80°C. The durabilities show
a simlar trend.
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TABLE 3.3 ANALYSIS OF VARIANCE

RESULTS FOR DENSITY AT 24 H

Sour ce oo™ Vo RaiTee S O ever "
Tot al 287
C 1 . 084
X 1 485. 332 Less than .001
M 3 363.410 Less than .001
T 2 79.904 Less than .001
W 2 4933. 458 Less than .001
CcX 1 2.724 .100 - .250
(0] 3 21.322 Less than .001
CcT 2 3.117 .010 - .050
cw 2 5.113 .001 - .010
XM 3 4.813 .001 - .010
XT 2 42.466 Less than .001
Xw 2 109. 208 Less than .001
Mr 6 68. 440 Less than .001
MV 6 37.354 Less than .001
TW 4 131. 836 Less than .001
CXM 3 2.060 .100 - .250
CXT 2 1.917 .100 - .250
CXW 2 . 438
CcMT 6 10. 819 Less than .001
cww 6 8. 665 Less than .001
CTW 4 2.725 .010 - .050
XMT 6 4.171 Less than .001
XMW 6 2. 306 .010 - .350
XTW 4 19. 735 Less than .001
MTW 12 10. 885 Less than .001
CXMT 6 4.231 Less than .001
CXMW 6 3.118 .001 - .010
CXTW . 560
CMTW 12 10. 868 Less than .001
XMTW 12 1.240 Greater than .250
CXMTW 12 2.821 .001 - .010
ERROR 144
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TABLE 3.4 ANALYSIS OF VARIANCE RESULTS FOR DURABILITY

Sour ce R eadem " VaRairee S Olever 2"
Tot al 287

C 1 56.515 Less than .001
X 1 93. 166 Less than .001
M 3 157. 395 Less than .001
T 2 26. 062 Less than .001
w 2 769.978 Less than .001
CX 1 6. 084 .010 - .050
CM 3 18.934 Less than .001
CcT 2 . 277

cw 2 4. 365 .010 - .050
XM 3 5.425 .001 - .o010
XT 2 5.424 .001 - .010

Xw 2 14. 156 Less than .001

Mr 6 14. 607 Less than .001
MV 6 34. 468 Less than .001
TW 4 18.953 Less than .001
CXM 3 . 964

CXT 2 . 923

CXW 2 2.394 .050 - .100
cMr 6 1.213 Greater than .250
cmw 6 6. 635 Less than .001
CTwW 4 3.643 .001 - .010
XMT 6 2.197 .010 - .050
XMW 6 3.521 .001 - .010
XTW 4 3.438 .010 - .050
MTW 12 14.822 Less than .001
CXMT 6 .324

CXMW 6 . 792

CXTW 4 .911

CMTW 12 1.428 .100 - .250
XMTW 12 2.412 .001 - .010
CXMTW 12 . 167

ERROR 144
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MOISTURE CONTENT
Figure 3.4 shows how densities and durabilities fall as
moisture is increased in the range 10 to 30 per cent.

PARTICLE SIZE

Figure 3.5 illustrates that the total material and fine
material have similar pelleting characteristics and give
better densities and durabilities than the coarse or medium
fraction.

3-3 OTHER | NTERACTIONS - DENSITY

In the followi ng discussions only interactions that are of
some practical significance will be discussed. They will be
di scussed in order of presentation in Table 3.3, i.e. any inter-
action between preconpression and retention would be discussed
under preconpression.

3.3.1 | NTERACTI ONS | NVOLVI NG PRECOMPRESSI ON
CM and CMW Interactions

Figure 3.6 illustrates the particle size, preconpression
interaction. This shows that there is a tendency for better

performance with fine material when there is no preconpression.
Tests were carried out to determine the movement characteristics

down the chute for the 2 : 1 conpression system These results,
shown in Figure 3.7, show that whilst slippage occurs with
‘whole', 'mediuml and 'coarse', material could not be controlled
for 'fine' material. Because of this lack of control with the
fine material interactions which are explained by this phenom
enon, e.g. CMT, will not be discussed further.

3.3.2 | NTERACTI ONS | NVOLVI NG TEMPERATURE

Figure 3.8 illustrates the MT interaction which shows that
pelleting densities are better for whole and worse for fine
material than those obtained at 20° and 80° C.
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Figure 3.9 illustrates the XT interaction which shows that
the effect of retention is enhanced at 80° conpared with 20°C and
140°C.

The TW interaction is illustrated in Figure 3.10 and the
XTW interaction is illustrated in Figure 3.11. The XTWinteract-
ion illustrates the fact that at 80°C the densities at 10 per

cent noisture are better than those at 20° or 140°C whilst at 20
per cent noisture and 30 per cent noisture better results are
obtained at 20°C. Best overall performance is at 80°C with
retention. The relatively poor result for 140°C at 10 per cent
moi sture is surprising.

The nost interesting aspect of this interaction is that
the best compactions are obtained at 80° C and 10 per cent
noi sture. It is to be noted that the fall off in conmpaction with
increase in moisture is more pronounced at higher tenperatures.

3.3.3 I NTERACTIONS | NVOLVI NG MOl STURE

The XW interaction illustrated in Figure 3.12 illustrates
the fact that the effect of preconpression in increasing pellet
density is nore pronounced at |ower noistures.

Figure 3.13 illustrates that response by 10 per cent and
20 per cent material is consistent one with the other for the
different particle sizes but at 30 per cent moisture the inprove-
ment in density for the medium and fine, conmpared with the
coarse, does not occur.

3.4 OTHER | NTERACTI ONS - DURABILITY

It can be seen from Table 3.2 that the durabilities at 30
per cent moisture are all very low and from a practical point of

view would be unacceptable. Consideration has therefore been
given to the results at 10 and 20 per cent nmoisture which produce
acceptable pellets. The supplementary analysis of variance

carried out on the results at 10 and 20 per cent is shown in
Table 3.5.
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TABLE 3.5 RESULTS OF ANALYSIS OF VARIANCE - DURABILITY 10 AND

15 PER CENT

sour e Pedres ! vari snce Siapif Lpance
TOTAL 191

T 2 15. 404 Less than .001
w 1 373. 329 Less than .001
C 1 149. 585 Less than .001
X 1 273. 499 Less than .001
M 3 204.529 Less than .001
W 2 36. 551 Less than .001
TC 2 4.538 .010 - .050 |
X 2 2.775 .050 - .100
™ 6 24.001 Less than .001
wc 1 15.118 Less than .001
WX 1 51. 040 Less than .001
WM 3 85. 224 Less than .001
CX 1 27.318 Less than .001
cM 3 75.503 Less than .001
XM 3 14.641 Less than .001
TWC 2 10. 287 Less than .001
TWK 2 12.128 Less than .001
TW 6 6.710 Less than .001
TCX 2 0.111

TCM 6 1.215 Greater than .250
TXM 6 2.329 .010 - .050
WCX 1 3.953 .010 - .050
WCM 3 8.231 Less than .001
WKM 3 13.214 Less than .001
CXM 3 5.553 .001 - .010
TWCX 2 2.536 .050 - .100
TWCM 6 4.561 Less than .001
TWKM 6 4.025 .001 - .o010
TCXM 6 0. 548

WCXM 3 0.720

TWCXM 6 0. 680

ERROR 96
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The CX interaction is outlined in Figure 3.14. Thi s
illustrates that preconpression was relatively nore beneficial
when no retention was used.

The CM MW and MT interactions are illustrated in Figures
3.15 to 3.17. These interactions are due to the relatively
poorer performance of the coarse fraction at no preconpression,
hi gher moisture and |ower tenperature.

3.5 CONCLUSI ONS

The tests carried out have extended the knowl edge of
bagasse conpactions and durabilities from those previously
reported in report 79/9389. The higher tenperatures of 140° did
not produce better performance than at 80°C.

The tests established that the best condition within the
range tested for design of a pelleting machine would be:

Moi sture of Bagasse 10 per cent
Tenperature of Bagasse 80° C

Bagasse Whol e

Retention 500 kPa for 2 m nutes

Preconpressi on Not necessary



LAHFHETRCY

“L-AHM DD D

29.

| I
RETENTION MO RETENTION

FIGURE 3.14 |LLUSTRATI ON OF RETENTI ON- PRECOVPRESSI ON
| NTERACTI ON

188

1 T ¥ ¥
CORRSE. FEDILM
PRETIOE SI7E

FIGURE 3.15 |LLUSTRATION OF PARTI CLE SI ZE- PRECOVPRESSI ON
| NTERACTI ON



N L-Mr=pDICY

¥ LdmM=EDACYH

30.

1
B
63
@ 1
= 1 T ] T
TOTAL COPRSE FEDILM FINE
PRRTICLE SIZE
FIGURE 3.16 ILLUSTRATION OF PARTICLE SIZE-MOISTURE
INTERACTION
1882
s
52
45
=%
] T T I
TOTAL COPRSE HEDIUM FINE
PARTICLE SIZE
FIGURE 3.17 | LLUSTRATION OF PARTICLE SIZE- TEMPERATURE

I NTERACTI ON




31.

CHAPTER 4
PRCPERTI ES OF SINGLE FI BRES

4.1 | NTRODUCTI ON

The conpaction characteristics of a mass of bagasse depend
on the properties of the individual conponents that make up a
sanpl e. Very little work has been carried out to establish the
basic properties of bagasse fibres so some prelimnary experi-
ments were carried out to evaluate these properties in an attenpt
to understand better the conpression process for bagasse.

4.2 YIELD STRESS AND YOUNG'S MODULUS

A small rig was constructed which consisted of a beam
arrangement where an individual fibre could be loaded at its md
point and deflections measured by means of a projection mcro-
scope. The basic gauge |length used was 19 mm and fibres (or nore
precisely fibro vascular bundles) were selected at random These
ranged from typically .38 nm diameter up to larger beans of 1.7 x
1.45 mm and approximately oval in cross section.

