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The limited success of the extrusion process for: wafering.
behay is a rCsult of the high energy requirements which put the cost
'b to own and. maintain such a machine beyond the reach of most farming
o operdtions. Much of this energy is wasted in overcoming th;#friction;
between’the waferuand the extrusion die, | |

- g'

A laborstory experiment was designed‘to 1§§eécigac§'sosé'df'
"

bthe factors affecting friction and energy requirements in extruding
alfalfa, and to.;est the feasibility of extruding a satisfactory |
product with less energy. To eccomplish these objectives, data vj
for friction energy and wafer durability vere recorded for various -
tlevels of moisture content’ in the alfalfa, extrusion pressure, |
‘back pressure in the die and binders. The experiment was performed

&I Y .
_on a single-shotuhydraulic wafering press.which approximates the N

_'extrusion-type process. ' | L -

The following results and conclusions were obtained from’

an’ analysis of ‘the data. | N | o ,

'hl. ~The ease: with which alfalfa passed through the extrusion die -

‘ _diminished with higher levels of extrusion pressure and back
fpressure due to, increased friction in the die At the highest
-extrusion pressure (5800 psi) the frictioh was a maximum when
Tthe hay, without a binder contained around 20 percent‘moisture.

"The application of binders contributed to additional increases “'

a friction. | -

2. The initial compression of the hay ssmple requires less energy

V‘than is.required to extrude the wafer.- Reductions in the portion

ST ?’iv;fn7
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are best achieved by decreasing extrusion pressure.-

R

' Wafers of very good quality S?ﬁrability fatings in. excess of

90 percent) were extruded with specific energies as low as
5 horsepower-hours/ton of wafers. .
: ]
- . )
- + - :
< - ) ’
13 ~ -
- + .
i o
. ‘n..' , o ., )
. . ! E - . N \’.
. ¥ v ,‘ 'v S .
y B a
' ) v e v .. &
~ T o Y,
: - o S
. . g " :
x 2. Co ) oo o
v ¢ -~ ( . 7’ " ) a
< = o o .
f R .
E ’ .3 : ‘e :
.: - -f~\'\ ’
;' - \ - ’ . "~.‘ .
o k o - & . .
- . R 3
F l( : <» o -
. - :
5 ) "' SR o
. AN . .
\ ! * 3
o . v R
: < (S
[ t R
-.v - - E -
[ . . ;- o .
} ' N~ oo R i o .

~

-of the total wafering enezgy attrtbuted to extrusion (friction)

. .



S
The author wishes to express his appreciatron for the T'7fj.v

support and assistance received from 80 many people vhile preparing

this‘thesis | | | ’ ‘

Special recognitlon should be’ extended to Dr H. P Harrison'

[

for his guidance and many helpful suggestions - He also is. responsible f
for initiating the 1nterest in the topic :Eich motivated the author )
to make the inVestrgation reported herein |
| Acknowledgement is made to the Alberta Dep‘rtment of )
'Agriculture for providing theynecessary'vafering appaf‘tus plus‘v'
technicaL advice l.;l;vi ;' ' :»' o l: .v_

| The staff at the Univé/‘ity of Alberta farm Ellerslie, o
have shown every consideration possible throughout the project
Their assistance was most beneficial in facilitating the: experimentationn

' The author is grateful to Dr.,RqT

Hardin for offering

advice related to-the statistical ana;ysigéoﬁythe data
| ~ The author wishes to thank hidﬁaife, Jean, for her en-'
couragement and patience t roughout the program and especially for
her help in typing the final draft of this. manuscript

i Pinally, the author acknowledges the National Research

' Council for their scholarship which has made this further educationp

possible.. ': L

".'- vi -



A‘; ‘:v
LAw, o

N 'lr
Zi.ji 'L‘he Problem of Moisture Content o

““c;

) :
-5.'24 The Us&of Binders -

(%.

.‘2§ Summgry of Literature Review- '/

3. bEsoN OF THE EXPERDMENT. . o o o o 470 o o v oo ie o

’.a. mUIPMENT. ', -“" ., “' . ‘l. eo - 'e,‘ 0‘1’ ,0 . [ o a’ ._.-l.' ,'-. ]

'P"\

.50 EXPERWTAIJ PROCEDURE . 'a"_.-. . - » e - . i . : . c:.-‘ o« o o o .a .

-‘5,'..‘1 Il Prepara@fon of Samples -

5.2 Op_exfaf:_-_ion of i xtrusion Prees‘

'. 5.3 Calv:lb'r\a-tien.s : \ ; :

5..4' Determinations -
5. 4 1 Energy |
.5.6.2 Friction
5.4.3 Wafer Quality

| w"‘5.'4;4‘. .Wafeeiné Eﬁi;ciency :

5.5 Method of ‘Analysis -

""Vlii-" o BRI

E ];, 2 2, & The Roller-Extrusmn System S R J B

21

18 -

23

“23



10.

.. 6, 3 Wafer Quality

" REFERENCES. . '« » .+ » . . A C
~ Appendix A

'Appendix_C :

_Appendix D

RESULTS AND DISCUSSION.a c e F e e et L e e

6. 1 Friction in the Extrusion Die

6 1.1 Analysis of Variance . . K

-

6.1.2 Main Effects v y :' _ "J.}
‘6;1.3 Moisture Content and Binder Intersction
,6.1,4 ‘Moisture Content and Extrusion Pressure
. ‘.Interaction'

6.1.5 :Binder and Extrusion EreSSure Interaction

6.1,6 10ther Sources of Variation in Friction

; 6;2 Energy“Requirements for Wafering Alfalfa

6 2, 1 Analysis of Vg;iance

6 2 2 Compression Energy

3
' 6.2 3 Extrusion Energy.

6 2.4 Total Wafering Energy

(;3’7: » ' Lél"

6.4 Establishing Optimum Wafering Conditions
SUMMARY AND CONCLUSIONS. . + + o « « o o v o i uu o o

SUGGESTIONS FOR FUNTHER RESEARCH. « « . « 0w o o o o o o

APPENDICESGO ‘0 . .o o o o e e .6 .0 ¢, .6 o o o o« o o 0

Appendix B.

Ve vifd -

33

33

35

©35

38

40 -

40

. 41

41,
42

46

49

49

54
62

64

69

711

~77

83

65



. ‘; ‘ ,*f:'lJéT'OF EAELEEAJ 2 'CC‘NN o o ;
‘ 1.,4 PREPARATION'OF:SAMPLESC,. ; ; . ;fQ’}'. e - 24
2. WAFER LENGTHS N THE DIE, " ..: . . . o S L

‘3. ‘FORM OF ANALYSI&. S i e .‘.’.,.,;'.c; T R
4, .ANALYSIS OF VARIANCE  FOR E EXTRUSION TDME. .-.7.;.'; .
5. MEAN EXTRU%ION TIMES' FOR VARIOUS LEVELS OF THE MATN EFFECTS. ;";36
6. . MEAN EXTRUSION TIME AS AFFECTED BY BINDERS‘AND.EXTRUSION J"'; |
PRESSURE. .. ;.,f. AR S .‘;>} . ; ;’?-. ._g,; Ce . wm
7. ANALYSTS oE VAEIANCE Eon COMPRESSION ENERGY. . + v .+ . ;,,,;' .;3"
s;lf MEAN COMPRESSION ENERGY. FOR VARIOUS LEVELS. OF THE MATN |

EFFECTS. . . . l R .va..

9. ANALYSIS OF VARTANCE FOR EXTRUSTON ENERGY: . .« . o o™ o o o 47
' 10.. ANALYSIS OF VARIANCE FOR TOTAL WAFERING ENERGY SR S 50
11 MEAN DURABILITY RATING AS AFFECTED BY BINDER LEVEL AND
*

o mISTURE CONTM ;"..‘ c . n- " . . .‘-.".:'.' e o o 0 e o“‘ovo‘. 52

2. MEAN DURABILITY RAIING AS AFFECTED B EXTRUSION PRESSURE
AND MDISTURE CONTENT e i .‘. R . 82

13, .'RAIIO OF EXTRUSION ENERGY TO TOTAL ENERGY ‘AS. AFFECTED ‘BY.

[ ]

‘EXTRUSION PRESSURE AND. MOTSTURE CONTENT .'. : ;‘.‘:j{ .'.,; . 56

,14.~_:ANALYSIS oF VARIANCE FOR WAFERING. EFFICIENCY . ; Ce e

.sT
 15.;_“WAFERING EFFICIENCY FOR SEVERAL FEASTBLE WAFERING *
CONDITIONS n P ‘o n': s o . i o e ‘o e e e . .-.‘ i e e'e . B 60



LIST OF FIGURES : _'
S - ) o R
durability tester. . ‘...f;i {‘! e ..; . ... Alé '
e single-shot'hydraulic‘vafering press used in this e
experiment. {;. .f;f.-t’; . eew e wie G s ;fgf. v e 22
3. A detailed view of the pressurebtransducer and the notary o
'potentiometer used in obtaining pressure-displacement-eurves '
for the upper ram. ;~; o . tito,‘.-, ;u. . {~,'.‘.'.'.i§ ..i;fv22j“
i 4, 'Schematic of vsfering apperatus 7.. {r;;.f.:; . ...:; .. 26
5.; - A typical plot of upper cylinder pressure versus upper - :
| 1¥:iram displscement; . :-,.,u;p! R T _".;};‘.'. 29
. R : ,
5 6. :'Effect of alfalfa moisture content on extrusion time for
various binders..bﬁii. ;_.ltl.v; ,;;;J i ::}l..,.._t"l-. i ;'37.
"73 Effect of extrusion pressure on’. extrusion time for vsrious’f
' moisture contents. ._E..', }f;-a ;';'.HJ 1.. ’,‘.:i;w;x; .\;H - 39
‘8.' Effect of eétrusion pressure on- compression energv for{ |
. v
~various moisture contents. e 0 v e A T .;{v; ‘ .':‘.: 45
'?.' Effect of extrusion pressure ‘on extrusion energy for o
| various’ moisture contents. e e 4 e el e '»"’7’ C e 48
"10; 'Effect of extrusion pressure on to%ﬁaferingl.energy for
| various moisture contents. e ee }.:,...C} ;';5,3.=L ;24;. . 51
' tll.n” The relative appearance of wefers before and after the
V’;-"durability test for three levels of extrusion preSsure o
'_iAand tvo levels ‘of extrusion time. .».5. . .p.“.p; 5 .'.};g. '_’.ugg\\*\

‘ ii. . The relative appearsnce of wafers before and sfter the
idurability test for three levels of moisture content snd

. three-leve13jof binder.‘.', . .';v;}; .0;,,.;s; ;i}ﬂf"; {‘...,.-754*f'

~



T A L L

2
b

13, ﬁur&bility ratingfrelafed‘tq totdl wafering énergy ‘as

f”'.affecteﬁ_bf hoisﬁhte.éontént'and bindefs,l}-,‘.,. ..

! * L. .
.
-
. 'G.
I —
!
- ) '
: . Y Sy - .
‘s - v -

a0
r

. - “/ t
r. ; 3
- «

, . :

- \ Q . »
. by A(. .

- 4 . - -
. ‘
(‘ ' Ta

. :
o .
s
" .
0
s .
.
IS
. R o
e
~ N
.
. ~
.
l ]
' Ay
) -
f N




v

-:;."),"~ :

Jlﬁ

. 1. mminucnou ANli omscnvss R
o Wafering has been an alternative ystem for processing }‘ B ~

-

7;a1fa1fa since the late 1950'8. With vafers the harvesting, storing ER

—~

‘?fand feeding of alfalfa can be completely mechanized ‘an obvious

) .advantage over loose or ensilaged hay. The acceptance of the wafering )

-

'uadvdntage over most other hay harvesting systems. Also the reduced:7by'

e

storage costs and - the improved quality of wafered hay gives it an’

4
. \ :

'f‘process by indiV1dual farmers and farming corporations however,

I

"has not been as widespread as was initially anticipated when\ggfering

.',was first introduced The numerous advantage associated with the

;'product have been more than offset by the dtawba

[
2

»

a

8 associated with
: . - U

the process itself

;‘ ,‘ ‘ »' 4 .. L - .
Most wafering machines emp10y an extrusion-type process.

Inherent in this process ‘are high levels of friction encountered in

the wafering die. In order to ovprcome the friction and extrude Tff? o

s ,3316 B

‘ the material through the die, extremely high pressures are e uired

To develop high pressure reQuires a. large.amount of energy’

a size and quality of machine that only a few farming enterprises

P2

3'cansafford to purchase._zkfs]p

DAY

Because of the limited success of the extrusion process

other metﬁods of wafering have been investighted. Also the possibility
‘ -.ioéiusing the extrusion process to form durable wafers from materials SR

““othegythan alfalfa has been considered However the causes of friction _1k.