The stress/strain relationships were established for the
individual fibres and Figure 4.1 shows the relationship between
applied bending stress and measured deflection of the beam Thi s
test shows that initial yield occurs at stresses of approximtely
54 MPa and with repeated |oading significantly higher yield
stresses were obtained. Figure 4.1 also illustrates signific-
antly the hysteresis effect experienced with the bagasse fibres.
The initial tests established that the stress/strain relationship
was time dependent and tests were carried out to quantify the
magni tude of the influence of tinme.

Figure 4.2 shows the relationships for bending stress and
deflection of a beam when each load is applied for a 2 mnute
period. From this figure it can be seen how significant the hold
time is. The results of tests on a range of fibres is
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illustrated in Table 4.1. Yield stresses are seen to vary
significantly for the fibres in the general diameter range .38 to
.46 mm from 54 to 120 MPa. These yield stresses were recorded on
the first |oading.

Val ues of Young's modulus are seen to be reasonably
consistent for the fibres in the range .38 to .43 nm dianeter
when the tests were conducted with a gauge length of 19 mm
However for the slightly larger diameter fibres with tests
conducted on the 10.2 mm gauge |ength the values of Young's
modul us that were established tended to be |ower. The reasons
for this have not been fully investigated.

It can also be seen from Table 4.1 that the larger fibro
vascul ar pellets tested gave significantly |ower value of yield
stress and Young's modul us.

4.3 DENSITY OF FIBRES

Tests were carried out to determne the density of
individual fibres and the results are shown in Table 4.1.
Densities for the smaller fibres ranged from 711 to 719 kg/n?
whil st the densities of the larger fibro vascular bundles ranges

from 296 to 449 kg/nf . The relationship between Young's nodul us
and density was investigated and the results are shown in Figure
4. 3. For the tests at 19 nm beam length there appears to be a

reasonable linear relationship.

4.4 I NFLUENCE OF FIBRE PROPERTIES ON PACKI NG THEORI ES

The Van Wk model was devel oped to investigate the packing

characteristics of wool and prelimnary tests by Loughran
established that it could give an approximation to the conpaction
rel ationship for bagasse. The Van Wk relationship as described

by Loughran is:



TABLE 4.1

RESULTS OF TESTS ON SINGLE FI BRES

Fibre Fibre Gauge Yield Utimte Youngs Density
NO. Di aret er Length Stress Stress Modul us-
(m) (mm) (MPa) (MPa) MPa x 10%| (kg/n?)
1 .41 19 54 7.86 730
2 .38 19 120 8.13 870
3 .43 19 105 7.02 711
4 .46 10.2 90 110 5.08 879
6 1.7 x 1.45 19.3 28 1.24 449
8 1.45 x 1.17 19.3 25 1.00 296
9 .53 10.2 105 105 3.44 -

"re
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3

v o= %i (;% - -‘;:}r

p = Pressure (Mra)

k = Constant

E Young's Modul us (MPa)
m = Mass charge (kg)

f = fibre density (kg/nf )
v = Volume (m?®)

Vo=lnitial volumeat po(m?

The values of Young's Modulus and fibre density obtained in the
tests outlined in Table 4.1 have been used to develop the
pressure density relationship for bagasse fibres. This
relationship is shown in Figure 4.4, The figure also shows the
density versus pressure regression relationship for whole bagasse
at 10 per cent moisture developed in the experinental work.

Whilst it can be seen that the forns of the equations are
simlar there is an obvious need for much more work under
controlled conditions of tenmperature and moisture.

4.5 CONCLUSI ONS

The work described in this section has been purely of a
prelimnary nature and has established the inportance of time
dependence on the stress/strain relationships for bagasse fibres.
It has also highlighted the need for a more thorough investigat-
ion under controlled conditions before the Van Wk theory can be

tested rigorously for applicability to the bagasse conpaction
nmodel .
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CHAPTER 5
PRESSURE RELAXATI CN  EFFECTS

5.1 I NTRODUCTI ON

The basic aim of these experiments was to obtain an
understanding of the retention mechanism by nonitoring the |oad
on and conpaction of a sanple of bagasse, both during conpression
and for a period afterwards, whilst the pellet's density was held
constant.

The experinents were conducted using the |NSTRON materials
testing machine on which it is possible to control accurately the
load or strain on, or displacement of a sanple.

A summary of the specifications and the desirable operat-
ing ranges for these experiments appear in Tables 5.1 and 5.2.

The apparatus used is shown in Figures 5.1 and 5.2.

The Instron was operated with position control for all the

experiments. This control may be achieved either by using the
Instron's own function generating circuits or by supplying a
suitable signal from an external source. The internal ranp
function was used for the constant velocity conpression experi-
ments. However, in order to achieve stability at the very low

frequenci es necessary for these tests, a Hew ett-Packard variable
phase function generator with < 0.06 per cent distortion of the
sinusoid was used.

The variables which were investigated are presented in
Table 5.3.

The sinusoidal loading experiments were intended to
simulate the conpression speed experienced by a sanple passing
through a pair of rollers and then being held at the maxi mum
conpacti on achieved at the nip.
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TABLE 5.1 SUMMARY OF SPECI FI CATI ON OF | NSTRON
Load Rati ng, * 250 kN dynamic
Speed Range, 30 nmsec’!
Stroke 100 mm max
Load Ranges, High + 250 kN full scale
Low + 25 kN full scale
TABLE 5.2 DESI RABLE OPERATI NG RANGES
Hi gh Range Low Range
Nomi nal Hei ght (nm) 80 80
Nom nal Charge conpaction in
cylinders before conpression
(kg/ nt) 200 60
Maxi mum conpaction for the 1100 300
range (kg/nf )
Hei ght of pellet () 14.5 16
Dry mass of fibre (g) 73 22
Estimated maxi num | oad 185 3.75
TABLE 5.3 VARI ABLES | NVESTI GATED
Fibre fraction coarse fine whol e
Tenperature °C 20 80 140
Moi sture content wet basis
(MOVB) % 10 20 30
Pellet density at conpaction 300 800 1100
Type of | oading constant speed, sinusoidal*
Speed* of conpaction ms! 1.8 15 45
*The corresponding frequencies
for the sinusoidal conpactions
are: (Hz) 0. 0025 0.021 0. 062
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FIGURE 5.2 PELLET AFTER EJECTION CF
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It can be seen from Figure 5.3 that the height of a sanple
as it passes into a pair of rollers is given by

h = n+ 2R(1 - cos 0)
and the conpression speed V = %
V = 2 Rsin

It is at once obvious that only a portion of a sine wave
is required for these experiments. Control was achieved by
applying a D.C. offset and amplification to the signal from the
H.P. function generator so that the required portion of the
signal was suitable for use in controlling the position of the
ram.

5.2  PREPARATI ON

Sufficient quantities of bagasse of the various fibre
fractions and moisture contents were prepared. The Instron
position controller was calibrated both for speed of conpression
and height of ram so that the height of a sanple could be deter-
mned readily from the output voltage. Fortunately, the response
was |inear. It was found to be necessary to recalibrate the
hei ght after any accidental overloading of a sanple to beyond the
full dynamc load rating.

5.3 PROCEDURE

Conpression cylinders were filled with a particular sanple

of bagasse and then seal ed. Those containing sanples which were
to be tested at 80°C and 140°C were then placed in a preheated
oven for two hours. After the sanple had reached its designated

tenperature the sealed conpression cylinder was placed in the
test rig and the sample was compressed to the preset height.
Both the position of the ram and the load on the pellet were
nonitored continuously and recorded on an electrostatic plotter.
In order to obtain satisfactory resolution of the changes in |oad
during and after the conpaction the chart speeds were; 25 mm's!

during conpression and for approximately 30 seconds after peak
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loading, 5 mm's'! for the next 30 seconds and thereafter inter-
mttently at 30 second intervals for the remminder of the test.

After each test, the pellet was unloaded, the conpression
cylinder renmoved and the pellet's weight (80° and 140°C tests
only), height and diameter were recorded. Further measurements
of height and diameter were made at 24 hours. At 80°C and 140°C,
the difference between the total mass of material placed in the
cylinder and that of the pellet is largely a measure of the
moi sture loss during conpression.

Some typical charts are shown in Figures 5.4 and 5.5.
These illustrate the effect that the type and speed of |oading
has on the sanple.

The following information was obtained from each chart:

Peak pressure (P )

Pressure after 2 mnutes (Pauin)
Rate of application of load (Lu)
Rate of relaxation of load (Ld)

The ratios P—2m‘m ”?mx and Lu/Ld were also cal cul ated.

54 RESULTS OF TESTS AT 10 PER CENT MO STURE - LINEAR COWPACTI ON

A series of tests was carried out with bagasse at 10 per
cent noisture to investigate the effect of the followng
variables on the dynam c conpression characteristics of bagasse.

Tenperature of conpression T 20°C;, 80°C; 140°C.
Material F Fine; Coarse; \hole.

Compaction C 300 kg/nt; 800 kg/n?; 1 100 kg/nv.
Speed of conpaction s 45 mm/'s; 15 mm's; 1.8 mm's.

5.4.1 PEAK PRESSURE

The values obtained for the peak pressure are outlined in
Tabl e 5. 4. The results of an analysis of variance on the results
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TABLE 5.4 PEAK PRESSURES OBTAINED (MPa) - 10% MO STURE LI NEAR COMPRESSI ON
44 mm/s 15mm/s 1.8 mm/s
Temp. | Comp. | Coarse Fine Whole Coarse Fine Whole Coarse Fine Whole
1 100 | 47.5 30.2 45.8 45.5 28.6 42.5 36.7 22.7 35.1
20°C 800 | 15.72 8.80 14.1 14.8 9.1 13.3 12.83 8.22 12.0
300 0.98 0.63 .800 0.97 0.64 .785 0.93 0.57 .674
1 100 | 41.25 26.6 29.6 42.76 21.93 32.1 34.82 21.1 24.84
80°C 800 | 12.2 6.23 8.77 12.7 5.55 7.68 10.34 5.59 7.02
300 577 511 .439 .555 .456 .458 461 423 .400
1 100 | 29.90 18.31 20.8 34.3 15.79 16.2 27.96 16.11 19.5
140°C 800 7.13 3.07 3.90 6.91 3.83 5.66 6.21 3.84 5.26
300 .559 .467 425 .603 .482 .387 .526 .406 .362

LY
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are shown in Table 5.5. All factors are significant and the
results are shown graphically in Figures 56 to 5.9. Peak
pressure is seen to increase as speed of application increases
and falls as tenperature is increased in the range 20° to 140°C.
The influence of particle size and conpaction are as would be
expected, peak pressure increasing as conpaction increases and
being lower for fine than for coarse material, with whole
material being somewhere between coarse and fine. The results
shown in these figures are averaged over all other variables.

O the two-factor interactions the TC and FC interactions
shown in Figures 5.10 and 5.11 are of nost interest. These show
that the effect of both tenmperature and material size is less as
conpaction is decreased.

5.4.2 RATIO OF PRESSURE AT 2 M N TO PEAK PRESSURE

The values of the ratio Pyyn/ Pmx Which is a measure of
the relaxation of the pressure are shown in Table 5.6 and the
results of the analysis of variance are shown in Table 5.7. Al'l
of the prime variables are seen to have a significant effect on
the ratio. The effects are shown graphically in Figures 5.12 to
5.15.

It can be seen that the pressure for the fine material
falls slightly nore than that for coarse and whole. O partic-
ular interest is the fact that as the speed of compression
increases, the snaller the relative value of pressure after two
m nut es. The relative value of pressure after two minutes is
seen to decrease as tenperature increases and increase as the
| evel of conpaction increases.

55 RESULTS OF TESTS AT 10% MO STURE - SINUSO DAL COVPACTI ON

Tests were carried out to determine the effect of method
of compression - sinusoidal or linear - on the conmpression
characteristics of bagasse. Tests were confined to whol e bagasse
and were carried out under the followi ng conditions.
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TABLE 5.5 RESULTS OF ANALYSI S OF VARI ANCE - PEAK PRESSURES

Sour ce P edom Rt e S Oller e
TOTAL 80
S 2 22.687 Less than .001
F 2 179.738 Less than .001
T 2 204.934 Less than .001
C 2 3487. 325 Less than .001
SF 4 1.725 .100 - .250
ST 4 3.724 .010 - .050
SC 4 12. 457 Less than .001
FT 4 9.170 Less than .001
FC 4 78.115 Less than .001
TC 4 73.784 Less than .001
SFT 8 0. 477
SFC 8 1.335 Greater than .250
STC 8 2.448 .050 - .100
FTC 8 6. 026 .001 - .o010
SFTC 16 1.000 Greater than .250
ERROR 16
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TABLE 5.5 RESULTS OF RATIO PZmin/Pmax
44 mm's 15 nm' s 1.8 mis

Tenp. | Conp. | Coarse Fi ne Whol e Coar se Fi ne Whol e Coar se Fine | Wole
1 100 . 444 .391 .435 . 488 . 455 . 490 . 567 . 542 . 618
20°C 800 . 402 . 354 . 364 . 437 . 398 . 430 .530 .52 .523
300 .413 .397 .332 . 449 . 456 . 427 . 494 .538 . 475
1 100 . 359 . 289 . 352 . 417 .325 . 402 . 532 .533 .512
80°C 800 . 302 .238 . 288 . 344 . 287 .343 . 465 .392 . 469
300 . 285 . 227 .288 . 308 . 255 . 289 . 419 .415 . 479
1 100 . 266 .228 . 289 . 344 . 264 . 305 .471 . 415 . 493
140°c| 800 . 262 . 167 .213 . 286 .214 .283 .435 . 357 . 417
300 . 196 .178 .193 . 229 . 227 .241 . 354 .314 . 326
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TABLE 5.7 XRESULTS OF ANALYSIS OF VARIANCE OF PZMINKPMRX
A varjance S gL {1 pance
TOTAL 80
S 2 525.701 Less than .001
F 2 35.133 Less than .001
T 2 486. 364 Less than .001
C 2 109. 914 Less than .001
SF 4 1.327 Greater than .250
ST 4 5.204 .001 - .010
SC 4 2.274 .100 - .250
FT 4 4.216 .010 - .050
FC 4 4.910 .001 - .o010
TC 4 4.244 .010 - .050
SFT 8 0.726
SFC 8 0.471
STC 8 1.283 Greater than .250
FTC 8 1.982 .100 - .250
SFTC 16 1. 000 Greater than .250
ERROR 16
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Li near; Sinusoidal.

45 mm/'s; 15 mm's; 1.8 mm's.

20°C; 80°C; 140°C.

300 kg/nf; 800 kg/n?; 1 100 kg/nt.

Type of Conpression
Speed of Conpression
Tenperature
Conpr ession

O -4 nr

5.5.1 PEAK PRESSURE

The results of peak pressure obtained from the tests are
shown in Table 5.8 and the analysis of variance of the results is

shown in Table 5.9. As expected from previous tests there is a
significant effect of I|evel of conpaction and tenperature but it
was found that speed of conpression was of limted significance

and that the effect of type of loading was significant only at
the 0.05 level with the sinusoidal type of loading giving
slightly |ower maxi mum pressures as shown in Table 5.10. The TC
interaction discussed in 5.4.1 is again evident.

TABLE 5.10 AVERAGE PEAK PRESSURES MPa

Sinusoidal Linear

11.9 13.0

5.5.2 RATIO OF PRESSURE AT 2 MN TO P
max
The results obtained for the tests are shown in Table 5. 11
and the analysis of variance results are shown in Table 5.12.
The effects of tenperature, conpaction and speed are simlar to
those outlined in Figures 5.13 to 5.15. The effect of type of
loading is shown in Table 5.11.
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TABLE 5.8 VALUES OF PEAK PRESSURE MPa
Li near Si nusoi dal
Speed (mm's) 45 15 1.8 45 15 1.8
1 100 |45.8 42.5 35.1 36.3 39.2 37.4
20°C 800 | 14.1 13.3 12.0 12.8 11. 8 9.98
300 . 797 . 781 .672 . 797 5.73 . 684
1 100 |29.6 32.1 24.8 29.1 26.0 24.6
80°C 800 8.77 7.68 7.02 7.68 6.54 6.33
300 . 438 . 457 . 398 . 375 . 402 . 414
1 100 | 20.8 16.2 19.5 17.9 16.5 17.8
140°C 800 3.9 5.66 5.26 3.76 4.22 4.66
300 . 422 3.87 . 359 . 285 .328 2.93
TABLE 5.9 RESULTS OF ANALYSIS OF VARIANCE Pyax SINUSO DAL VS
LI NEAR COMPACTI ON
Degrees of Vari ance Significance
Source Freedom Rati o Level
TOTAL 53
L 1 4. 205 .050 - .100
S 2 3.096 .100 - .250
T 2 110. 659 Less than .001
C 2 900. 947 Less than .001
LS 2 0.589
LT 2 0. 000
LC 2 1.767 .100 - .250
ST 4 1.110 Greater than .250
SC 4 1.281 Greater than .250
TC 4 40. 836 Less than .001
LST 4 0.825
LSC 4 0.717
LTC 4 0. 609
STC 8 0. 749
LSTC 8 1. 000 Greater than .250
ERROR
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TABLE 5.11 VALUES OF PZmianmax
Li near Si nusoi dal
Speed (mm's) 45 15 1.8 45 15 1.8
1 100 . 435 . 490 .618 . 513 . 545 . 606
20°C 800 . 364 . 430 .523 . 410 . 481 . 560
300 . 332 . 427 . 475 . 468 . 498 .532
1 100 . 352 . 402 .512 . 415 . 468 .598
80°C 800 . 288 . 343 . 469 . 386 .419 . 502
300 . 288 . 289 . 479 . 290 . 345 . 447
1 100 . 289 . 305 . 493 . 368 . 419 . 549
140°C 800 . 213 . 283 . 417 . 306 .351 . 435
300 .193 .241 . 326 . 209 . 264 . 436
TAELE 5.12 RESULTS OF ANALYSIS OF VARIANCE OF PZHIN/PMAX
Degrees of Vari ance Si gni ficance
Source Freedom Rati o Level
TOTAL 53
L 1 46. 121 Less than .001
S 2 124.370 Less than .001
T 2 99. 090 Less than .001
C 2 50.524 Less than .001
LS 2 1. 152 Greater than .250
LT 2 0. 242
LC 2 0.310
ST 4 1.731 .100 - .250
SC 4 0. 289
TC 4 1. 363 Greater than .250
LST 4 0. 406
LSC 4 0.228
LTC 4 1.614 Greater than .250
STC 8 0. 449
LSTC 8 1. 000 Greater than .250
ERROR
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TABLE 5.13 AVERAGE VALUES OF Py, /.o
min max

Si nusoi dal Li near

. 438 . 381

5.6 CONCLUSI ONS

The results presented in this section have given a basic
understanding of the relaxation properties of bagasse. The
rel axation properties are of particular inportance in the rolling
action type of pelleter machine where the material is conpressed
by moving it through a gap of fixed dimensions and not at
constant pressure. Because of this tendency for pressure to fall
of f, thus reducing hold time and potentially pellet density it is
important that pressure in the horizontal direction i.e. at right
angles to roll pressure applied vertically, to be maintained.
The controlling influence on force in the horizontal direction is
coefficient of friction. This will be discussed in Chapter 7.
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CHAPTER 6
ENERGY CF COVPACTI ON

61 | NTRODUCTI ON

The energy required to conpact a sanple of bagasse is of
prime inportance in the design of a conpacting machine. Tests
were therefore carried out to determne the energy of conpaction,
not only of the first compression stroke but on subsequent
strokes up to the tenth conpression. The tests were carried out
on the equipment shown in Figures 5.1 and 5.2.

6-2 SCOPE COF TESTS

Two series of tests were carried out, the first series was
at the followi ng conditions:

Speed S 15 moji/s . D34 H‘Lﬁ 1L 8 mepks .08 H—%
Moi st ur e M 1098 ; Z%K; 30%

Mat eri al F @aarrse . Fine, Whole.

Conpaction c 1 1€ kgim®; 800 kokaf: 300 kofme.
Replication R 2

This gave a series of 108 tests.