2-]and high energy requirements in extruding hay have received very'

qlittle attention, and’the feasibility of extruding a satisfactory »

product with less energy has not been established, therefore; the

w...
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Ty ’ ‘ B 2
L : v e ’
i s . s ol - SR N o Y
objectives of this study were° - ;' o ; .
1) to: obfain information on.. how the following factors aﬁfect the'.j:
frictionoassociatedeith the extrusion of alfalfa hay.v‘:,
- . : . '!' : EEE RO _'r“’";‘ i . . ‘ : ’."v ’
'#(: e ,r;.a) moisture eontent, :‘s,f"‘ S , ot _
: S L GUT SR
b)_ resistance due to die charact@ristics,' R SR
: . ;. N PR s
w ey extrusion pressure, and SRR . ~ %
v . e o ‘ P IR ) o o
- d) abinders; T TR
..(‘ ; ) - -' o ) oo " " “.0.5 A . .
:'2;‘ 6 establish the division of energy between tlie compression stage
y ' i 2 ' . 3 \r
. and the extrusion stage of wafering for varying levels of exﬁrusion :
N - . / I i - "
pressure and hay moistur content and .flg' e ,'-"‘.lféﬁf” S
3. -to determine a wafering {efficiency (totaf wafering energy required ﬁp

[ v

,,per change in durability) for all posaible treatment combinations

‘and use - this 1n conjunetion with the absolute values of energy

R : . .
v and durability in tecommending;optimum operating conditions for&k IR
: ; .

a waferingrprocesa.

. . . -



- Moisture ent; Percent of moxsture gontent is. computed on a wet

.(_‘7 . -

) .., '.' ) . ) ‘: “‘ -

2. l DEflnlblonS» -

. . o . . ;-

‘The followmng terminology is useful to describe wafering 62)

[y

- Wafer: ' A wafer is an agglomeration of unground ingredients in which

-

some of the fibres ‘are equal to‘%r greeﬁer than’ the length of

o the‘maximum cross-section of the agglomeration 7Wafers can‘

"any geometric shepe, however the most popular shapes are ‘cubes

&

and cylinders ‘ : HEEEEER

: - ) : - B -
’ '\

Pellet: A pellet is an\sggqomeration of individual ground ingredients
o R
‘or a mixture of such ingred.tnts, commonly used for animai

bfeeds. Pellets are usually cylrndrical in shape with a

di meter of less than 3/4 of an inch..

°

'I

j *‘x\ ‘., basis. . - : - _ o e

-« Bulk Density The wafers or pellets are veighed in a cylindrical

C \\ ~container with an inside diameter of 15 inches and an insxde .

Y

height of 19. 5 1nches. The nét weight in pounds is muItiplied

by 0. S to yield density in 1b per cu ft. The wafer quality

_.,f.?

is determined as follow3° = o ;;,_ 1Fp

?' - f’i._ very good for bulk denSs* greater than 30 1b/cu ft

‘_iii good for bulk density between 25 and 30 Tb/cu ft and.”

}iiif poor for bulk dens*ty less than’ 25 ib/cu ft., o

Durability “The durability is obtained by tumbling a test sample for
- ;3 minutes at 13 rpm ip a rectangular cage rotated about its

imdiagonal axis as shown in Pigure 1. After the test, the total
.'lx/‘l N .

original weight is divided by the original weight of the test

°
»

\ . . W .
N T "3 -

'weight of the wafers which are greater than 20 percent of-their‘



P

>§emple. Thxs quot1ent when%expreesed as a percentage, 1s the

" dﬁfhbilitya:ating. There is also a durabllity "index which
indicates the .‘extent to thth cubes break into smaller"pleees

1vhowever, o be consistent only the durabllxty rating“will be

<.

»used. Based &n durablhty, the quahty of wafers is defineg

- ¢
as _g.ollows:
_ \\ i(‘ " T - Durability Rating 0‘-'_‘ 100
) Very good ' , 90 to 100> R
- _Good - A ' = 80 to 90 _
-+ Fair’ 1 ~ 70+to 80
‘ - Poor - . S 60.to 70 T
Unsatisfactory . : below ,60 . <

Figure 1. Wafer dimabilitywest;‘elf; i ISR : A

e



.2.2 The Methods;of Wafering.

There are four basic systems which have been investigated so

I

far for wafering hay

KR ¥

- considerably more energy than the other three systems mentioned

The "plunger" type is much like the conventional baler but

operates at much higher pressures and las a multitude of smaller
outlets. N

- With the-fnip;roll?;type, hay is’forced'between two rollers and

-
£ . 1

‘is either pressed.into continuous ribbons which are then d¢tt up

. ) . : ) 4 ' .
w : ‘ N e T o
into suitable chunks, or pressed into indentations in the rollers,

» . °

‘forming briquets.

With the. rollingﬁcompre851ng" technique, hay is: fed into the

channel formed by four. axially parallel or skewed rollers where

the hay is rolled and compressed into a rope-like form and .

subsequently cut into wafer-length tinits. "i"

." . .
\/ '\

'The "roller-extrusion" system uses a press wheel rolling around

"the inner surface of a die ring to force material radially out~

-

' .ward through die openings. The roller-extrusion system is the

: most widely used method of. wafering hay today ‘ It'is found in

s

practically all pelleting mills and in most of the commercial .
stationary agé field wat&ring machines

Despité the popularity oflgiz roller extrpders, they consume?

l

above (21 35, 36)\ Thif is primarily due to. the excessive amount

of friction which is inherent with the extrusion process. It appears.‘

likely that unless some. modifications can be made to .this current v

: process to substantiarly reduce the friction and the’ energy requitements,'-

N
- T

one or more of the other three alternatives mgy soln become pOpular.

4
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C2.2.1 The Plunger System T
The plunger system may use the open-end extrusion dieg or the T

'cfhsed-end cylinders.v The- open-end extrusion operation is very similarl
v

vto the roller-extrusxon s%stem and will be’ discussed later The

'formation of wafers in the closed-end cylinders has been studied

‘in most detail by the researchers It is: an operation that can easily

’:be simulated in the 1aboratory and in some cases the test results.
apply equallw well for other methods of wafering
Much of the research with closed-end dies has dealt with

' optimizing the various 1nput variables of wafering to pfhduce a product

"with sufficient density and durability " The general consensus is Ehat

o hay with a moisture ‘content. of about 20. percent produced the most

ﬂ'durable wafer while 10 to 15 percent hay gave the best wafer density
(13, 36, 39, &1) Reduc1ng the hay 1ength improves -wafer density buto
has - a negative affect on durability (ll 26 44) however the'
._maceratioh (crushing or shredding) of hay improves both the density
.and the durability of the wafer (27 36) Rehkugler (41) and Pickard_f

et al. (36) found that wafer density decreased with increased maturity

,of the hay
The effects of process variables on wafer formation are very .
weéll understood and are conceded by most researchers 5 Increases in ‘

‘the applied pressure, the length of time that the wafer is held under
: (AR

._l;pressure or the temperature of the forage will always benefit wafef‘

o density and durability The optimum levels for these variables vhich . '
would yield a feasible clq:ed-end die process, are-' 2000. psi pressure,
.,‘ 5 seconds hold time and 200 F die temperature o9, 25 39) '

Tests which hsve been conducted onf& piston and closef-end



-7

. " - . . L R

cylinder apparatus indicate that this method of wafering would require
in the order of 5 horseppwer-hours per ton of wafers (7 40) This
is approximately one third of the energy required to form wafers via )

_the roller extrusion method (23) however the closed-end die atrange- -
o

v ment is ‘not. as efficient as test. results rend to suggest._ The process

v

’is npt quite 8o attractive when the following meohanical problems (4

' are considered -»‘
‘o‘fa . 1, removing the formed wafer from the die - Ai
2. dontrolling the feed rate so that the requiredtamoUnt’

°

~of hay is placed in each die
vd; ‘adopting a basically cyclic process to a conti ous:flow’.'
.syatem | | | S - :z* .

.The &energy requirement for forming wafers is directly pro--
portional .td the applied pressure (7) Therefore i the pressure can be
reduced without a reduction in wafer quality, ;L_J(il mean a similar
~drop in the energy requirement., Any alteration in the variables -
discussed earlier which result in improvements in the wafer density
or durability (except increases in pressure) can also be utilized
to allow for a reduction in the applied pressure and thus -a lowering
of the energy requirements. ~', |

The energy requirement bf a plunger system, Operating with“a‘_'

- constant-stroke ram and a closed-end die, is. greatly affected by the _y,
chatge-size of material being compressed (22 26) An increased

) charge-size is caused by a higher feed rate or an increased percentage
-of moisture in the forage, both of which resuit in a 1arger volume to

be compressed in the die. This larger volume produces a higher pressure

on the ram and thus raises the energy required.

N



| Moisture by itself was.found to have an additional effect ond. .
the energy requirements of a closed-end die system. Bellinger and BT *;
g McColly (7) found that the force o_ energy required to- eject a wafer“ |
from'the die increased significag:py as the moisture content of ‘the - -
hay was decreased The moisture provides a’ lubricating effect when:

it is present at higher levels thus aiding in the ejection of wafers.'
3 Since the energy required to eject the wafers can reach as much as

' 10 percent of ‘the total energy for the system (40), this influence of
moisture cannot be ignored - E o

| The plunger systemihas not yet been developed to the extent

that it is a commercially viable alternative to the extrusion process
However as a research tool the plunger and closed-end die apparatus ii
has been instrumental in establishing the behavio:r of forage material .
' when compressed into a wafer form. "t V f‘ . S b’:: 'j f, 1}.

2 2 2 The Nip-Roll System

The nip-roll system, like the. plunger system, contains several

desirable features for wafering hay, but still not enough to replace i

the popular method of roller-extrusion.: Alfalfa can be rolled into )

=

briquets throughout the moisture/range of 10 to 30 percent however,.'

-~

_ the easiest moisture range to work in is 14 to 19 percent (21) The
/}sture content is not nearly as, critical with briquetting as it is _‘;:
vith some other modes of agglomeration Processing the crop at these
higher levels of moisture means less time and money spent drying prior
to wafering as well as preserving a greater quantity of carotene and ,
nthOphyll (31). The.only hesitation towards briquets with more .
| than 15 percent moisture is the risk of spoilage in storage, It is :

always more efficient to dry the hay to a aafe level while it is still

-



' . | SR L ”\ ,:
._~1nithékloose form rather'than)af}er it has_been compresse into a
. denSe'wafer’(Zh):-‘;w' T
The energy required to briquet one: ton of alfalfa is roughly

"

half the energy required to process one ton of alfalfa in the convention-

‘ al extrusion machines (21) This is because the compression of forage
material is attained more efficiently betweenutwo nip-rolls than it
“is’ in sn eitrusion die Alfalfa fibres, in particular, readily lend
themselves to pressing and rolling but net to sliding stresses and
-shear So in a rolling press¥ where there are no undue shearing
stresses, the heat of processing will be considerably louer than in
an extrusion die. This means both econOmic and nutritional savings
Any fluctuation 1n the energy requirements for wafering
- with nip-rolls is primarily due‘to a change in force between the two”'
rollers (29) Bigherﬁforces brought about by either a reduction in
-kclearance or a higher feed" rate, require more energy
Where the performance of the nip-roll system becomes doubsful
-[;s in producing wafers of consistently good quality Dobie (16)

"c141ms the major cause for low quality briquets is the insufficient

dwell time (less than 0 5 sec) under compression betveen the nip-rolls

o For material as resilient as forage ctops, a fairly long dwell time

is required to ensure that the wafer holds its original shape as -

_Aj much as possible

‘,‘2 2 3 The Rolli;g_,ompressfng System.

‘ The rolling-compressing system is a relatively new innovation
for vafering hay. This system appears to have solved msny of the f
.Aproblems currently plaguing most other Methods of wafering. The

4

s‘following is a list (34) of some of the advantages it has over the~

v .

4
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existing wafering techiques B _

1. Rolling-compressing wafering is applicable to grasses as we11
- as legumes because interlock binding ‘plays: such an 1mportant '

role.