The second series was carried out to investigate the
effect of tenperature. The variables investigated in this series
wer e:

Tenperature T 20°C; 80°C; 140°C.

Moi sture M 10% 20% 30%

Materi al F Coarse, Fine, \hole.
Conmpaction C 1 100 kg/nt; 800 kg/m .

This gave a total of 54 tests.
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63 RESULTS

The form of the curves obtained for the tests is shown in
Figure 6.1. The areas under the curves were found by integration
using digital techniques on the recorded data and the energies
were calculated in kJ/kg. Results of the tests are shown in
Tables 6.1, 6.2 and 6.3.

6.3.1 |INFLUENCE OF VARI ABLES ON TESTS AT 20°C - 1ST COMPACTI ON

The results of the analysis of variance are shown in Table

6. 4. It can be seen from this table that all of the factors
investigated had a significant effect on the energy of conpact-
ion. The results averaged over other variables are shown in
Figures 6.2 to 6.5. It can be seen fromthe results that:

Increases in compaction increase the energy required for
conpaction.

Increase in noisture content reduces the energy required for
conmpaction.

Fine material requires significantly less energy for conpact-
ion than whole or coarse material.

An increase in speed increases the energy required for
conpaction.

Four of the two-factor interactions are significant. The
nmost significant of these is the FC interaction shown in Figure
6.6. The MC interaction which is also significant, is shown in
Figure 6.7. This shows how the difference between the energy

required for compaction at different moistures increases as
conmpaction increases.
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FIGURE 6.1 TYPICAL HYSTERESIS CURVES FOR BAGASSE
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TABLE 6.1 ENERGY OF COMPACTION - 1ST CYCLE (kJ/kg)
TESTS AT 20°C
Conmpresceion Speed
15 mm/s 024 A, 1.8 mm/s 0113 B,
Hoiat Comp, | Rep Coaree tine | Whole Coarse Fine | Whole
% kg/m
1 100 | R, 16. €5 8.183 115 05 16 &7 8.467 | 12.52
RZ 15.68 9,01 15,03 16.03 B.202 | 12.06
1Q an0 Rl B.2B87| 4.037 8.336 8.779 | 4.846 7.111
RZ 6,562 ] 5,013 8.377 B,B65 | 4.840 7.428
L1y Rl 1.456 | 0,937 1.235 1.293 [ 0,716 D.929
R, 0.2347 | Q.227 1.330 1.4%3 | 1.411 1.075
1 100 Ry 14.28 7.434 {10.29 l13.22 T.043 9.229
R2 13.72 7.606 | 10,52 1z,.4% 6.681 b.479
20 §00 Rl £.826| 3.357 5.215 7.471 | 2.893 4.951
R2 6.652| 3.309% 5.172 3.088 ] 3.010 5.158
300 By 1.356 | 0.539 0.931 1.053] G.505 0.741
R2 1.719 | 0.486 0.896 1.321| 0.47B 0.688
1 100 Ry 11.08 4.156 g.853 9.346 | 2.948 F.001
RZ 11.66 7387 8.588 8.905 | 3.530 6.B53
30 BOO L 6.155 | 2.309 5,319 5.315 | 2.206 4.185
R, €.2881 4.137 4.08] 6.546 | 2.009 4.204
300 Rl 1.083| 0.518 0.677 0,925 0,405 0.581
RZ 0.323| 0.199 0.554 £.785( 0,463 0,545
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TABLE 6.2 ENERGY OF COMPACTION - 10TH CYCLE (Kkj/kg)
TESTS AT 20°C
Cempression Speed
15 mm/s 094 Hz 1.8 mm/s .0113 Hx
Moist Comp, | Rep Coarse Fine |Whola Coarse Fine |whole
kg/m

1 100 Rl 0.9308 |0.3773|0.59113 | 1.750 0.5007| 0.7781
R, 1.137 0.383 |0,.B754 ;1.332 0.4484(0,.96854
10 a4q0 | By 0.479 0.1374|0.3538 | 0.41¢ 0.0022|0.2712
R, 0.379 0.233 ]0.362 0.407 0.15815|0.2911
300 Rl 0.06-2 = 0.0237 | G,.0662 - 0.0l68

R, 0.0063 (0.0007/0,03280 | Q.0738 10.0457|0.0424
1100 | Ry D.9238 (0.5786[1.187 1.468 0.6982|0.9607

RZ 0.676% |0,5867 |0.8592 | 1.147 0,651% 1,485

20 800 Rl 0.4417 [0,1849 |0.4064 | 0.7553 [0.1727|0.453
R, 0.3573 | 0,1948|0,4168 | 0.61%% | 0,1B792{0.357
300 Rl 0.0741 |D.0012|0.0572 | 0.096B | 0.0093]0.0516
Ry 0.4B65 [0.0064|D.0490 | D.04536 | 0.0093|0.0316

1100 | R, D.4445 | 0.2101|0.793% | 0.3037 | 0.2628]|0.7452
R2 1.260 0,562 |0.8118 | 0.7797 |0.30B7] 00,5007
30 8OO Rl 0,1205 |0,1027|4,5110 | 0.6045 | 0,1420)0,3435
R, 0.657 0.301 (0.5125 | 0.7957 | 0.1155|0,3964
300 | Ry a,0822 - 0.0573  0.1458 - 0.0515

Ry 0.0182 | 0.0012|0.0489 | 0.1458 - D.06544




TABLE 6.3 ENERGY COWMPACTION - 1ST CYCLE (kJ/kg) - RESULTS AT 15 nmm's .094 H,
20°C 80°C 140°C

Nb'(% Egm Coar se Fine | ol e Coar se Fine Whol e Coar se Fine | Wole
10 (1 100 16. 65 8.183 | 15.05 12.11 5.237 8. 090 7.982 3.013 6. 566
800 9.287| 4.037 8.336 6.25 2.505 4.020 4.162 1. 436 2.840
20 |1 100 14.28 7.434 | 10.39 8.114 | 3.932 6. 596 5.809 2.847 3.336
800 6.826 | 3.357 4.215 3.667 | 1.796 2. 499 2. 305 1.075 1. 962
30 |1 100 11.08 4.196 8. 853 6.596 | 6.944 2.421 6. 452 5. 465 3.180
800 6.155 | 2.309 5.319 2.499 | 3.541 1.233 1.764 1. 005 1.310
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TABLE 6.4 RESULTS OF ANALYSIS OF VARIANCE - ENERGY OF 1ST CYCLE

20°C
Sour ce P eedom ik SOl ver e
TOTAL 107
S 1 22. 450 Less than .001
F 2 395.072 Less than .001
M 2 223.750 Less than .001
C 2 2665. 840 Less than .001
SF 2 5.116 .001 - .010
SM 2 4.112 .010 - .050
SC 2 16. 433 Less than .001
FM 4 6. 066 Less than .001
FC 4 91.691 Less than .001
MC 4 58. 647 Less than .001
SFM 4 2.874 .010 - .050
SFC 4 1.224 Greater than .250
sSMC 4 1.342 Greater than .250
FMC 8 2.323 .010 - .050
SFMC 8 0. 641
ERROR 54
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6.3.2 |INFLUENCE OF VARI ABLES ON TESTS AT 20°C - 10TH COMPACTI ON

The results of the analysis of variance of the energies of
compaction for the 10th cycle are shown in Table 6.5. These
results in general show the same trends as the energy for the 1st
cycle but the effects are less significant.

Average results of the ratio of the energy for the 10th
cycle to the energy for the 1st cycle are shown in Table 6.6.

TABLE 6.6 RATIO OF ENERGY AT 10TH COMPACTI ON TO ENERGY AT
1ST COMPACTI ON

Compaction (kg/n? )

300 800 1 100

Ratio . 0781 . 0643 . 0632

6.3.3 EFFECT OF TEMPERATURE ON ENERGY OF COMPACTI ON

The results of the tests carried out to determ ne the
effect of tenperature on energy of conpaction at higher |evels of
conpaction are shown in Table 6.3. The results of the analyses
of variance carried out on the results of these tests are shown
in Table 6.7. The material size, noisture and conpaction are all
significant, together with the FM and FC interactions, as would

be expected from the previous results.

Figure 6.8 illustrates the effect of tenperature on energy
of compaction. Increases in temperature are seen to signif-
icantly reduce conpaction energy requirenents.

Figure 6.9 illustrates the TF interaction. This shows
that the difference between conpaction energies for the range of
material sizes is greater at 20°C than at 80° or 140 C.
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TABLE 6.5 RESULTS OF ANALYSI S OF VARIANCE ON ENERGY OF
COMPACTI ON FOR 10TH CYCLE
Sour e DegL oS var ance SigpLfLgance
TOTAL 107
S 1 1.588 .100 - .250
F 2 61.903 Less than .001
M 2 4.724 .010 - .050
C 2 277.321 Less than .001
SF 2 5.603 .001 - .010
SM 2 1.130 Greater than .250
SC 2 1. 396 Greater than .250
FM 4 0.522
FC 4 10.710 Less than .001
MC 4 6. 108 Less than .001
SFM 4 0. 006
SFC 4 2.027 .100 - .250
SMC 4 2.942 .010 - .050
FMC 8 1.696 .100 - .250
SFMC 8 1.039 Greater than .250
ERROR 54
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TABLE 6.7 RESULTS OF ANALYSIS OF VARIANCE OF TESTS AT DI FFERENT
TEMPERATURES - ENERGY AT 1ST CYCLE

Sour ce Ckecdom e S O ever "
TOTAL 53
T 2 341.910 Less than .001
F 2 185. 324 Less than .001
M 2 102. 238 Less than .001
C 1 658. 535 Less than .001
TF 4 26. 888 Less than .001
™ 4 10. 087 .001 - .o010
TC 2 16. 541 .001 - .010
FM 4 20.732 Less than .001
FC 2 19. 360 Less than .001
MC 2 4.575 .010 - .050
TFM 8 5. 490 .010 - .050 1]
TFC 4 1. 607 Greater than .250
T™C 4 4.884 .010 - .050
FMC 4 2.986 .050 - .100
TEMC 8 1. 000 Greater than .250
ERROR 8
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6.4  CONCLUSI ONS

The tests carried out to determ ne conpression energy have

quantified the influence of the different paranmeters. From a
practical pelleting point of view the desirability of high tenp-
eratures and fine materials have been denonstrated. However the
tests described in Chapter 5 have illustrated that the durability

of fine material is not as good as that for the whole material.

It is interesting to consider the values of conpression
energy in relation to energies recorded in practical pelleting
machi nes. The conparison is shown in Table 6.9 where it is seen
that the energy to actually conmpress the fibres is a small
fraction of total energy absorbed and therefore there is signif-
icant potential to reduce energy usage in operating machines.

TABLE 6.9 ENERGY REQUI RED TO PELLET BAGASSE

Ener gy
Condi tion kJ/ kg
Dry Matter
Drying Energy 50% to 10% Misture 2 300
Theoretical
Conpression Energy (from U of Q 2.3 - 10.7
Extrusion Energy in Dies 25 |
Act ual
Rotating Die - Jaybee 180 - 900
Sl ow Speed Extrusion - Haussnan 180
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CHAPTER 7
A THECRY OF BAGASSE COWPACTI ON

In this chapter the results of tests on individual
bagasse fibre bundles are combined with a theory of the collective
behavi our of many bagasse filaments in an attenpt to relate
the bulk properties of bagasse to individual filament properties.

7.1 BAGASSE FILAMENTS - STRESS-STRAIN RELATI ONSHI P

As described in Chapter 4, tests were conducted on
single filaments of bagasse, supported on two knife edge
supports and |oaded as shown.

Typi cal stress-deflection curves obt ai ned in these
tests are presented in Figure 4.1. For relatively |ow maximm
stress levels, the loading and unloading curves |lie close
to one another inplying that the material in the beam is
behaving nearly elastically. However, as maxi mum stress
levels are increased. the wunloading curve is displaced to
the right, inplying that yield has taken place. For a given
fibre, near maximum stress, increased deflection occurs wth
only small increases and in fact, nost of the yield occurs
at these stress |levels. This behaviour can be idealized
as a linear elastic relation between stress and strain up

to a yield value, at which further non-elastic deflection
occurs at constant stress.

However, it is well known that cellulose based materials,
such as bagasse, also tend to exhibit creep i.e. under constant
stress, strain increases with tine. Thus the tests above
were nmodified to allow 2 mnute periods for creep relaxtion
at selected stress |evels. Figure 4.2 shows that creep does
indeed take place, with deflection increasing with stress
level s. Creep recovery also takes place during the unloading
process but recovery is not conplete -i.e. some part of the
creep is elastic, and sone represents yield. This behaviour,

can be idealized by assuming that creep takes place at a
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rate proportional to stress, that it is elastic up the yield

stress, but creep taking place at yield is non-elastic, |eading
to permanent deformation. Al'so, as the second cycle in the
Figure shows, if deflection in the beam is restrained when
it is in the yield region, then creep takes place as a reduction
in stress, but this still leads to an overall permanent deform

ation when the beam is unl oaded.

Observation of a creep phenonmenon raises the question
of the relationship between stress and strain under nore

rapid loading conditions. This is particularly relevant
to operation of a rolling type conpaction apparatus, since
the time spent in the nip of a pair of rollers is likely

to be of the order of seconds, whilst the time for a conplete
cycle to produce the stress-strain curves of Figure 4.1 was
of the order of 2 to 3 mnutes. Thus the experinments reported
in Appendix A were undertaken. Here the beam fornmed by the
bagasse filament was |oaded rapidly by applying the weight
suddenly, and observing the resultant deflection of the beam
by multiple flash photography.

Results are shown in Figure A.3. The filaments which
did not rupture provide a stress-deflection curve which,
because of elastic rebound of the beam included part of
an unl oadi ng curve. It can be seen that the cycle is qualita-

tively simlar to that obtained with the nuch |onger |[oading
times associated with Figure 4.1, and can be idealized in
the same way. The time for the conplete cycle in these experi-
ments was of the order of 0.1 sec, inplying that the idealized
nodel can be applied over a range of tines which includes
those appropriate to a rolling operation.

The concepts arising from these experiments lead to

an idealized description of the behaviour of a filanent,
acting as a beam which is part of an assenbly subjected
to conpression. Defl ection of the filanment is elastic until

the stress reaches a yield value, after which further deflection
is plastic in nature, and produces a "permanent set" of the
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beam If the deflection is nmaintained over a period of time,
creep will occur, and the stress in the beam wll reduce.
If the beam is in the elastic region, this creep is recovered
when the beam is unloaded (although this may take some time).
If the beam has yielded, then the stress reduction is associated

with further permanent set.

In the elastic region, conparison of values of Young's
Modul us, E, determned from the experiments in Chapter 4
and Appendix A show no consistent variation of E wth time,
and therefore we will regard E as a constant property of
the material. This conflicts with the results in Figures
5.4 and 5.5 in Chapter 5, which show substantial relaxation
of the bagasse conpaction pressure when it is held at constant
vol ume; rel axation which takes place over a tinme |less than
one second. The conflict may be seen as an inadequacy of
the single filament experiments, and it is likely to be signifi-
cant when calculating effects such as nipforces as the bagasse
passes through a roller pair. However, for the present work,
where we are interested in understanding the permanent set
which arises fromyield, which is thought to be the mechanism
whi ch makes conpaction possible, the discrepancy is not consider-
ed to be significant.

For creep in the plastic region, Figure 4.2 suggests
that the proportional creep rate is simlar to that in the
el astic region. Therefore, for a deflected beam the anount
of deflection which will subsequently appear as pernanent

set, @ , is given by

da jpdit = &
where % is the totall defflecttion &ff tthe [besaw, tt is time, and
k is a constamt which, from the experiments, is given a
vallue off 0.04. If it is =ssumed that ¢ 1is small compared

with 6 ., thHem ttis cem e imtegrated to yield

e = 0.04 &1 . (1)
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This permanent set should be added to that due to
the initial, time independent, yield of the beam

These concepts will subsequently be wused to develop
a model for the behaviour of bagasse when it is conpacted.
However, it should be remenbered that considerable experi-
ment al inaccuracies were tolerated in the experinents of
Chapter 4 and Appendix A, in order to allow fornulation
of a prelimnary set of physical concepts. Whilst this
is acceptable for present purposes, further experimental
work would be needed in order to establish an accurate
description of single filament behaviour.

7.2 A BAGASSE COVPACTI ON MODEL

MODELLI NG THE BAGASSE SAMPLE

The possibility of differing deflections anongst the
bagasse filaments in a conpaction sanple would seem to neke
extrapolation from single filanent properties to overall

sanpl e behaviour an inpractical task. However, it can
be tackled by following an approach suggested by the applica-
tion of Statistical Mechani cs to thernodynamic systens
consisting of many small subsystens (Sears, 1980) - for

exanpl e, the nolecules of a gas, or the atons in the matrix of
a metal crystal.

Fol | owi ng Loughran (1981) the bagasse sanple is nodelled
as a collection of wmany snall beamns, of varying length
and cross section, which interact with each other through
the forces and reactions occurring at the points of contact
between the beans. Deflection of each beam requires it
to store strain energy, and the task of determining the
proportion of the total number of beams which have a given
deflection is essentially that of determning the proportion
whi ch have stored the associated amount of strain energy.

In considering this problem the spirit of the Van Wck
model , outlined by Loughran (1981), is followed. It is assumed
that the collective behaviour of the beams can be represented
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by considering a sanple consisting of beans of one representa-

tive set of dimensions i.e. al | the beams in the sanple
are identical. It is further assumed that each beam is
| oaded at mdspan and, because each of the beans will be
part of a bagasse filanment consisting of many beans, the
beams will deflect as if their ends were encastered. Thus

the force, Fg , associated with a deflection § 1s given by
Marks {1551).

F, = 24(EI/b’) & (1)

and the asgocipted strain energy is

u = L2(EI/fb') &* (2)

where b is the sewmispan of the beam, and I the second moment

of arca of the cross zection,

M CROSTATES AND MACROSTATES

The state of a bagasse sanple wunder a given degree
of conpression can be specified by specifying the strain
energy of each individual beam in the sanple. This is
referred to as the specification of a "mcrostate". However,
in considering the overall behaviour of the sanple, interest
is not centred on the level of strain energy of each individ-
ual beam but r at her, on determnation of the nunber of
beams which have a particular level of strain energy.

i.e, on determination of the distribution numbers l‘ll ) N‘,

N ,....etc, where
A

H beams have strain engrgy u
L} L

N . " " M u
E xr
N " it a " u -
e e ete 2
This is referred to as specification of a "nmacrostate".
It is clear that many differing mcrostates can correspond

to any one particular macrostate.

It will also be noted that fixing the total anount
of strain energy in a sanple does not fix the distribution
nunmbers - i.e. there are many possible macrostates correspond-

ing to a given state of conpression of the sanple. The
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task here is to determne which of these macrostates will

apply in practice.

THE MOST PROBABLE MACROSTATE

The task is tackled by determining which of the macro-
states has the maxi num probability of occurrence. At first
sight this my seem to leave an element of uncertainty
regarding the state which my actually occur in a sanple.

In fact, for the very large nunbers of beans involved
in a typical sanple, anal ysis shows that the probability
of the nmost probable macrostate is many orders of magnitude
hi gher than the conbined probability of all possible macro-
states and therefore that, for all practical pur poses,
the probability of occurence of the nost probable nacrostate
is unity i.e. it is a certainty.

Now, there is no apparent nechanism which seenms to
favour the occurrence of any one possible microstate over
any other, and therefore it is reasonable to assune that
all mcrostates are equally probable. Wth this assunption,
the prokabllity of a given macrostate is W}Wo , where W
iz the number of poscible migrostetes vorresponding to
that macrostate, and Wn i= the total npumber of possible
microstates. The most probable macrostate is that for
which W/W is= a maximum but, in order to simplify the follow-
ing anslysis, 1t will be noted that zn(W;WD) is a maximum
when W/W is a maximum, and the condition for a mwmaximum

o
i zn(W{WU) will be scught.