K

2. Material from fresh cut to storage-moisture content can be.

K

" wafered equally well by this method (The compre331on applied

'by the four boundarY‘rollers can squeeze a great deal of water
]

out ‘of fresh cut hay (33), reducing moisture content to as .
“low as»40'percent ) )
"3; ‘Chopping the hay is not necessary as long stems are preferred
4.;'The energy requirements ‘are quite low (10 hp-hr/ton) (35) for
the same Teason as mentioned in the nip-roLl system |
. 5. Capital,costsvcould be;relative1y~1ow compared to other wafering
: oo
Lsystems. o |
The disadvantages of the rolling-compressing system are: . _.

»

1. The process is not always capable of tucking in loose exterior
vfibres which causes the wafer to have a somewhat wooly appearance,
especially at lower moisture contents (34)

23-‘Present technology for drying and- storing is not adequate for

wafers that are produced with high moisture contents

"'f‘The drying should be made- easier however with ro}led compressed

-.jvafers These wafers, which are formed with initial fibres parallel

- to the ;oller axes and with &almce of the fibres rolled around the
axial fibrea, are conducive to air flow which in turnbfazilitates |
"drying (35) | |

A rolling-compressing wrfering machine has potential in the’

';,dﬁfering industry It can produce a product of satisfactory density R



s
.’and durability regardless of what the moisture content might be, and.
the energy required is reasonable as well. This system can be adapted
equally well to a silage operation where wafers of 50 to- 70 percent
5»moisture’are‘produced and stored in silosk;or to a dry haying operation;
vhere wafers of. approximately 15 percent moisture are produced (10 33)
“In additi‘bg the rolling-compressrng process yields a high protein v

~ 1

exudateéProm crops of high moisturk content. This exudate could be-

collected at 1itt1e extra cost or energy and then dried in a separate

‘process produc1ng a valuable protein SUpplement (12)

2, 2 4 The Roller-Extrusron System

A

4 R g
&
D

The research with extrusion systems revealed some of the | %
_'same trends as were found in the. closed-end die. experiments The

isture content of the hay for producing satisfactory wafers shOuld
'he less than 15 percent (37) Early maturity hay with less fibrous‘:
content forms a better wafer than late maturity ‘hay (32) Waelti
and Dobie (46) found that increased levels of the three process
ﬂvariables - pressure, hold time under pressure and temperature -
.improved wafer quality in, much the same way -as was established by
‘»Reece (39) using‘a closed-end die apparatus

: The research by Dobie et al was carried out on.a single-shot,

ektrusion-type cubing press; Their primary concern was with wafer
*quality and not energy requirements They studied the wafering
",ahility of such materials as barley straw (17), rice straw (46),.
moist alfalfa (19), wood shavin;s‘zig) and.complete ration alfalfa«
l.concentrate mixtures for cattle (20) In most cases’ these materials l o

-,

would only form wafers through the use of bonding agents' and in the
£ -

b mag
L. .a’
e

case of moist alfalfa, & preservative to prevent mould in storage - - -

1.
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‘was also required v S L A R

In the area of energy requirements for the extrusion process,

Witte (47) made some significant contributions. He studied the re-»

lationship between die geometry and the energy required for wafering
as affected by moisture content and condition of the hay. He was - B ?-
able to conclude that the optimum energy efficiency (the lowest

total wafering energy required per unit change in density) was -

o obtained with’an angle of die convergence of 3 5 inches/foot Witte

also observed that the total wafering energy, maximum pressure required .
and final wafer density decreased noticeably as the moisture content LI
- ,

increased from 15 to 25 percent

The tota} wafering energy, referred to above, is the total

' ek
.of compression energy and extrusion energy The £ormer is oﬁﬂthe
s : ﬁ -
' _same magnitude as. that obtained using a cloaed-end die sys ¢ . The':;

latter can be expected to exceed the energy of compress ‘"(36) due

to the friction-involved This extra energy for extrusiﬁn will

"'of course, result in higher density wafers than can ; ' achieved in

<

for conventional haymaking systems.~ Experimen %have indicated that EE

the wafering energy for roller-extrusion systems can be reduced by-

Y

1. 'increasing the die cross-sectional area (45),_ R ﬁ?,

o

2. reducing the thickness of the die (4), T ".4 L

3.. uting a frictionless coating on. the die walla (47),
b, 'reducing the”’ particle length of the forage material (8), and

f5; decreasing the moisture content. of the hay below 15 percent (3)



o N ‘/',
R

'The first three improvements, however could reduce wafer durability

13

Yy

-Obviously, some optimum level of these factors is required to reduce iif

the energy requirements and still maintain good durability Similarly,ffl

Vthere is an optimum particle size which will not require excessive _ff-h

size reduction and can still be wafered satisfactorily with a minimum L

—

of energy. B .: f -“ S :
The optimum levels, arrived at by John Deere and Company (23)

‘ifor the factors considered above are: - oy
1. . area of the die opening,-l 1/4 inch square :

i é,_ length of the die 6 inches e

'3.'-chromeplated die surfaces ‘ R h‘“ ‘Lw\,j

'7.4;' theoretical length of cut 1 3/8 inch

05.’ internal moisture content, less than 12 percent ()with sufficient -
’ : &

'water added to the hay prior to wafering to. bring the moisture
b‘conteqt up to 12 to 15 percent) _ |
‘b'Operating under these conditions, the John Deere '400' Cuber producing .
. 8 tons of wafers per hour still requires 27 hp-hr/ton or more than |

.ten times the energy required for baling (42) §ixty-five percent

[+3

K of this energy'is required for extruding the hay through the ‘die (23)

: This portion of the total energy requirements has got to be reduced

'considerably in order for the roller-extrusion system of wafering to —i

~Vbe competitive with other existing methods of haymaking, eSpecially

now that energy is at a premium b ' SR ;

2 3 The Problem of Moisture Content

For- wafering, alfalfa hax should be field cured or artificinlly
' ydried to 12 percent moisture content with surface moisture added

Vimmediately prior to wafering to: provide a final moisture content of



'.'15 percent (19) This practice is,‘in fact followed quite closely in

ll:most wafering operations and normally results in a better product

-Q'than wafering with 15 percent internal moisture. The free surface

2

STe

dmoisture can activate the natural soluble adhesives associated with .

.1the alfalfa plant more efficiently than internal moisture, which is
‘ ,.usually trapped in the plant cells (23) _‘ | _ | |
Wafer’wéh;t are formed with hay of less than 10 percent |
» moisture are brittle and therefore tend to be less durable (43)
"Under high extrusion pressures, the stems are. flattened to such an :
extent thatxthey crack and break into pieces, thus reducing their

: interlocking strength but . lower extrusion pressures ‘are. not capable'

- of compaCting the material sufficiently This is due tp the lack

of lubricating moisture which hinders the particle movement and the }l

v

reduction of pore space (42)

CIf there is too much moisture in the hay, the_water bei g
incompressible, prevents adequate crushing of the stems and. breakdown
of the stem structure Thus very little natural adhesive is released

from the plant material and the wafer will not hold together very

| well (27) Huang (27) found that macerating the hay previous to
vafering would expose the adhehive protoplasm and. facilitate the
production of durable, high moisture wafers wiéb lower pressurea
' This pretreatment would ‘be attractive if an efficient method could

be foundffor drying the moist vafers for safe storage

2 4 The Use of Binders..f i ;.. e ft"i"d ',n

Q(;

Most of the experiments with binders (ll 17 19 20 46)

haveidealt-with improving the wafering,abilitycgf;materials‘other.

ST

i



; than good quality alfalfa It is well accepted by Dobie et al (17) L

that under normal wafering’ conditions, good quality alfalfa wi11

9

produce hdense, durable wafer without the need fot a binder. Many»

,v-.v

: ‘otjher materials like straw and grass, however "*&o require aome formb ‘ _ ::"’
-' 'of bonding agent to produce a product sufficiently durable f0r |

‘ .'handling. e - *: ; _ L - '
| j_ ‘: s The method of applying binders has received considem l |
_ study as well Dobie et ‘al (17) concluded that binders should be
Tdapplied dry unless they can be tnade into wat/r solutions of at least
‘ 20 percent binder, 80 that suffi‘cient binding strength is p‘resent

in the wafer: without the addition of too much water Provided the ° /-

._o

amount of water required to activate the binder does not, exceed 3
BN

percent of the wafer weight there should be little detrimental

’ effect on wafer durability (46) ‘[, :
o ARy SRR , S .
Under the Canadian Food and Drug Regulations (1) the makim'umn, .

~allowab1e concentration of most chanical binders in wafers for animal
1 ~

'.wconsumption is limited to 4 percen,t of the wafer weight 'However ‘
\

8
some of the more toxic binding agents like Orzan, a lignin extr)act
2 : 2t . N
5 ware limited t,o 3 percent by weight (lS) S e e e

Of the numerous binder.s mentioned in the literature Orzan

Jiﬁ‘;ld Bentonite are two that have bﬁ'lj used commercially in wafering |
‘B‘i’ aJnd pelleting low quality forages. Orzan is primarily anmonium '
lignin sulfonate and is used most effectively ‘fn the liquid form
’.with 50 percent water (15 17) Bentonite 13 dry, finely ground
""and sieved uontmorillonite clay which is usually applied in a/waferigg,
: «';»'proceas at a rate of 2 percent by weight with 4 percent of water .

: spray added for activation (6) Dobie et al (ljomd very little ,

- . ‘-



.,".

: differe‘ce betWeen Orzan and Bentonite for improving the durability

0 g —

~

of alfalf wafers at low moisture contents Bowever fdr m01sture :
'fcontentsfzreater than 20 percent Orzan proved to be much superior
_The possibility of using a binder to obtain good quality alfalfa

fwafers with less wafering pressure apparently has not been investigated -

_This method for reducing the energy requirements in wafering alfalfa

- is a promising alternative

L
q-

“2 5 Summary of Literature Review

' Several varied methods of wafering hay have been created
) and analyzed The roller-extrusion system was adopted cbmmercially
,because, at the time, it was the only system which incorporated both

'a continuous flow process and the ability to consistently form a denSe;
durable product (17) The-recently developed rollidk-cowpressing
:technique (30 33 34 35) displays the samegdesirabfe characteristics)
as well as additional advantageb associated with low energy requirements:
'and operatihg over a wide ran’e of moisture contents. For the existing«""
o roller-extrusion system to remain competitive in the wafering
‘induatry: more research should be dirécted towards the energy aspectsi
of extruding hay. (Apparently, most -of the expériments with the "
extruaion,technique have deatt with the wafering ability of low
pquality forages (4 17 19 20 46) as affecifd by various levels g
“5of forage and process variables ). f IR z.’ _(:“ iv S
This report will investigate ‘some of the causes of high
.energy requirepents in extruding alfalfa, and pr0pose several schames_d:

""_which manufacturers and operators of roller-extrusion-type wafering .

B machines might consider to attain a more energy efficient system.~.

o~



' Possibilities such -as using bonding agents wafering at higher moisture '

- ~1evels, and wafering Wth less die’?ﬂhistance will be examined for »

cheir feasibility in permitting 1ower wafering energies

- i - A.- 7. ‘.’. ) » B .



3, DESIGN OF THE EXPERIMENT i

There are numerous variables associated with the)material

" to be processed and the process itself which influence the engrgy

O’ required Theseainclude. _ : }- A
ﬁA) Forage Variahles - 1. species
- , B ‘.
¥ : oo 2, -maturity - o ,
. . . : L ’,ﬁ‘. N .
7 3. jinternal moisture content

4; lesf;sten'ratio.f
7 5. _particle‘size :
(B)y Process'varishies ;'i..,apﬁlied'bressure.
o 2; hold time nnder'pressure'

3. die characteristics (smoothness and

geometry)
4, die temperature o f."‘
N . .,5{ rbinders e
\ "/, ‘ 6. ;application of steam or water
& -‘immediately prior to wafering N

-Alfalfa was the forage species used throughout this study

v

as it is the major crop being wafered today and any new information

" on a wafering process should pertain to alfalfa first. The internal
- moisture content of the alfalfa ‘hay was included as a variable in

the experiment because it has been'a majog'concern in previous

-

'vafering studies and - deserves considerable attention 1n the initial 5

: investigations of friction and energy._ Preliminar§°tria1s indicated
A .
ﬁ:at forage maturity, leaf stem ratio and particle size had a negligihle
affect on die friction and therefore these factors were deleted fron.'

o

-the‘stud%”

(\“ L 18- ’»_' .'. SR
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SUN o
, Extrusion pressure or the pressure applied to the wafer in

: forcing it through the die determines the basic levels of energy

o <y

: consumed in the process, (All other variables merely cause minor_

: fluctuations of this*level ) Extrusion pregsure was included there- :

‘ fore to establpsh different levels of wafering energy and to provide ;
e

another ﬂource of variation for friction and wvafer quality.