Remembering that W is a function of the distribution
numbers N, , N, ......ete, then the condition for .ln(‘W'fWo)
to bhe a maximum as the N's are varied ls that

& .
1 (4n¥W)] dN + .
W, 3 {aN. taW) AN, o+ ... . et =0, (3
wheredd, ,dN,, ..... ete are small variations in N, N, ,..... ato.

This is subject to two further conditions. The first is that
equ 5.2 (Loughran 1%81) shows that at a given overall wvolume
{l.e. a given degree of compression of the sample) the total
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nunber of beans within the sanple is fixed. Therefore, the N s
can only be varied according to the condition

di + dN e e =0 € 3]

H 2

The second is that the total strain energy nust remain constant

i.e. u, diw, -+ u, dN, + e e e e =0 (5%

These three equations can be conbined into one by wusing
Lagranges "Method of Undeterm ned Multipliers”
i.e. equ (4) is nultiplied by a, and equ (5 by 6, where
a and Bare constants which are chosen such that

]
\S_N.(]'nw) + e + Bu, = 0

and %(an) + o+ Bu, = 0,
¥hee the resulting egus (4) and (5) are added to equ (33,
there results

[
f2o(enW) + a4+ Busk AN, 4+ {S-CenW) + @+ puidN. +...=0
iN, &N,
The dN's 1in this equation can be varied independently, implying
that the coefficients must be zera and therefore that., for
the most probable macrostate

&
Wi“’"'” + a 4+ Bu, = 4, {73

whare i =1, 2, 3, ....... ete,

Now, if there arge N beam elemepts in 1hke sample,
the number of micrestates gorresponding to the macrosiate
egpecified by the distribution numbers NI P P
i= simply the number of ways N elements can be organized

inte groups of ¥ , W ., ..... .ete,. This is derived in Appendix
B, and leads to the resuit that

N!
¥ mToTET ... : (8)

Substituting this in equ (7} yields

- [
T CEONL 1Y 4 s By = g0,
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since N is a constant. If Stirling's approximation is now used
in the form

tn Ng1 = W, Bn Ny - N,

{where Ni is taken to be a large number), then

5
(ko N.11 = fn N,
Sﬂi i i
whence
—tnNi-lu-PBui‘O
or
Ny = exps  expl{Bu)
Remembering that £ N; = N, then this relation can be
i
written as
Ny, o= (N/Z) exp (sui) ' {9)
where Z = I exp (sui).
i

CONTI NUOUSLY VARYI NG STRAI N ENERGY,

So far, it has been assumed that the strain energy in the
beams takes wup discrete energy levels u; , uz , ....etc.
However, equ (9) <can readily be interpreted for the case

where the allowable energy levels vary in a continuous manner
(as in the practical case) by rewiting it in the form

st = (N/Z) expl{pu} , : (10}

where st i the pumber of beams with deflection between & and
£ + dg, and Z 1s written asg

z =nt J exp{iul) ds, {1i})
o
where the summation for Z has been changed to an integral

by dividing the continucus variation of & into small egual
intervals of magnitude h.
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To ckrtain B, it is noted that the total strain energy
of the sample, U, is given by

e ang as
. o
Incorporating equ(lQ} intoc this relation, substituting for u from

o0 = h

equ(2) and remembering the standard integrals

J exp(-ax*}) dx = 0.5 +n/a ,
a
[ exp{-ax } x dx = 0.25 a_lafa.
-]
it is found that B = -~ NJ2D ., whepce
7 = a1 E Fal ‘J._EEI (123}
2 2 b
and
an, = ¥ SN 12ED i-0.suNsUY. (13)
20 bB*

Thus, although the fraction of the beans with strain energy
u decreases exponentially as u increases wth respect to

the average energy per beam nevertheless there is, in prin-
ciple, al ways some beams with strain energy greater than
any given value. This inplies there wll always be sone

beanms with deflection nmuch greater than the average.

AVERAGE DEFLECTI ON AND PERMANENT SET

The average deflection of the beams in the sanple
is given by
- 51,1 -
¢ = § ' J $ gN, a8 ,

which, substituting from egos{13) and (2), and performing

the integration,can be written as
=1
1
6 = u === (14)
m a0 b

The permanent set arises from plastic yield associated
with the initial state of conpression of the sanple, when sone
beam el enents are deflected beyond their yield point, and from the
plastic creep which subsequently occurs in those beam el enents.
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Considering first the initial yield, the average pernanent

set resulting fromthis is given by
o _ -1 -1 = - .
iy o= Nl w [5\' (§-84) ang de (15)

where dy is the deflection at which a heam begins to yield.

To evalvate this equation, equs(13) and (2) are used to substi-—
tute for dNﬁ‘ The use of equl(2) is strictly not Jjustified
when beam deflections exceed 6§y, as the elastic relatiooship
between strain energy and deflection no longer applies. However,
it will serve as a reasonable approximation for beam deflections
which are not teoa much in excess of ay, and since equl(l3) shows
that this is 1likely to include the majority of the beams under—
gcing plastic deformation, it is consldered 1hat the error
invelved in using equf(2) is acceptable because of the convenience
it offers. Making these s=substitutions, and employing equ{l4),

egqu{l5) becomes

o

w -2 (wﬁm)_l J'ﬁ (6-85) exp(-6%/+5_*1 ds.

This can be evaluated approximately by writiog
[ J— H a
B2 = (&-4,) +2Me-6y) &y + 647,

whence

—&,7 = —(8=8,)7 25 (&-4& )\
exp ¥ f exp ki exp ¥ ¥ (G—EY)dfa—d

2

L}
1Y N
& [} 3

L L] o o wém vam

Integrating by parts, ithis becomes

2¢ = ML IS L -26_(6-6, )
- Y I Y T ¥
o = {6 -—= exp exp als-4
1¥ ¥
m wﬁm ° wsm e 7 Y .
m -
Y
8XP o7
wﬁm

MNow, for $y/8 »>1. the last term ensures that o, 70, implying

that no permanent set is associated with small mean deflections.
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For larger values of LI the second exponential termin the
integrand of the integral within the brackets can be witten as

—2syle-ay) Aayle-gy)
b U T N = 1= g
m m

when [§ = BY) Em «<<|, whilst the first exponential term epsures
that, for larger valoves of (s-ﬁy)fém, no significant cootribu-
tign is made to the integral. ¥ith thi=s eubstitution, the
integral can be evaluated to yield

6 2 PR il (i8)
o = 4§ 1- Y Y EXp |- —
1Y m { ——-sm * - (—sm) } ( gt

Equ(16) is plotted in Figure 7.1. It can be seen that
no significant initial yield occurs until the average deflec-
tion approaches roughly 30% of the yield deflection. Further
increase in average deflection then rapidly increases the
permanent set due to yield to nearly half of the average
defection, after which it ~constitutes a slowy increasing

fraction of the average deflection.

The =econd part of the permanent set, due to plastic

oreep, cen be written as

ogy = N1 h"lf 0.0¢ &t dN
Sy

where egu{l), {from (7.1, has been used for the creep of

the individual beam elements. Using equs{13}, (2) and (14},

s d8.

thi= can be integrated to yield

Yoy T 4 0.04 exp (-sY’;aam’)} t . (17)

BULK COMPACTI ON PROPERTI ES

The final density of a conpacted bagasse pellet,
after the ~conpaction process is conpleted, depends upon
the permanent set which is induced within the fibres of
the pellet. This is conpounded of the permanent set due
to initial yield, and that due to retention (identified

here as plastic creep). Here we concentrate on the first.
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The permanent set due to initial yield can be deduced

fromequ(16). The mean deflection of the beams is proportional
to the nmovement of the boundaries of a pellet as it is com
pressed. Thus, if the pellet is being formed in a cylinder,

the deflection at peak conpression, ﬂmp, will be proportional
to the novenent of the piston i.e.

¥ = .- ¥
mp (v p)
or ' -1 -1
smp = K (pi op bl
where vy and py are the initial wvolume and density, "p and
e_ are the respective wvalues at peak compression, and K
is a constant which includes the mass of the pellet. When

the eompression pressure is rTeleased, without retention,
the pellet density falls to a wvalue L associated with the
beam elements of the sample reducing their deflectioco from

amp to Hmp - °1Yp)' and therafore
_ -1 -1
ﬁmp - %yp = K (o - ep T,
thus
- -1 _ -1
“1vp AL rg
or -1 ~1 -1 -1
°1Yp!6mp {ry - g TMitey Tt .o
Now, to determine the value of u”p,-' 6mp from egu(lB)
requires that the valuve of SY ,Hmp be kuown. For a beam

with fixed ends, a span 2b, and & c¢irgular eross section
of diameter d, which is loaded at the midspan, the relation
between yield stress and deflection is given by

- 2
iy t, b'/3 dE,

whenee, using €qu{id), moting that ¥ = /26?7, and that

my d* = amie,,



89.

where t is the total fibre lemgth within the r_-el].a-l:,:rf iz
the fibre density, and ﬁp the peak charge deosity, it follows

that
B o/ o (19)
i 48
where U' is the strain edxergy per unit volume. This may
be cbtaipned from the relaticn
o= 14 *p (npfli()ﬂ}’ kJ/m* {20

which bas been choesen to fit the experimental results at
10% meisture in Table 6.1 of Chapter 6. With f‘f = 100 MPa.,

pr = 800 kg/m , apd B = 10° MPa n or 5x10° MPa, egu{19} leads
to the following values for Gstmp.

TABLE 7.} YIELD AT PEAY COMPRESSTON

°5 {kg/m') 1100 goo 600 400
Sy E = 5x 10° MPa 11 .15 .20 .30
*mp E = 10° Mps .25 .34 .45 .67

When these results are translated into abscissa on Figure 7.1, it |
is seen that the pellet is well into the region where initial
permanent set takes place at all significant peak conpaction
densities.

In order to employ equ{l8) 1o compare predictions
with experimental regults, a_suitable valune of L mist be
chosen. This must correspood to & point in the compaction
process where fibres begin to deflect as beams 1.e. significant
forces begin to he generated. Figure 3.10-1 {Anderson 1983)
shows that this cccurs for Di = 250 kg/m. Using these values,
Figure 7.2 1 used to compare equflB} with experimental results
from Figure 3.5-1 (Anderson 1983). It can be sBeen that the
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permanent  set is over-predicted by the theory, al t hough
di screpancies could well be associated with uncertainties in
the basic data. However, the fact that experiment and theory

are not too widely separated at this stage is very encouraging.



93.

CHAPTER 8
FRICTION TESTS

8-1 AIM

To determine the coefficients of shear and/or friction for
bagasse pellets on different surfaces at various tenperatures,
pressures and moisture contents, so that this information may be
used in the devel opnent of the bagasse pelleting machine at Sugar
Research Institute.

The surfaces investigated were:

i) smooth mld steel (MS)

ii) smooth cast iron (CS)

iii) grooved cast iron (CQ
(triangular grooves; depth 3 mm pitch 5 mm)

The surface finish on the plates was initially 50um in
the direction of slip but this finish was subject to very rapid
wear which reduced the roughness significantly after two or three
tests at 35 MPa pellet pressure. Wile it was relatively easy to
reroughen the snooth plates with some coarse emery cloth, it was
found to be quite tine consumi ng attenpting the same task on the
grooved plate, where grinding powder and a grooved block were
enpl oyed. In addition, it was very difficult to ensure that the
surfaces of the plates were conpletely free of residue from the
rougheni ng process.

Therefore it was decided that all tests would be conducted
at the "equilibriun' roughness for each plate and that the only
surface preparation of the plates would be to use a scraper to
renove any bagasse adhering to them

8.2 APPARATUS

The experi ment al rig consisted of three hydraulic
cylinders arranged on a support structure. The two horizontal
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cylinders were used to press the pellets onto each side of a
friction plate. The vertical cylinder was used to push the plate
between the pellets. A displacenment transducer nounted on the
cylinder and attached to the end of the ram was used to provide
the location and hence velocity of the friction plate during each
test. The oil pressure in the cylinders was measured with
pressure transducers. The pressures and displacement were
recorded as function of time on an electrostatic chart recorder.

8.3 METHOD

Pellets of the suitable density and thickness were formed
on the | NSTRON. They were stored until required in sealed
plastic bags so that moisture |oss would be m nimal.

Pellets for the 80°C and 140°C tests were formed in a
69.8 nm diameter cylinder so that two pellets could be pushed
into each of the standard 76.2 nm dianmeter cylinders which were
sealed and placed in the oven for heating to the test tenper-
ature. An experiment had been conducted to determine the tine
required for this (Figure 8.1).

The force to be applied to the pellets was set to the
required value by adjusting the relief valve on the 3-way valve
which was used to control the novement of the horizontal rans.
Because the air supply pressure varied considerably/ this was
found to be a nore reliable way of producing the desired force
than attenpting to regulate the air supply to the pneunmatically
powered hydraulic punp which drove the rans.

Once the relief valve had been set the rams were
positioned for the test and the friction plate propped into place
with a piece of wood. The pellets were placed between the
plattens on the rans and the friction plate and |oaded to the set
force.

In the 80°C and 140°C tests, the friction plate and
plattens were heated in the oven in order to sinulate as closely
as possible the conditions being nodelled and reduce cooling of
the pellets.
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Next, the piece of wood supporting the friction plate was
removed and the alignment of the friction plate checked to ensure
that it would not foul on the pellet supports as it was pushed
between the pellets.

At this stage the procedure adopted depended on the force
applied to the pellets.

i) Hi gh Pressure

At the two high values corresponding to 35 and 10 MPa pellet
pressure it was possible to drive the vertical ram down at
|l ow pressure until it stopped at the friction plate. This
prel oaded the structure and reduced the nmovement produced by
the next stage which was the application of full pressure to
the cylinder.

ii) Low Pressure

At the lowest pellet pressure (1 MPa) it was found that the
force produced by the vertical cylinder was sufficient to
cause slow nmovenment of the friction plate and thus
prel oading could not be achieved. Fortunately very little
movement of the structure occurred during tests and so this
posed no problens.

I medi ately before full pressure was applied to the
vertical cylinder, the chart drive was sw tched on.

During all tests, careful attention was given to the
progress and alignment of the friction plate so that, at the
first indication of troubl e, the rams direction could be
reversed and the plate stopped before severe damage occurred.

The maximum travel of the friction plate was 285 nm or
approximately 3.6 pellet diameters.
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8.4 RESULTS

It was observed that shear of the bagasse fibres in the
pellets occurred in some cases, particularly at high pressure.
These instances are marked with an asterisk in the tables of
results.

8.4.1 RESULTS FCR CCEFFI QI ENT OF STATIC FRICTION AT 20°C
The results of the tests conducted on whole naterial at

20°C for a range of surfaces, noisture contents and pressures,
are outlined in Table 8.1 and the results of the analysis of

variance are shown in Table 8.2. It can be seen that all of the
factors investigated significantly influenced the coefficient of
static friction and that all interactions were significant.

TABLE 8.1. COCEFFIQ ENT CF STATIC FRICTION

Friction Plate
Mld Steel Cast Iron
Moi st ure Pressure Smooth (Fy) Smooth  (Fy Grooved (F3)
Comofnt
0 MPa R| Ro R| Ro R| Ro
35 (Py) .39% | .33 .37 | L 37* L42% | . 40*
10 (W) 10 (Py) .35 .29 .34 .34 L48*% | L 49*
1 (P3) .13 .12 .23 .16 .38 .30
35 .44 .39 .40 .41 LT71% | L T76*
20 (W) 10 .28 .31 .35 .39 .54* | . 53*
1 .31 . 35 .31 .33 .43 .40
35 .14 .14 .14 .14 .30 .29
30 (W) 10 .27 .28 .27 .25 .39 .36 |
1 .35 .38 .30 .27 .29 .31
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Figures 8.2 to 8.7 illustrate the significant single
factor effects and interactions.

Single Factor Effects

It can be seen that, averaged over all other variables,
the coefficient of static pressure increases wth applied
pressure from 1 to 10 MPa with no increase from 10 to 35 MPa.
The coefficient of static friction is seen to be maxinmum at 20
per cent nmoisture and whilst, as expected, the coefficient is
hi ghest with grooved surfaces, there is no difference in the
coefficient of friction between the mld steel and cast iron
surfaces.

Interactions

Perhaps the nost interesting of the interactions is the
nore rapid fall off in the coefficient of static friction at the
hi ghest pressure as the moisture content of material increases.

TABLE 8. 2. RESULTS OF ANALYSIS OF VARIANCE OF RESULTS CARRIED
OUT AT 20°C.

Sour ce Degrees of Vari ance Significance
Freedom Rati o Level

F 2 167. 142 < .001
w 2 166. 926 < .001
p 2 39.235 < .001
FwW 4 14. 229 < .001
FP 4 7.596 < .001
WP 4 71.684 < .001
Fwp 8 11.705 < .001
ERROR 27

TOTAL 53
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8.4.2 RESULTS OF COEFFICIENT OF STATIC FRICTION TESTS W TH
DI FFERENT MATERI AL SIZE - 20°C

A series of tests was carried out at 10 per cent nmoisture
with both coarse and whole material to investigate the influence
of material size for a range of pressures and surfaces. The
results obtained are shown in Table 8.3 and the results of the
anal ysis of variance are shown in Table 8.4. Fromthis it can be
seen that only the single factors were significant and there were
no significant interactions.

TABLE 8. 3. COEFFI CI ENT OF STATIC FRICTI ON FOR DI FFERENT MATERI AL
SI ZE - TEMPERATURE 20°C, MO STURE 10%

Friction Plate .
Mild Steel Cast Iren i
Material Pressure Smooth (Pll Smocth (Fz) Grooved (P31
Size
HMEa RI R2 Rl ! RZ Rl R2
EL) (Pl) L39% [ 33+ P b L I LA42% | L40*
Whole (H1) 1o I'.le .35 .29 .34 -34 S4B | L 45
1 (PB) +13 12 23 .18 « 38 30
35 +22% [ .28% «25% | .28%* «34% | .3B*
Coarse {Mz)| 10 «26% [ L23% 30% | Lz8% L38% | .35%
1 .16 14 .13 .13 21 .27

The influences of pressure and material are simlar to
those illustrated in Figures 8.2 and 8.4. Figure 8.8 illustrates
that the coefficient of static friction is marginally less with
the coarser material.
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TABLE 8.4. RESULTS OF ANALYSES OF VARANCE OF RESUTS FR
Dl FFERENT MATERI AL SI ZE.

Source Tegrees of Variance Significance
Freadom Ratio Level

F 2 €1.191 < .001

M 1 59.247 < .00l

P 2 95.295 < .00l

FM 2 1.568 100 - 250
FP 4 2,595 080 - 100
MP 2 2.130 -100 - .250
FMP 4 Z.B46 050 - 100
ERROR 1z

TOTAL 35

TABLE 8.5. CCEFFI G ENT CF DYNAM C FR CTI ON
MATERI AL:  WHOLE, 20°C

Friction Plate
Mild Steel Cast Iron
Moisture Freasure Smooth (Fl) Smooth (FZ) Grooved (F3]
Content
% HPa Rl R2 Rl R2 R] RZ
35 (Pll J3B* | .23 37% | L39* J48% | .35%
10 (Wl} 10 (Pz} .35 .29 . 36 + 34 S4BT | L54%
1 (P3] .13 .12 - 23 .16 .37 + 30
£ . 3& .35 +35 -35 “62% | LB1*
20 (®,) 10 .25 | .33 .35 | .38 .52% | L46*
1 31 33 LAl .33 .43 .40
a5 25 +28 35 .31 52 .48
ag (W3} 14 . 26 -23 30 . 2B 38 .35
1 14 .16 «13 =13 +27 .21
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TABLE 8.6. RESULTS OF ANALYSIS OF VARIANCE OF RESULTS FOR
COEFFI CI ENT OF DYNAM C FRICTION - COARSE MATERI AL,

20°C.