The tine that the wafer is held under pressure in the die
(extrusion t )!ian be an: independent variable however it was
'allowed to vary in this experiment to provide a,measure of die
_'friction To observe the effects of diffe;ent rates of extrusion on_A
_friction -and energy, two levels of die oharacteristics were included
_for each treatment. One- 1eve1 was represented by a low back pressure
.on ‘the wafer while the other was represented by a high back pressure
A low back pressure was established for each 1eve1=of extrusion
pressure to ‘allow the wafer to pass through the die fairly rapidly
‘(approximately 3 5 seconds) A high back pressure was selected to .L'
) increase the extrusion time to approximately 7 seconds. Tt was |
",expected however, that due to the friction effects these extrusion“
? times would vary from-one treatment to the next., = ) o ;“
| ' There are no provisions in the designoof current wafering.

; machines for altering die temperature.- To provide a means of heating
or cooling the die would increase ‘the cost of the machine considerably.
pTherefore die temperature was maintained at a constant value through-.
out the experiment.

“The use of binders was included ag a factor’ because its

’ ,positive effect on wafer quality indicated a possibility for' wafering

: = : : : : -
(alfalfa at lower energy. levels. - E : S e



t

l three levels. However, thejhiéhEBt level had to be dropped.as the -

extrusion times forﬁparticulat treatments during the experiment

The application of steam or'water immediately prior to“\

B uafering was'difficult‘toycarry outiaccurately when waferinégsuch"
1

a small sample of. hay at a time and therefore was omitted

The levels of the various independent variables were as f-‘

':follosst - extrusion or applied pressure : 1100 3&00 and 5800 psi

= die characteristics or back pressure t low and high
- moisture content of the hay B 10 20 and 30 percent,

- binder used 3 nohe, Orzan and Bentonite
Lo '

‘lThe~54'treatment combinations of the>above.parameters were applied

onceaon one year Old'alfalfa meal and replicated onscurrent-year
alfalfa ‘meal | a . o |

The range of each variable wasichosen to include the current i
operating conditions of most extrusion-type wafering machines (19)
(i.e. extrusion pressure of approximately 5800 psi, extrusion time _

of approximately 7 seconds 12‘percent moisture content of the hay;

~

-; and no binder USed) The limits. on the variables were checked to

_ensure. that there would be a- good span in the data for energy,'-pl (ﬂ

xtrusion time_anu_durability The ‘back. pressure initially had

were unreasonably long ;

A split-plot experimental design with the two replications '

was’usedfin making the»tests -'Binders were treated as’ main plots

ﬂh order that other binders or other binder concentrations could be

. added some time in the future without the necelﬁity of repeating

.} content extrusion pressure aﬂa back pressure éere than raﬁdomized

: vithin ench main plot.

this experi‘bnt.‘ The“’aighteen treatment combinations of moisture

A
9

BE L E i
¥ S
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4, EQUIPMENI;-

A single-shot hydraulic wafering pressvcapable ofrsimulating '

an extrusion-type wafering process was designed by the Alberta J,

:-Department of Agriculture, Edmonton Alberta and constructed by a i |

local manufacturing company (Figure 2) The'press consisted of

an upper and lower hydraulicly driven ram moving inside an,elecxrically f

-jheated die. The upper ram exerted the extrusion pressure.' The lower

ram whs required for exerting a back pressure in the die equivalent
to the resistance encountered in extrusion caused by the size aud
smoothness of ‘the die and. by the die being full of compacted material
fhere ‘were pressure regulator valves and pressure gauges for adjusting

both the ex rusion pressure on the wafer and the back pressure in

the die.

- 7"'To-facilitate recording the extrusionipfessﬁre'¢°“tinﬁ°“81y;

'and a subsequent determination of: the wafering energy, a pressure )

transducer was. put in the line to the’ highmpressure end o£ the upper

cylinder and a rotary potentiometer was set up to measure the

:upper ram displacement (Figure 3) The pressure versus displacement

curves were recorded on an x-y plotter. With the use of a planimeter

"~ the area under each purve was obtained and converted into a measure-

ment of energy._.]

p,[ ’ A stopwatch accurate to 0 2 of a second was used to measure

Jthe time it took for each wafer to pass through the die (extrusion

' . . ’ . -
Wafer durability was determined using standard ASAE wsfer

ldurability equipment as shown earlier in Figure 1

P

aa21-
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 Pigure 2:

The single-shot =
hydraulic wafering .

press used in this

" experiment.

.~ 'Figure 3i A ¢ .
. pressure transducer .

_3 22.f

.

A detﬁiléa_view;of‘;he

~ ‘(top) and the rotary.

potentiometer (bottom)

- 'used in obtaining

pressure-displacement .
curves for- the upper N
-ram, oo S



s, EXPERIMENTAL PROCEDURE

£

cS l Preparation of Samples | ::' - dvl e o

| Two lots of alfalfa meal for the two ré%lications in the
_ experiment were obtained from a local pelleting plant. The first
lot was field cured hay which had been stored over: winter in a. stack
'fThis hay had been put through a. tub grinder giving it a shredded
.appearance. The hay had been handled in? a dry state and therefore -
contained large amounts of fine dusty particles and very ?ew whole
lleaves. The second lot of meal was fresh-cut alfalfa which had been
chopped with a harvester. | .
All the hay was dried to approximately 10 percent moisture"
l(wet basis) and maintained at this 1evel until ready for use Otherv
bmoisture contents were obtained by placing 300 grams of the hay at
- 10 percent moisture in an air-tight plastic bag, and adding enough
‘water to .bring the moisture content up “to the desirable leVel (Refer :
:‘to Table 1. ) The bags of hay were thenusealed and stored in a cool .
B room (at around 45 F) for at least forty-eight hours to allow the
' moisture to be distributed uniformly throughout the sample.
' Bonding agents were added to the whole 300 gram ssmple of ‘
:10 perCent hay or to the bag full of moistened hay immediately prior
“to L test. The binders either Orzan or Bentonite (dry powders),

v

:were sprinkled over the hay sample and sprayed with water before

"nmixing, to. prewgnt the binders from sifting to the bottom of the

i-container The ratio of spray to. bindet’was just sufficient to’

2

.make a solution which was 50 SO for Orzan and 67 33 for Bentonite. f

The proportion of spray plus binder solution in the wafer was always

-



24

e ey . ger Ly T ~ sajuoapeg

RS 477 TR 90y > ot o . ol AT I . weaio

Cpep T e e e o i iest v e shon - o
- LTET , T ._.owm, . B 4 . 9 . ; _wﬂ , ,,.._ ouﬂcausum.‘

ox.mw S ese 6 e o 8e - __  wezao
CostTT e o 0 e . w02

. ~¢%~. .  . " 91¢ - €6 , N 0 oo - ouﬂﬁOucom

oz 00€ & - o0 .~ oux ot

.

© (suwea8) (swea8) = S : . . : : SR
 19yeM 1eg = 3891 333 (sweas) = (suead) ~ (sweal) . ) . (3wedaad)
19pulg snyd KeH a9purg snid AeH - POPPV poppy I9puid. £iq. _ PIPPV o S © .3ua3uo)
38YOH 30.3yB1oM 38O JO IyBIoM Aeads Jo IUITIH -:30 3y8yeM  a9ejem jo IysyeM . IdPpUM. - . JINISTON

2 i

) - Ry

- *STIAHVS 40 NOILVEVARMd 1y FIEVL

0

i



maintained at 5 percent of the final %hfer wgight.; £ ‘
, O o T VT
for exact values ) L ,_:upfhri {}_3 : j.? ?5 3’

variation in the results, all wafers- cq&) “ffgg
"vf, " i o
’ dry hay (18 gms) - However, depending oh,w' 0

”? weights vdried .’

AN

whether or not a binder was used ﬁhe act:

between treatments. The weight of material which went into each wafer

'

,‘is also listed in Table 1. There was usually enough mater1a1 in each

4

large sample to produce fourteen or fifteen individual wafers for a

given treatment; g

5. 2 Operation of Extrusion Press. . B '_t R (7

©

The extrusion die shown at D in Figure 4 had to be preheated
‘for qt least thirty minutes prior to operation of the press. The. -
die temperatﬁre ‘was- brought to a constant 175 F for all treatments.
:It was found that the press performed more consistently if the
‘.vhydraulic fluid was warmed up as well ‘before commencing any tests.
| This was achieved by actuating the pump ‘and. opening the. bleed-off
for about ten minutes.'
-The upp\r and lower rams were. raised simultaneously with the
| manually operated directional control valve G. At their upper limits
the top ram waa almost completely retracted and the lower ram was.
"about one inch from the top of _the die. The loading column, c, filled
-iwith a sample of hay, whs then placed on top of the die and the bottom
_'gate was opened _The upper. Tam was actuated which pushed the |
h:material out of the loading column down ihto the die and against the
lower ram, compressing the material into a waf& When the preset

e . B . 4
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Schematic of wafering apparatus._ (A) upper cylinder,

(B) lower ‘cylinder; (C) ~loading column; - (D) extrusion

die; (E) pressure gauges for- upper.
(F) pressure control valves; G)
valve for both rams} (H) micro itc
the directional control valve (I)(ro

lawer cylinder;

ctional control
hich activate-
ovitde increased

retuction speed for the lower rain st @yf end oﬁ extrusi,én._-

_~26.‘. _{



s

»extrusion‘pressure was attained, both rams moved together, downward
_through the die, keeping‘constant pressure on the wafer, When the

end of the loweriram reached the'bottom'oflthe die -a microswitch ;
B was triggered snd the lower ram retracted at 1ncreased speed Thus,

the finished wafer was extruded from the die without back pressure
Ihe:die,was_cleaned-before each treatment to eliminate any
effects from theypreviousbruns,‘.Also two oqgkhrengaferS'sere formed>
under s.given.treatnent before neasuremente.wére ;;ken, Thisf§&8 to .
.

{nsure that the die and the hydraulic system had reached a steady

state.

5.3 Calibrations

Due to ‘the design of the hydraulic system for the extrusion
press, the pressure; in the uppezband lower cylinders could not be o
: adjusted independently | A change in the pressure setting for one
| cylinder vould automatically cause some change in the pressures for
' both cylinders ) For this reason the pressure control valves, F in
Figure 4, vere calibrated as a pair and not individually For each
possible combination of extrusion pressure and back pressure, the :
. valve settings for both cylinders had to be adjusted | _
‘ The thermostat on the extrusion die;@ha\calibrated by filling
the die vith 2i1 and measuring the oil temperature near the centre
of the die.v ‘ |

»‘r, - The pressure transducer vas calibrated—on the x-y. plotter

between 0 and 2000 psi uaing standard pressure equipment. A multiplica-

tion factor of 5 6 was ‘used to convert transducer (cylinder) pressures o

'into‘extrusion p%essures.

s &



_ ‘5 4. 2 Friction.
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.5 4‘ Determinations "A- ig_ o m,h '*;..“ __v: sﬁan
_' 54 1 g_n_e_g_gz - L |
o , The x-y plotter was zeroed on both th; ordinate and the .
rsbscissa before each run»' Three plots of upper cylinder pressure fﬂ:

'versus upper rsm displacement were recorded for each treatment and

- D AT

- averaged for a measure of the area under the curve. A typical plot

is shown in Figure S ' .
The total area under the curve AB was. measured using a planimeter

x,

_ [ ;
‘ The cross-hatched area under CB was also measure and then subtracted )

from the total to obtain the area of. the dottcd region which represents
the compression energy.p The cross-hatched erea represents the amount
of endkgy that would be necessary to extrude a die-full or wafers
However, in an actual process only one wafer is extruded at a time
Therefore the extrusion energy per wafer would only be a snall portion

f the cross-hatched area The exact portion is proportional to the »

-1 ’.)-—-A- 4"5

ength of the wafer whfle under compression in the die, divided by 4
_ Q N R
the active length of the die (9 inches) The wsfer lengths for various .

;.moisture contents and eitrusion pressures are listed in Tab1e2
“The eﬁfects—on wafer 1ength due to. beck pressure or using s binder -

b

f are considered to be insignificant T :e,‘-_ L R
- - The cOmpression extrusion and totsl energies per waer
'vere expreased in horsepower-houts vhich wvere. then divided b; the

'wefer weight to yield specific energy in horsepower-hours per ton

A sample cslculation of wafering energy is presented in Appendix A,

~

- ?bb There were “two possible ways of determining the frictiOn

‘?_essocisted‘with‘enyrgiven trestment. One vsyyvss:to%maintain;a_ S

S
a .
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Figure 5: A typical plot of upper cylinder pressure versus upper .- . &
"~ ram displacement. ’ : e . o

A ‘ &p
| TABLE 2: WAFER LENGJHS IN THE DIE.

‘ — = | — .
- Extrusion Pressure Moisture Content = - Wafer Length ..
(psi) ~ v . . (percent) oL (inches)

-

A & ¢

_ : - 0. - 1.20
e L “‘g 10 - IR .84
Cossoo . e g0 L ey
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e
A

,. and measuring the time the wafer took to pass through the die. The »

Can vv'
- .

B -
2 e

back pressure and then ‘measure: the extrusion pressure (energy) required

NN

to. force the material through ‘the die at that Specified rate.n In:'

z

that case, extrusion time would have been jajfnGIOIIed factor in the

experiment and the extrusion pressure would have: been the relative

' measure of frictional resistance in the die . The other pOSSlbility

"

P-tumbling.. The dUrability test was carried out and & rating was fjf‘

was to hold the extrusion pressure at constant gredetermined levels B
; . _
and allow extrusion time to vary. In other wor;; extrusion pressure
would become a controlled factor in the experin;‘nd the extrusion |
time would be the measure of friction. longer extrusion times would .
be associated with higher 1evels of friction.l ?"‘ . S ’

°

: constant extrusion time for all combinations,of moisture, binder and e

In this study, the latter method was used as extrusion pressure .

could be maintained at a constant level far easier than extrusion
1 '

timle The extrusion times were obtained by observing the plotteﬂgﬁ

extrusion time for each treatment w:s//gsed on an aversge of at. least

. ' - . . S . . . '

-ten-readingsu

5 4. 3 Wafer Quality

E . po

Ten wafers from each treatment were saved for a. durability e

».c

test " The ten wafers wpre placed in an air-tight bag and left for

approximately twenty-four hours to. allow them to fully expand before

determined according to the ASAE standard' ASAE SZQQ 1 (2)

-

The wafer size material which remained after tumbling was
‘returned to the,air-tight bag and stored for an indefinite length
of time (This would represent wafersvin the centre of a large pile

for an extended period of time ) About two months later the wafer .



'vsamples for all treatments were checked for mould Such an obServation
+ /' : . . .
served as an additional criterion for recommending better wafering

g practices;

5.4, 4 Wafering EffiC1en41. .
, . U
‘A wafering efficiency was calculated for each treatment by

. : N ,v,@
dividing the total wafering energy in hp-hr/ton by the wafer durability g

. in percent.' This factor helped in choosing‘which combinations of '

variables used energypmost efficiently.
B s X | »
.s 5- Method of Analysis.‘ o S

K

Analysxs of variance was used to determine 1f each parameter

':and their various interactions had an- effect The general form of.

analysxs is shown in Table 3 with two error- terms because of the split-'

vplot design (48) I 4 - should'be noted that the form of analysis for
v o ,
friction (extrusion time) wafer durability and wafering efficiency

'is slightly different in that the effect of back pressure and its
interactions are omitted |

* A preliminary analysis was made’on each response variable
.\\to determine’ whether error "1" used for testi&g binders and replicates_‘

was Bignificantlyadifferent‘%rom error "2" used for testing the
ﬂ L &
othervsources of variation. If the mean 'quare for error "1" divided

by the mean aquare’for error "2" was less than the corresponding

. ‘ o

" tabulated F-ratio at the 10 percent pgobability level then the

0

»—}

.difference between the two errors W& not significant.v In that case,-

'm in effects and interactions had been
&

»_i entified Duncan 8 Mulﬁfﬁﬁe Range Test (48) was used to establish

Once the significaff



fexactly-ﬁhich of'the‘treatmént levels.werevaigﬁificantly-diffefent~'{
from each other. All multipie :adge‘teéts;were performed at fhg,.v-

five-petcent'pppbébility level.

TABLE 3: FORM OF ANALYSIS.

Source of Variance - . Degrees of Freedom

Replicates (R) o o 1

Binder (B) .6 ST 2

Eni;or u‘ln g N ' : 2
RB

" Moisture Contents (M)
B S
Extrusion Pressure (U)'
UB ~ . T
lm )
uMB . . S . o
- Back Pressure (L) e e
LB S '
. IM
"IMB
LU
. *LUB
LM .
LUMB'
Error "2" - '
All interactions with . . e
replicates (R) except RB '

PRONROSDREN

Hmb_bN

" 4

Total o101




‘_ 6.1.1 Analys1s of Variance.

.~ . 6. RESULTS AND DISCUSSION

6 1 Friction in the Extrusion Die. S o ‘h & '

<

The extrusion times which.served as the measure ofkfriction
in the die, are listed in Appendix C for all the possible treatment
combinations tested in this experiment It was observed from this
» data that all the tests conducted at the low level of back pressure (L )
had roughly ghe same extrusion time (approximately 3.3. seconds) In
fact a multiple range test indicated that there was. no significant
3difference at the 5 percent probability 1evel as far as extrusion
'-:time was concerned between any of the 54 treatments containing a
lon back preSsure. | ‘
| \~When the’ back pressure was}quite low w1th respect. to the
extrusion pressure, the system was: very dynamic and variations in
‘frictional resistance in the die had a negligible effect on the rate
of extrusion. Thia suggested that tor fast extrusion rat:;}\extrusionf
- time was not a gdsd meaSure of friction.. Héwevir, for low extrusion’
'rates, as encountered with a high level of back pressure, the system
was slowed down considerably and changea in friction were readily
’detected from the: extrusion time data. So for analyzing variations‘

in friction, only those treatments associated with high levels of
back pressure (L2) were considered
. The analysis of variance for extrusion time is shown in
*‘Table 4 without back pressure as a source of variation and with only ‘
ilone error term. (A preliminary analysis indicated that the two error

° 1] B

terma could be pooled into one. ) All the main effectq except

- 33 .?
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' replicates and allfthe interactions proved-toibe:significant,atﬂthe

g, 1 2 Main Effects.‘

0.1 percent probability level.»- .

The,general reLaﬁionship'between extrusion pressure and

' extrusion time or friptional resistance in the die is displayed in

7 r

Table 5 The increase in friction with higher levels of pressure is

partia11#3due to the increase in normal force between the wafer and

e

v

the die. However a larger contributor 4is the tacky substances
associated with the alfalfa plant and/or the binder These substances
ooze to the wafer-die interface in increasing amounts ‘as- the pressure>
. increases, making the movement of the wafer through the die more
diEficulf. |
‘ The juices extracted from the alfalfa plant.and/or the ;
binder are only tacky, however at the lower moistura contents as
shown in Table 5 When the moisture content in the hay reaches'hv
30 percent the lubricating effect -of the water prevsils and the
extrusion time remains at a minimum.
The means of extrusion time for the three levels of binder
listed in Table 5 reveal a significant increase in friction when S
binders'are‘added to the alfalfa hay: These means:also indicate that
Orzan is significantly stickier than Bentonite._ Comparing the feel

S

cof these two binders by hand either in the powder or. liquid state

o

would suggest the same.

6 1 3 Moisture Content and Binder Inte;action.
The most significant interaction ‘occurs. betwfen moisture
contents and binders (Figure 6). This interaction can be explained

A

once again~ by the tackiness of the juices present in the material being

wafered



3

‘.

- TABLE'S: MEAN EXTRUSION TIMES FOR VARIOUS _nzvm;sfos THE MAIN EFFECTS. .

irusinii!fecteﬁ BT Levels . - 1U¢ Mean Extrusion Time
T o . . L L B (seconds)
’ oo T Q.r' ' :
1100.pst 6.3

Extrusion

R e Moo 83

. 5800 psi

NIRRT RN ViO’%‘:.

Moisturee

. < _. g - . Y
f Content "' 20 76 A' N . 2 11-3

Iy
wone . 1.5
Binder = . . Orzan - v 12,1
. Bentonite - . 10.1

a. For ‘a given main effect, means with ‘a " common: letter in- the super-
script are not. significantly different at the 5 percent probability.
lmml : S .

-When alfalfa is wafered without a binder, moisture contents
around 20 percent appea; to cauSe the most friction in the die.. '_if

'Wafer machine operatots experienced the highest levels of. friction

. at moisture contents as low as- 15 percent (28) A more detailed

study of friction as affected by moisture content would establish

‘:hthe exact location of the peak frictional resistence of the hay._

.However, it would suffice noting that in order to minimize friction i -
.the moisture content should be extremely low (10 percent) or quite e
‘Avhigh (30 percent) _vi _1“_f'_ h; B T | ’,t'r

The addition of a binder Qplus the smail amount of water .
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Figure'6 Effect of slfalfa moisture content on . extrusion time
S for various binders. :

-‘,for activating the binder) alters the effect of moisture on’ friction -

‘o

-(Figure 6) Much of the difference between the two binders
{ .

'_agents. Bentonite behaves very much like cement and at no. time does

it become tacky, so most of the increase in friction with the :

o addition of Bentonite is due to the application ‘of surface moisture B

<.for activating the powder. Extra surface moisture on hay of low
imoisture content (less than 30 pércd&é% tends to add to the frictional

Areaistance in. the die more thsn an equivalent increase in internal
. .

"‘moisture.‘ SurfaCe moisture has been added in the vafering process

.‘ .

. . -
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to improve the binding ability of natural,adhesives in the alfalfa
’: a .
: plant (23) However ‘no concern has been expressed for the large 'z

incresses in die friction associated with suth a practice. The }' L

S

mhch lewer extrusion rate at.20 percent moisture:compared to‘10'

ﬁpercent moisture is due- to, the relative amounts of . free surface B
moisture at the time of wafering. The hay at 10 percent moisture 5

. together with the Bentonite powder, absorb much of the. free moisture

.*.,prior to wafering. HOWever the absorbing ability at 20 percent

-'moisture is much less leaving more free moisture on the surface of

the forage particles to aid adhesion.

Orzan, when used ‘in the 1iqu1d form resembles substances

. like varnish or shellac which get tackier as they dry out.~,When this
- . ‘

~3nbinder is added to hay of -about 10 pertent moisture content much

of the water in ‘the. binder is absorbed rapidly by the hay leaving

-~ an extremely tacky substance which exhibits very high 1evels of
hfriction in the die,v In hay at 20 percent m01sture, the liquid
Orzan remains in a.fluid state like fresh varnish and provides more
f:of 8 lubricating effect in. the die which offsets any . increase in
: natural adhesion caused by the addition of surface moisture. \. .

n'v It should also be noted that the extrusion time for alfalfa

'lwafers at 30 percent moisture is. not affected by the addition of

*“,{eigber of the binders in this experiment._ There is far too much

B
_moisture for any-of the‘applied‘or‘natural adhesives‘to reach a-’

."tacky consistency. . o IR *f ,,. .

-6 l 4 Moisture Content and Extrusion Pressure Interaction.

The interaction between moisture content and extrusion ,1.'

pressure is displayed in Figure 7. ~The trend for increased extrusion
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" Figure 74 Effect of eﬁtrusion pressure dn extrusxon time for
L. : various moisture contenfs. 7

, Lmes wlth increased pressures only at the lower two ‘levels of
moisture content has been discussed earlier under - the main effects

‘(The divergence of the 10 and 20 percent moisture curves at the

-

upper leVel of extrusion presSure is due to a large contrlbution
to the mean extrusion time made by the addition of Orzan ‘to hay at-
10 percent moisture 3 |
| The lack of- variation in’ extrusion time for different 1evels

‘of ertrusion pressure, demonstrated by tbe hay at 30 percent moisture
(Figure 7) is explained by the excessive amount of water in the
7hay:>msking the existence of a sticky wsger-die interface virtually
.impossible._ No.matter how much pressure is applied to:a wsfer,st.
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30 percent moisture content the friction remains unchanged Any ‘\
_increases in. normal force between the wafer and die due to higher
' pressures are offset by extra lubrication in the die from the 1ncreased'
, amounts of water squeezed out of the hay.h >:}

| Figure 7 also indicates that there is very little difference
lbetween the extrusion times for. the three levels of m01sture at the .
; lowest level of extrusion: pressure. Pressures as low as 1100 psi are.
:l,apparently insufficient in forcing the glutinous fluids to the outer
vedges of the wafer where the frictional resistance of these fluids v
.~ can be felt in the die" An extrusion pressure of 1100 psi would be

desirable for minimizing friction and energy requirements, provided

a satisfactory wafer ‘can.-be produced at this energy level

. -

6 1 5 Binder and Extrusion Pressure Interaction.

!