Scurce Degreesa of Variance Significance
Freadam Ratlo Level

F 2 114.025 < .001

W 2 50.256 < 001

P 2 91.510 < .001

FW 4 0.962

FF 4 1.53¢ +100 - , 250

WP 4 B.984 < .001

FWP 3 5.126 < 001

ERROR 27

TOTAL 53

8.4.3 RESULTS FOR DYNAM C COEFFI CI ENT OF FRICTION - 20°C

The results of the coefficient of dynamc friction for
whole material at 20°C are summarised in Table 8.5 and the
results of the analysis of variance of the results are shown in
Table 8.6.

Al'l factors investigated were significant and these
effects are illustrated in Figures 89 to 8.11, which show
simlar trends to those exhibited for the coefficient of static
friction.

8.4.4 RESULTS OF COEFFICIENT OF DYNAM C FRICTION TESTS W TH
DI FFERENT MATERI AL SI ZE - 20°C.

The results obtained for tests on whole and coarse
material are shown in Table 8.7. The results of the analysis of
variance on the data is shown in Table 8.8. It is seen that the
influence of material size is significant and simlar to that
found for the coefficient of static friction. This influence is
illustrated in Figure 8.12.
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TABLE 8.7. COEFFI CI ENT OF DYNAM C FRICTION - TEMPERATURE 20°C,
MOl STURE 20%
Frictlon Plate
Mild Steel Cast Iron
Material Pressure Smooth (F;) smooth (F,} | Grooved (F3)
Size MPa
Ry Ry By ] Fo Ry R,
35 [Pl) «3B% ] .33" L37% | L29* L48% ] 35%
WhaletM,) |10 (p,) .35 | .28 236 | .24 L48% | L54%
1 (P;} -13 .12 .23 .15 .37 .30
35 L2R% | 2% L35% L 31w 52% | 4%
Coarse(M,) | 10 +26 .23 .30 . 2B .38% | .35*
1 .16 +14 -13 .13 .21 £ 27

TABLE 8. 8. RESULTS OF ANALYSIS OF VARI ANCE OF TESTS TO DETERM NE
EFFECT OF MATERI AL SIZE ON DYNAM C COEFFI CI ENT OF
FRI CTI ON.
Source Degrees of variance Signlficance I
Preadom Ratio Laval
F 2 56.393 < 001
M 1 18.587 < .00l
13 2 B3.714 < .001
FM 2 0.073
FP 4 0.125
up 2 3.283 050 — .100
FMP 4 5.392 .001 - .019
ERROR 1B
TOTAL as
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8.4.5 I NFLUENCE OF TEMPERATURE

A series of tests was carried out to determne the
influence of tenperature on the coefficient of friction. The
tests were carried out on whole material at 10 per cent nmoisture
for three levels of pressure on each of the three surfaces.

The results are shown in Table 8.9. The results of an
anal ysis of variance carried out on these data are shown in Table
8.10. This shows that tenperature had a significant effect on
the coefficients of friction. Several tests were carried out at
140°C and the results are shown in Table 8.11. Figures 8.13 and
8. 14 show the extent to which the coefficients of friction
decrease as tenperature increases. It is interesting to note
from Table 8.10 that there is no significant difference between
the values of coefficient of static and dynamic friction.

TABLE 8. 9. RESULTS OF COEFFI CI ENTS OF FRICTION AT 20°C AND 80°C
MATERI AL - WHOLE, 10% MOI STURE.

Friction Plate
Friction Temp Pressure Mild S-teel Cast Iron
Type °c MPa Smooth(F,) | Smooth{F,) ; Grooved(F;)
Rl 2 | B | B2 By | R
as (91] 39 £33 .37 37 42 -40
3 20 19 (Pz) L35 .29 - 34 =34 48 .49
T
A (Ty) 1 (Py) .13} .12 .23 | .16 .38 | .30
T Al
I a5 34 . 30 33 =25 35 +39
¢ ao | 10 a7 bere oz [ e | Lse
(I‘Z} 1 + 01 +01 .09 10 16 .15
35 « 38 £33 37 + 33 48 - 35
o 20 10 .35 .23 + 36 34 48 +54
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TABLE 8. 10. RESULTS CF ANALYSI S OF VARIANCE OF CCEFFI G ENTS COF
FRI CTI ON AT 20° AND 80°C.
Source Dogrees of Variance Significance
Freedom Ratle Level
F 2 14B.7Q2 4 001
A 1 0.550
T 1 233.250 < .001
P 2 230.031 4 «001
FA 2 0.133
FT 2 2.233 +108 -~ 250
FP 4 13.9234 < .001
AT 1 0.022
AP 2 1.325 » 250
ip 2 12.052 < .001
FAT 2 0.183 :
FAP 4 1.255 ¥ . 250
FTF 4 6.346 < 001
ATP 2 1.430 L1490 -~ 250
FATF 4 0.908
ERROR 36
TQTAL 71
TABLE 8.11. CCEFFIAENTS OF FRCIION AT 140°C - NMATERIALS:
WHOLE, 10% MO STURE. PRESSURE 10 MPa.
Fricktion Plate
Mild Steel Cazt Iron
Smooth Smooth Groovad
Static +14 .14 .17 .39
Dynami¢ .09 -0 +10 30
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8.5 CONCLUSI ONS

The results outlined in this chapter have illustrated the
following major factors affecting the coefficient of friction of
relatively dry bagasse.

Very high values of coefficient of friction can be obtained.
The highest values of greater than .7 for static friction
occur with grooved surfaces at 20 per cent noisture.

The coefficient of static and dynamic friction increase with
pressure except at the 30 per cent noisture |evel where
expression of noisture at the higher pressures causes the
coefficient of friction to decrease.

There was little difference between values obtained for flat
cast iron and steel surfaces. As expected the coefficient of
friction increased for grooved surfaces conpared to flat
surfaces.

Coarse material had |ower coefficient of friction than whole
material .

Whi |l st the coefficient of dynamc friction was somewhat |ess
than the coefficient of static friction when the values were
high on average there was no significant difference between
the two coefficients over the range of tests.

The coefficient of friction decreased as tenperature
increased in the range 20°C to 140°C.
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APPENDI X A

RAPID BENDI NG OF BAGASSE FIBRE BUNDLES

| NTRODUCTI ON

This rapid fall off of load on the bagasse pellets which
was observed during the conpression tests conducted on the
Instron materials testing mnachine in the Departrment of
Mechani cal Engineering (see Figures 54 and 5.5) indicated that
the rel axation processes which governed the formation of a good
quality pellet occurred in the order of 0.4 s or |ess.

In order to gain some further understanding of the
rel axation process it was decided to investigate the response
of some typical or average fibre bundles to |oads of the order
of those required to cause failure of the bundle.

PROCEDURE

The apparatus used is shown schematically in Figure A 1.
The fibre bundle was placed across two snooth netal supports
12.5 * 0.05 mm apart. A chosen nass was placed on the hinged
support and the height of the hook adjusted until it was in
contact with, but not visibly defornming, the fibre bundle.

A black wooden dowel with a white line on it was placed
beside the mass. This provided a tine reference for the
experiment as its nmotion was that due to gravity only. The
time reference was necessary because there was a = 1.5 ns
variation in the time required for the relay to release the
hi nged support.

Cnce the fibre bundle, mass and dowel had been placed in
position and the camera focused and |oaded, the test began.
The electronic timng apparatus was triggered by opening the
shutter. This inmrediately provided the 12 V required to open
the relay and started the counter which provided the delay for
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the triggering of the stroboscope. The delay and time interval
bet ween flashes could be varied in increments of 2.5 5 or 10
ms. The nunmber of flashes could be varied between 1 and 10.

Satisfactory photographs were obtained with delays of
12.5 and 15 ns and intervals between flashes of 10 and 20 ms.
The shutter was held open for 1/8 s (nominally 125 ms) . A
typical photograph is reproduced in Figure A. 2.

The separation of the inages of the white lines on the
wei ght and dowel were measured with the aid of a travelling
m croscope. This procedure enabled the opening of the relay
(and hence the application of the load on the fibre bundle) to
be determned to within + 1% of the duration of a test
(typically 20 to 40 ms, being the time to either "steady state"
deformation or failure of the bundle).

Once the timng of the test had been established it was

possible, wusing a multiple linear regression program supplied
by M. C. N Ander son, to produce a polynomal equation
describing the motion of the fibre bundle as a function of
time. - This equation was differentiated to provide velocity and
acceleration and hence the force on the fibre bundle was
obt ai ned. Further calculations, using sinple bending theory
provided value of Young's Modulus (E) and the extreme fibre
stress (a) as functions of time. Figure A.3 is a plot of

extreme fibre stress as a function of displacement for three of
the fibre bundles which did not break under the |oads
i ndi cated.
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APPENDI X B
PROBABI LI TY OF A MACRGSTATE

In determining the nunber of mcrostates corresponding
to a given macrostate, first take the nmolecular properties
corresponding to the macrostate as given (i.e. take N values
of the property A of which N, are the value A , N are
the value A, ,etc....) and assess the nunber of ways the
N beam el ements can be assigned to these properties.

The first element may be allotted to one of N values
The second element nmay be allotted to one of (N-1) values
- etc.

whence the elements can be allotted to the N values in N
different ways.

However, taking this as the possible number of mcro-
states would inply that the order in which the elenments
were arranged in each of the groups of identical values
of A was inportant - i.e. for exanple, an element in the
group corresponding to the value A, could take this value
of A in N different ways, and thus give rise to not one,
but N, different mcrostates with no change in the distribution
of the remining nolecules. This is incorrect, (since a
given distribution of the values of A anpngst the elenents
corresponds to a single mcrostate) whence, so far as this
group is concerned, the nunmber of possible mcrostates has
been overestimated by a factor equal to the number of ways
a given N, molecules can be rearranged within the group

i.e. by a factor N . A simlar argunment applies to
the other groups, wherefore the nunmber of possible mcrostates
is correctly given by
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