Table 6 shows the interaction between binders and extrusion
pressure.'.Very few noticeable trends in these means were'found to
 be significant. However those e;trusion times which are distinctly
longer than ‘the rest occur at the highestiextrusion pressure and |
'with’the application of binders.. The reason for this ‘has. been

. P ,

' described under'the main effects}

6 1 6 Other Sources of Variation in Friction.

All the important effects on friction have been,discussed

',under the main effects and the tﬁb-factor interactions. A discussion .
A Sy

of the three-factor interaction for moisture content, extrusion
pressure and binder would not contribute any- pertinent information,

“and- therefore is omitted

W

Although die temperature was not an intentional source of

(/varistion,for die friction its effect was qqite noticeable as wafers

n



“TABLE 6: MEAN EXTRUSTION TTME (SEC) A AFFECTED BY BINDERS AND
o EXTRUSION FRESSURE

.

IR pressure | ... Lo o
Cpinders~—_ | 1100.psi o ?400opsi 4 o 5800 psi
Nome | St gt e 8.9%°
orzan | 6o e 00
| Bentonite - 2 _'>6.1’.”b. .57.-’9"& 163
. . N . o i S R é:] . .

Mbans with a common ‘letter in the superscript are not significantly .
different at the 5 percent probability level.  This applies to rows
and columms, . c T

»passed through different temperature zones in the die., The ends of

'the die were somewhat cooler than the middle section due to the location '
‘.of ‘the heating elements. The wafers took longfﬁfto pass throu\h these T

_ narrow hende at either end of'the die than the;ytook to pass through

" the' larger‘heated 7ection From this it is concluded that in

' general friction is inversely proportional to die temperatute

| Meaningful results for a11 sourcesbof variation were obteined

" by using extrusion ‘time as the relatiVe measure Of die friction,_ B
.provided the extrusion rate was fairly slow. However the canclusionsnff

from this expeniment pertaining to friction should apply equally “7_ o

well.to any extrusion rate,

-

M T

6. 2 Energy Reguirements for Wafering_Alfalfa

S e .
TR o T

EERENI

'h'6 2 1 Analygis of Variancé

_ The wafering energy was analyz#d in tetms of campreSsion
';'energy, extrusion energy and the total of these two portions. When

fthe cOmpression and exttusion energies were COnsidered separately, -

':the effect of the. split-plot was found to’ be signifiCant and therefore -



}the tworerror terms had to be used in each case.‘ Howeéér, in analjzing

';the total of. the two energies, the two error terms shoved no significant
: - SRR I S L Do

: & . Sl

difference and were therefore pooled into one. R ) '
, ' ‘/ :

Wafering energy'was not intended to vary with changes in o
.die friction. Extrusion pressure was a controlled variable and;ﬂad : 7‘2
not fluctuate very much from a given setting, therefore the variations |

'in wafering energy were prima;ily a function of the pressure setting,

the. wafer size under cOmpression in the die and the wafer Weight

J,v
»

(Appendix A) Had extrusion pressure been a dependent.varieble
instead of extrusion timeg the die friction and ﬁhe corresponding
'wafering energy would have been represented by the same measurementl

(area under the curve), and could have been analyzed simultaneously.

6.2. 2 Compression Energz . _;}'l ' e 5 B

¢

The main effects on. compreBSion energy, which were foqu .

" tob ignificant in Table 7, include replicates, moisture content

"Vf and extrusion pressure. The effect due to replicates however, was
lfscaused by an error in the equipment and not by differences between
the ‘two lots of alfalfa.f The error wss only noticeable over a long
period of time and showed ‘no. detrimental effect within a replicate.'

The main effect of extrusion pressure is presented in

Table 8 In general the higher peaks on the pressure-displacement

curves corresponding to higher extrusion pressures, mean larger

[

compression energies (Figure 5) . s
The rate at which the peak pressure is reaéhed explains

: psrt.of the moisture effect on compression energy. Moisture in the -
/ 3 -
hay provides a lubricent which.ﬁé!ilitates the mpvement of forage_ﬁ

L

",particles;in ‘the compsction process,. The higher the moisture content
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TABLE 8: MEAN COMPRESSION ENERGY.FOR?vARIOﬁS'1EVE15‘0F'THE'HAIN»EEFECIS;f

o

: Main Effebts _ | o 5Leyeis B f; Mean Compression Energy
S : o S (hp-hr/ton)
R a0 psi - - 2.16
" Extrusion b TS, _
. i Pressure _ 3400{ Ps; SRR 3_.'40‘ L
B . .5800-psi . 3,97
. E o S SRR
: . . 10 70_0"' R . . 4’06
COﬂté‘.nt '. n . .l “ 20 % S o ..OA”. ‘3. 18 @ .
| Lo s S 226

the fester these particles move together, thus reducing the compression 0
, area under the curve and: the- energy associatedggiih that area

The other part of the moisture effect on compression'f

" L’ [:’ "- Y ‘ B . . : »
,'enerQy appliesi:o extrusion anqbtotal energies as well, In the .
- -y <5 3 N a
3 of: specific energy in horsepower-hours per tonq,'

f A A-" L ;
. 1% -f
'-the wafer. : ithat is used varies with moisture content. 'The qﬁ o

&) 7(.<

wafers of higher moisture weigh more and therefore require less N
energy on a per ton basis Table 8 shows the total moisture‘effect

on compression energy.-

o

Figure 8 shows the effect of the moisture-ﬁfessure interaction
e

’on‘compression energy. The general shape of all three.curves suggests~

that the increments'in compression'energy get‘smaller.as7the.aop1ied -

I

5

presaure incresses.ﬂ Once the maximum density for a given moisture
. -va,.

content’ has been reached any additional pressure will Be received '1‘f’

he »

- 'with no further travel in the ram. and will therefore add nothing to

SERT

*- the compression energy.
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Figure 8: Effect of extrusion pressure on compre351on energy’
for various moxsture tontents.

. €

“'Alfalfa at 10 p:rcent moisture‘ie very dry nnd difficult

-:to compect. “Extremely high pressures in exceeg‘of.6000 psi, are |

:'required to achieve ;.maximum density witu’hay in this’ﬁ;y state.

‘As moisture content and its lubricating effect increasas, compactlon
becomes easier‘as displayed by * 2 hay at 20 percent moisture.d

;However if the moisture COx . is too high, the water, being

i incompressible, interferes with a thorough c0mpaction of the hay.

and limits the maximum.density no matter how much additional presSure '

._is applied .‘his is indicated by the curve for 30 percent m01sture,,'

where the increase in compression energy over the range of pressures

A -



in this experiment is small, suggesting ‘that the max1mum wafer

,".density is attained with very little compression and that higher~

o

pressures. contribute very little to-a further. reduction in wafer_'

size. . C S B -

- The interaction discussed above can be summarized as

‘follows.- The pressure required to attain maximum compression of’

 6.2.3 Extru51on Energy.

LN

the hay.decreases as the moisture content is increased,

Vv

[ 9

Table 9 1ndicates several s1gn1ficant effects with respect:

to extru51on energy The effects due to ‘back preSsure and its

-interaction with extrusion pressure are extremely small COmpared

R :-0~-3°§ .
to the main effects of extrusign pressure. and moisture content.

-~

The,effects of back pressure simply reveal minute fluctuations

in extrusion pressure caused by friction effects. Since'friction»

was~dea1t with separately and was not intended to play a part in'

‘the energy analysis, its effects require~no further discussion.

. j The effects of moisture content and extrusion pressure

shown in Figure g age of maJor concern regarding extrusion energy

i‘The general tendency exhibited at all three moisture contents is

for extrusion energy to increase at a: decreasing rate as extrusion

.pressure increases.» Since the extrusion pressure is actually t’h@

.extrusion energy, the extrusion energy is expected to b"

average height of the pressure-diSplacement curve used in- measuring

i
-

"sely'

o

: related to this applied pressure. However the reason f%r a non-

linear relationshlp is explained by. the fraction of the,total‘area

©

‘under thevcurve_(Figure 5) used in obtaining the extrusion energy

i
)

jfon a per waferibasis. This. fraction is proportional to the length

v
!
T

>
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Figure 9: Effect of extrusion pressure on extrusion energy
‘ﬁsi "~ for various moisture con@ents. - . ..
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of the wafer while it {s 1n the die (Appendlx»A), and the wafer-

Iengths as lfsted in Table 2. are a non-linear ﬁunction of extrusion

: | ‘ Ty |
preSsure ST Y_A DRt B

The effect -on g;trusion energy caused by moisture content
is partially related to wafer 1ength as Well Higher moisture 1evels
~ in the hay produce wafers thab are less dense and longer than those

produced from dry hay :-So the’ extrusion energy ‘per wafer of damp

~hay would be basad on a larger portion of the érea under the curve

S

than the extrusion energy per wafer of dry hay. Increased extrusion ‘

!

energy with increased moisture;would 1ndeed be the trend if the v

beneréy\vas calculated on a pg; wafer basis.- However, the normal o
® B , -
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.rpractice.is to determine thevenergy required to produce a ton of wafers.

‘ By dividing each energy value by the wafer veight in tons, the

:tendency for greater specific extrusion energies with decreased

"moisture content (lighter wafers) overrides:the ahove and.becomes“r
the dominant trend as shown in Figure 9.

6.2. 4 Total Wafering Energy. -

This section is. intended simply to. bring ‘the two. portions’
o of wafering energy together and " show that most of the effects observed
in the previous two sections carry over to. the total Wafering energy
(Table 10) _The effects due to replicates and back pressure are

of no’ interest to the analy51s of energy as mentioned before. The
"moisture and pressure effects share some of the same explanations

uthat were presented for compression.and extrusion energy.

The graphs of total wafering energy versus extrusion

v,

pressure for varying levels of moisture content (Figure 10) closely !
‘resemble those for extrusion energy» ‘as. extrusion energy makes
.up the largest portion of the total. The noticeable interaction‘

is primarily due to the contributions from compression energy

1

-"6 3 Wafer Qualigy

Wafer quality, in terms of a durability rating and the
occurrence of mould -was determined for each test to provide a meansﬁu
of qualifying any recommendations which might come. out of this
-study to improve the wafering process. Wafer durability as affected
=+ by the various independent variables in this erperiment was analysed
to discover the basic trends-in the data, These_trends were found.-

to agree-quite;well with those éstablished;by previdub researchers

Iy
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10: Effect of extrusion pressure on total wafering energy
' for various moisture contents,

s area, and therefore a detailed discussion is not warranted

.,.['_

' (An analysis of variance of the durability is shown in Appendix D. )

‘ However some isolated characteristics in the. data wi11 -

. be mentioned at-this‘time.as they will he'of“§ssistance in establishing

_pfeasible operating conditions for the wafering process

..1

When no binder is applied to the alfalfa hay, a moisture

')’- L.
content of 20 percent yields a much more durable wafer than

. can be produced wiﬁh ‘hay at - lO or 30 percent moisture (Table 11)

2.

R

3.

The addition of a liquid binder only results in’ significant ‘
durability improvements for hay at 10 percent moisture fTable 11)

As far as durability is concerned there is no’ significant

L
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\difference between using Orzan or Bentonite (Table 11)

@,

b, .There is no change in durability by increasing the extrusion

“°, .'pressure from 3400 psi to 5800 psi (Table 12)

A

_S;"Hay at 20 percent moisture shows no significant cha in

'b

'i’durability over all three levels of extrution pressure (Table 12)
A \ e - B _

T@BLEfil MEAN DURABILITY RATING @ AS AFFEcrﬁb BY BINDER LEVEL. .
SRR AND MOTSTURE CONTENT. |

Moisture inder; | VNome . Orzan Bentonite
10 % | oress E "96.6% ., . -89.9%"
0% | _97 4t ©oess® T 983®
30% | s 7 € o ge® . 89.2®P

a,b,c o
. 8t Means with a common 1etter in the superscript are not sxgnificant-

ly different at the 5 percent probability level This applies T
to rows and columns._ .

. TABLE 1 MEAN DURABILITY RATING (Z) AS AFFECTED BY EXTRUSION PRESSURE
" ~ AND MOISTURE CONTENT , .o : :

© Jpressure | SCNR A aner o RN S
Moisture '-;}00 psi B ','_.3490 psi _— ‘ quo psi
0% |ess T eea® o gsa®P
207 96.62F . ese® o 087"
s 797 - ses®® 89.4°

855 Means with a common letter in the superscript are not ‘significantly
different at the S percent probability level This applies to
rows and columns. ‘ : .

B
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; L Figures 11 él?g displa&the relativ& arance of vafers

¥izat figu‘re shows the «i_;%
A : B .. 2 ;, 0" , . v.v
improvement in 3%rwbility with longer extﬁps“on 'imeg '

SN S v
pressures. The second figure indicates the effect gn

- 6u"

formec; at di£fersnt“param¥er le\f!].s?

i

_,"vhen,-;tinders are added and when'moisture -content is ‘varied.

A

The occurrence of mould atf'wiaridus moisture levels was ; ' :
L . » g ! -

a analyzed by visual observation. A.fter two months in air tight sborage

at room. temperature wafers at 10 percent moi%ure showed no sign of
' .mould - wafers at 20 ‘percent moisture.had traces _of mould- on some samples

and wafers at 30 percent moisture wer’e completely covered in" mould

It is felt that if wafers at 20 percent moisture were left to air dry

‘\‘
) for several hours before being placed in a bin they could be’ stored

with the same safety as wafers at 10 percent moisture.

Figure 11: The relative ‘appearance of wafers before . .(on the left in
_+ each pair) and after (on the right in each pair) the
durability test for three levels of ‘extrusion pressure
. -and two levels.of extrusion time. (Wafers were formed
.- at 10 percent moisture without a binder. )
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'Figure 12:

The relative appearance of wafers before (on the left in

~ each: pair) and after "(on the right in each pair) the

durability test for three levels of moisture content (top)

“and three levels of binder (bottom). (The wafers
jwith varying moistire contents were formed without a .
- binder, at 3400 psi and 3.5 seconds extrusion time. The..

wafers with varying binder levels wege formed with 10

- percent moisture, at 1100 psi and 7 econds extrusion
_time ) : :

" 6.4 Establishing Optimum Wafering Conditions.-

At this point all the 1nformat10n on die friction, energy

requirements and wafer quality is brought together to establish ‘some
' optimum operating condltlons for the wafering process. :However

o it should be. recognized that the following optimization applies '

* apecifically to the extrusion<press_used in this experiment, The .

54



differences between this single-shot wafering press and’ the full-
'scale machine are far too great to make any direct correlations
‘.”between the two. An Optimization of wafering conditions for the

.commercial process, though might follow the same pattern asﬂset N

B

_.down in this Section.

0

Since the extrusion stage of the process isrthe most h
wasteful in terms of energy, the fraction of the total energy consumed
by extrusion wgs determined for all tests and analyzed This fraction, |
:like the energy data, was very much affected by extrusion pressure ’
* and moisture content as shown in Table 13 According to the means
of the extrusion enemgy-to totaI energy ratios, it would be advisable

C e

" to restrict the wafering process to hay at’ 10 percent moisture
. . Lo
_ and any extrusion pressure or the 1owest extrusion pressure (1100

')psi) and any moisture content These conditions yield the lgwest

”ratios which mean less energy wasted on extrusion. ’ _ ‘

Further improvJ—eggiwfor the extruSion segment of the process

‘can be discovered by referring to the discussions on die friction. ) |

The use of binders is feasible provided the extrusion pressure is ,

kept fairly low (less than 3400 psi) If no binder is used alfalfa.
at around 20 percent m01sture should be avoided at the igher

pressures (greater than 3400 psi) Also\the addition of surface o

_moisture should not ‘be practised where friction is going to be a

»problem. '. - i- _vj‘ o T _
Having reduced extrusion energy to a. satisfactory level h?

o #

v next step is to’ investigate whether good quality wafsrs can be o &
L produced with this amount of energy ' First of all the wafers with

~moisture contents in excess of 20 percent can be eliminated due to

-~



TABLE 13' RATIO OF EXTRUSION ENERGY O TOTAL ENERGY | AS AFFECTED
L . BY EXTRUSION PRESSURE AN@)MDISTURE CONTENT

19
. .

~Jressure a . S e ' -
Moisture =~ 1160 psi . - 3400 psi.. 5800 .:p/si_
: "1’0 ¢« | e* T 1% R
20 '/. ji B ‘598 LY LI
30 7a ‘ -..' »»—“'Sga | T o ‘76c » o .‘(;‘ : .81

a,b,c ‘Means with a common letter in the. superscript are not- significant-

ly different at the S‘percent probability level ThlS applies
to rows and columns

v

ihtheir lack of preservation in storage.

To aid in eliminating other Q'

x treatment 1eve18 the wafering efficiency will be used 1n conjunction

-with.uafer quality The wafering~efficiency, obtained by dividing :
the total wafering~energy for a test by the corre5ponﬁing wafer
: é&urabilityarating,ﬂiyﬁicates how: efficiently the energy input is
' utilized in indfea%&ng wafer durability. Tﬁé smaller ratio implies

':.a moreuefficient process. .3‘

P An analysis of varighce was: carried out to determine if
g\" e g Ea

_there was any significaht difference between the wafering efficiencies

e

b

CE -
-

for various tredtments (Table 14)s To exclude the effect of extrusion

-

on the durability used in calculating efficiency, only the .

data for low back pressure (fairly constant extrusion times) were

used in this analysis. Only moisture content and extrusion pressure g

3 had any effect on wafering efficiency. This is becausa the total N :v/
' vafering energy is the major contributor to variations in the efficiency

- data, and the total wafering energy is graatly affected by moisture

"

4 and pressuregas seen.before. Most of the durability ratinga are
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clustered within a short range thus contributing'hardly any variation

2 'y. N

to the efficiency data.;'h

On the whole wafering efficiency improves with reductions .

. < -
» in'extrusion pressure and increases in moisture content Table 15

displays this trend over limited ranges of pressure and moisture

The highest 1evel of extrusion pressure was disregarded as 1t caused

L
a

large increases in wafering energy, but made little or. no. improvements B

in wafer durability. The binder effects were included with the 10-

percent moisture conten; to demonstrate that vafers at this*moisture

level could be formed efficiently with an extrusion pressure of ‘

d

:1100_psi provided a binder 1ike Orzan is added to the hay.
| Of the fea31b1e-treatments'associated with’ the lower two i
- extrusion pressures the lower two'm01sture contents ‘and the three
%
levels of binders, all but two of them produce wafers with‘a durability
urating greater than 90 percent (Figure 13). However all these high
» /

quality wafers are not produced with the same efficiency; Referring

- to Table 15, the treatments with the best efficiency which would :”

A

-y

- yield the most . desirable wafering pfocess include
| 1. extfusion pressure, 1100 psi | " \
'back pressure in the die, low (350 psi) _
moisture content, 20 pq;cent
: binder, none
2. 'extrusion pressure, 1100 psi
‘.back pressure in the die, low (350 psi) '
moisture content, 10 percent |
binder, Orzan:v'-;i_‘ p " :':_ ) ' b , ‘i;

Obviously, in a real situation, the first process would be the least

s
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" TABLE 15: WAFERTNG EFFICIENCY ( I}?-HR/TON PER % OF nm%zus
‘ FOR SEVERAL FEASIBLE WAFERING CONDITIONS. E RO
‘ —— : ‘T — . “;L"g’ .
. ) 3 ¥ C . e s AR
Extrusion Moisture : .* ‘ »Elnder AR Wafering,p';“
. Pressure .. ~ Content R - o  Efficiency T
(psi) . ."(percent) - : = - :,~‘ ' 4
@g 100 = o - 10 . mome ~7K75\
10 ‘ érzan S - .0590 |
10 R Bentonite . L0730 -
o 20 none . . 0515 |
3400 . - 10'~ ' B none% : .1300 ¥
’ 0 0 orsan ‘o .1285
10 - Bentonite’ o enss

20 ¢ ; none S .1105

e
!
costly of the two. The cost of dehydration if required would be

K slightly 1ess I the hay only had to be dried to 20 percent moisfure." '

‘The relative saving would be approximately 50 cents per ton of wafers'

!

'aSSuming the aﬁerag% cost of natural gas to be 5 cents per ‘ton of -

‘?\

ihay per percent decrease iL moisture (38) The greatest sav1ng,

’ubowever, is- in wafering without a binder The increase in operating -
cost when using a binder is about $5 00 per ton of wafers produced
. when Orzan is applied at 2 5: percent by weight (15) or $1 00 per ._

ton of wafers produced when Bentonite 1is applied at 1 7 percent s

by weight ).

Increasing extrusion pressure from 1100 psi to 3400 psi'
would cause an increase in energy requirements of approximately '

6 horsepower-hours/ton of wafers. With the present cost of indua rial

-



61

ghis increase in

energy averaging 2.5 cents per. kilowatt- -

extrus1on pressure would represent an 1ncrease in operating cost

of about 11 cents per ton of wafers. Therefore, when the hay 1s

"at 10 percent m01sture, it would certainly be more economkcal to

wafer at a highér extrusion pressure -(3400 psi) rather than adopt

the uSe of a bonding agent (Orzan)”



4 %a-;k . -
. B ;& 7 SUMMARY AND CONCLUSIONS

: The7friction associated with theiextruSionAOf alfalfa hay
reaches a maximum at high levels of back pressure in the die, and at -
‘extrusion pressures of - 5800 psi or greater when the hay contains = »

‘a) 20vpercent moisture and no binder or -

-b) 10 percent moisture and Orzan or

'c) 20 percent moisture and Bentonite.
T . . ' B
The maxima attributed to- the addition of the two binders is a. s1gnif1cant B

-

‘,inékease over that” produced by haytwithout a binder. At the 1owest
extrusion pressure (1100 psi) friction 1s greatly reduced and is

i - T : v . i i ‘
independent of moisture content and binders. R '

s

3

In addition to the detrimental affecu of die friction on
N # . L O

total wafering enexgy there: are also direct contributions made by

a‘ -‘.».‘ "

extrusion pressure and mbisture content The compression energy
-increases with appIied (extrusi%n) pressure until the maximum wafer
: density is achieved and then the compre3915h energy remains constant

. The pressu§é required to‘produce Ehis tenminal den51ty, decreases

< »

with higher moisture contents.'fThis means more energy is required
'to»thoroughly compress dry hay than is required for damp hay. The;
extrusion stage of the process consumes a 1arger portion of the

total wafering

ergy as. extrusion pressure and moisture content
'increases. In or»_r to maintain a good balance between compression ;
anduextrusion energy and to eliminate much of the wasteful friction

: _it is hecessary to remain at Iow preSSure levels (1ess than 3400 psi)r

| At an. extrusion pressure of 1100 psi _alfalfa at 10 percent .
"moisture with Orzsn added or,ZO percent moisture without 4 binder

Iproduce a very durab;e wafer (durability rating in excess of 90
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pereent) Operatinﬁ under these condit1ons, whlch consumes . approximately-
5 horsepower-hours per ton of wafers, produced the optimum wafering
-efflciency (1. e. the least amount of energy required to achieve very
. good wafer dugebllity) |

In %Qg economxc efficiency the wafer durablhty should

~be- improved'-"by 'an:kasmg extrusmn pressure (wafering energy) rather ’

-

than addmg bmders. '



1

_ energy and at a minimum cost.

8. SUGGESTIONS FOR FURTHER RESEARCH -

?The conclusions reached in this.Study cannot be:transferredvdireCtly .

to the commercial wafering machines. ‘Tests, uSing similar variables,

"~ahould be conducted on an industrial-scale machine to verify wﬁat

! s

has beed’revealed‘in this simulative‘experiment pertaining to

-

?féiction and energy requirements in extruding hay. . L e
, The application of binders to permit. wafering ‘alfalfa w1th less
energy is limited due to cost, This experiment should be extended

- to include other binders and other binder concentrations. The

purpose would be to produce good wafer quality with a minimum of

All possxble sources of variation in die’ friction and wafering

energy have not yet: been analyzed The effects due to the remaining

"p'factors shéuldvbe studied on a laboratory- and an industrialf

’ahould,be carried out to m1nimize energy and still maintain a

-

~sca1e extrusion: process. 'Information on'die temperatures and -

the application of steam or water prior to wafering appears to

N . ) ) . . .4";’. ,.
be mfst vital. | L e

v

There are many conflicts between the forage harvesting, dehydrating

-and wafering proeesses as far as energy requirements and operating

-expenses are concerned{} An analysis ofrthe‘entire operation.

>

profit for each stage of the operation.

Many wafers, made in this experiment displayed good durability

- but their density wa vistbly poor. For a meaningful representation

of wafer quality.bo density and durability should be included

in future research,

- 64 -
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APPENDIX A A SAMPLE CALCULATION OF WAFERING ENERGY. ' Eon

The following calculatlons were~performed on the data obtalned

:»fr‘om the treatment conta1n1ng current year alfalfa (R ) at S(Vrcent
‘moisture (M ) with the binder Orzan (B ) added The extru31on pressure .
was. 3400 psi (Uz) and the back pressure was‘at 1ts high level of
"3ooo.ps1- (L) - o o
SR 'Q - - -
" The area under the total pressure displacement curve,

. S ' ,”o C 2
o o e AR At 42, 0 cm

. . ; A g R § ' 4
- The area under ‘the extrusion portion of the pressureedisplacement‘curve,
‘ o ; S 2 -
A = 40.7 cm
e T T o |
'The area under the compression portion of the pressure-displacement curve,

<7

"Ac At"-.Ae

: 5 o
1.3 cm /wafer .
The area corresponding to the ektrusion of one wafer,

g » o “'.', »“Ae/w = (wafer length in dre) x Ae ,‘

(aetive die length)

‘where.wafer length- 1.20 inches (see Table 2.).

S

iG

;and die length 9'@nehes (cbnStent) .

A, = Suhlcmzlyafer
| o elw Jwak
1 cmzlwafer'cOrreSponds to - (133 3- pSi of cylinder pressure‘
x 1.0 inch of ram dlsplacement) / wafer

or (5 b % 133 3 psi of extru31on pressure
: 2

i ‘x 1.0 inch of ram’ J18placement) / wafer.

a—

. (where 5.6 equAis the ratlo of cylinder area to die area)

-~

or .. (1 23 8q in x 746 5 pai x 1 inch) / wafer '
(vhere 1. 23 sq in equals the die area) - : 3

g . or 918 1n-1b/wafer S
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or 386 x 10 7'hp4ht/vgfer""- ‘ S

or 386 x 107 hp-hi/283 x 107 tons

(where 285 x‘10f7itohs.(25ﬂ7 gms) equals>the Qafe? weight | /gf.‘“
 ftbﬁ'T$bleIi fprﬁthié;tf;afmeqt) . o

| ‘ér_ .1}36.ﬁp;hf/t§n‘of ﬁafe;sf,"u

So for this treatmént:.

t]

) the cgmprgss;on'ene;gy, ' _Ec- iAh/w X 1,36;hp-h:/ton'

]

1.77 hp-hr/ton of wafers -

: ihg'extrUSipn'energy,"T, E = Ae/w_x71.36 hp-hr/ton.

_7.38_h§-hf/tqp of wafers -
and the total wafering eﬁergy;jﬁz e’Ec'+’Ee_ .
© -+ " =_9.15 hp-hr/ton bf'ﬁafegﬁ



-APPENDIX B: .

Replicate - Ry (one yeaf.oldﬁﬁlfa

WAFERING ENERGY* DATA.

' ‘Binder’-.Bo (none)

f
1£a)

,,71 ;

- Extrusion.
Pressure
- (psi)

Ba#k 5 _:Mois;urg
ire Content
ALpsi) - (percent)

. Pressure

Energy

- Compression Extrusion

Energy

Totai _
Energy A

y 1100

@y

©

() 5800

3400

(Fl?- 330

~.f“1?'.

NN

(L) 750,

'7-'(M3)

: 30 '

- 2200 -

_3000.’

4500

»

5100

\

20
30

10"

10

20

10

20

30 -

30

10

20

30v,

S 2.24

1.99

2.15

2,07

3.07

2,03
4,31

3,68

2.29

(431

. 3.53

3,23

6.55

- "5.06
3,23
6.90

- 4.91

: A
3.49

3,33
3,13
2,81
3,46

3.54

2.62
'1.96
7.61°.

7.54

- 8.55

8.13

7354

10.79°
© 10.81

10.59°

10.84

10.81

1065

) 5057 A
512

* 4,96

5.53

" 6.61

4.65

12,27

1129

9.83
12;86
11;66

110.77
17,34

1587

13.82

AT
15,72

1414

3.

.. %, Measured in horsepower-hours -per ton of wafers -

N



~"  APPENDIX B:ZAContinued_

Repl%sate é'Rlv(one year1p1d alfalfa)
1 B{n§er:l;B1i(0rzan) S

/

Extrusion ~Back tu'Moiséufé éoﬁptéssion _Extrusion '  Total
_ Pressure . Pressure Content, Energy Energy - Energy
oo (psi) - (psi) (Pﬁ?éent)- T i
1100 350 . o 259 3.57 6.16
| ‘ 341 ‘.6".94 |
2.75. 466 -
750 353 5.95
' | 7 13'.254_ 5.85
| 30 2.69 S 266 5.35
3400 “ 2200 10 A. 4.83 8.30. 13.13
20 | | 4,76 7.89 12.65
- 30 2.827 7.10 9,92
| 3}0010“' 10 6.90 8;68> 15,58
20 460 B4z 13.02
300 3.49 7.49 1d.§8_
* '5800 4500 10 6.55 . 10.96 . 17.51 -
20 4.60 11.01.  15’.61-
30 2.82 10. 4 51‘3v._26__
5100 10 6.72 1099 7.
20 5.98 10.81 "16.79
30 3.36 10.65 - 14.01
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:ﬁ‘APPENDIX'B: " Continued B -. B
i;fi  » i»,f . R?plicéte - Ri (one year old alfalfa)

Binder‘-:B2 (Bentonite)-

— . . N Y . . -

ﬁXt;uSionr. * Back -~ Moisture - Compression EXtrusiSn Total {1&"
7 Pressure_ . Pressure Content. Energy . Energy . Energy e
(psi) * - (psi) (percent). ) S o - o

)
1§

S

A
s

f. ilogvji ’ -350 .1¥ - 10 "~g,ih38 - '<3ﬂ43~;A_'»_4;31;¢
SR 20 Cas1e 31z 5.3
4“.,"; ." T : f 3@. ' 2.15° A’f'2.81 - 4£.96
| | 50 10 R TR B 1 684

| 20 2.1 v;f, 3000 5.5

et I e 0 . 2.5 - 2.66  5.22

~

j; A?‘340Q ) ‘_zzqggéi; | 10 ]i;‘ 2.76 ;1 8.17 10.93 .
AP e fébffalf{'_ i o T i;,os';‘
| | 30 a7 S 7.5 10.92 .
'”,Léobo'; '@;' 10 s 5.32' - “'3.55 | 1»14.17-“
Y ]‘.  ' 430 s;az”‘ | 1ﬂ12.i2"f
30 - »z.sé R 7553 ‘,_.‘-19.09 |
ss00 4500 10 v,“Jz,6.21¢'3f iléZéQ. ;, VRTINS
R ~"::j,“ B a0 S 368 1084 ':."'14;52‘
| | v_ 20 ;}L BT ]16!58,’ B '13.81
5100 - ;ib\‘ . 615§\-‘Wv'5;6584.4 17,39

f i RPN L - . . .o . v -

200 384 10.88 . [ 14.72

CLo a0 mIst o loess 1233

~ . -
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APPENDIX B: Continued EER N

Replicate - R2 (cufrent year alfaifa)

‘ :Bihder”f’Bo (none)

Extrusion - Back - Mobisture . Comﬁreésioﬁ: Extrusion -  Total
. Pressure  Pressure, = Content Energy Energy ~  Energy . . -
(psi) © . (psi) (percent) - @g - : 1

o

1100 3500 , ‘{ T Co2.24 5; - 3.57 . 5.81'
| 30 - i 1Is4’ 303 74T
I VO 2:57 7
750 . - 10 S 38 V"i 5.1
| 20 84 R 3.06 4.88

| SEU 30 _' 1.75 s L k.28
'-.'3400 C o220 107 39 8.0 1189
| | 2 . 2.2 162 10.5
| m7-3§‘ s .6.86;:%? 8.34
300 dot. o4 8:70;' " isio1

20. - . 3.07 . B.22 11.29

4007 10 . s 10,85 tess .
S i# T2 T ,1;,?~.iif95_'v?, 13,40,
| : "fia'ﬁé?Q\xt;ﬁfi:GL ;"f ‘iofosi f"v'i1;66
Wl S100 sl 100 ~.f:v'2.14_ o 10;92‘,-’:,”15.06
. R ZOV";: 72:é1 Lo iqa9§- TR

77t . ey ..1_35".‘ » 10,47 11.82
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-~ APPENDIX B: Continued.

o o » .

Replicate - Rz‘(current year alfalfa) \\-

‘Binder - B1 (Orzan)

Ektrdsibn  Back - Moisture Compfession - Extrusion >‘Iota1
Pressure ‘Pressure - Content Energy ~ = Energy . . Energy’
(psi) - (psi) (percent) TR ' I

)

1100 ' 350 10 L2l 3.53. . 4.74
T 200 199 3.24 /5.23
S 30 161 2.5 . [
.70 - o, . 10 3.28 - 370 6.98

20 2,46 2.95  s.41°

-

| 30 1.35. * 254 | 3.89 .
3400 2200 (TR T "\~s{13._' '1 12527 ;  
S 20'_;'f'_i,éa y 174 f‘tjﬁépsa

v : P K ~_?§3o:]ﬂl“ Lot - 671 7.98

o< 30000 - Y10 RS9 .94 - 1153 °

Lo 200 3,22 8.06 11.28

| 30 . L7700 7.8 915
' T

11.03 " 15.5

- 322 1 10.64 .~ . 13.86 % .

S e 5.

[ R Y SR [ ﬁilzﬁ.'osf*“

10 ¢ .52 11,3 . feise.

L 20 3.8 . 10.65 - 14.49

R I O L 10,41 12.16
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ApPENDIX B: Continued.

- Rgplicaﬁe - Ry (cui}gn; year alfalfa)

~

Bindet.- 32 (Bentonite)

76,

gxtrusion  Back:
pressufe. Pressure
(psi) - ~(psi),

Energy N

-

/

Moisture “Compression . Extrusion .
Content

: Energy
- (percent) 2.

thal.
_ Energy,

L S —

v 1100 350

LY

"~ . SLOO

4

10
20

" 30

10

20

10°

20

10 -
.20
L

30-

30

]

.’v&.

30 T

- 2.24
. 1.84
)v
1.35

o
2.42
»1.'54‘

2,43
4,31

6,45,

3.45
3,68

2.02'}.’

- .

P

20

30,

©oN20
30"

10

se
3.90

4.83

o271

2.29°

2.

&

107N\ 379

3

-3,
2.
3,

3.

7.

7.

43

08

57 -

65

o4

60 .

86

.15




APPENDIX C:-

oy

EXTRUSION TIME

(

EFFICIENCY DA$A

b] .
DURABILITY RATING AND WAFERING

Rep‘icate - R (one year old alfalfa)

‘v 77

(psi)

{psi) .

. (percent) .

Ratiﬁg

Binder -+ Bb (none) ; .
Extrusion - Back Moisture . Extrusion Durability  Wafering
Pressure  Pressure ‘Content Time Efficiency

(x 10)

p—

Ty 00

. 4 \
"
Yoo
-~ (4,) 3400
1, I"“
- —,-
Py
~ ", .
~(U,) 5800
o R "-' «
o s
- g
RO
A RN Al
. o
~ -
. “
w
s

(Li) 359

’

(L) 750

2200

4500

5100 -

() 10
- (M2>.20

() 30

10

M

30

‘20
0
"-¢[1o ‘
. }20“‘

30

20—': \

30

10

20 '.. ;.‘

0

©3.44

5,50

. 6.08.

3,28

3.38

14,26

643"

,”20,' .

30

3 65

‘3 26

. '.‘T‘

;3.45;-_“

16.91

16,83

'5.86°

'6.25

"~ 57.0

970 .-

g3

73.2 .
- 97.8

9004

95.9

99,1
"799,2 -

99.2

91.0'

94,2

1 95.8

‘;92;0"

. 960 1 ';'
98 %

'99.0

S .98

.60

.76

.68
.51

1.28

.34

1.18

1.14

1,79

4

.1.08

 ;1;6¢ }p,.

'°;§3v‘

RN

1.80

1,59

t. Measured 'in - seconds
d‘- Measured in percent

€. Measured in horsepower-hours per ton per change

t o~

4

in'durability rating



APPENDIX CEY Continued

Sl

1 (O?zan)

_.:Replicéte -’Rl (oné.year_old alfalfa)
" 'Binder - B | )

ET

QQPfeSSure _ sPressure

Content .
o e (psi) . (psi) 3,"(percéntf’;

. Extrusion - .Back  ~Moisture _Extrusion Durability - Wafering.
-Time ' Rating - Efficiency
v - (x 10)

LN g
- - W

FE

’ R ) -
o LUs100%

5800  *x14500 .

‘

20
 '30, .
~"“'.t_io

20
T30
';16';
26""

30

:‘ n 20

30

10
20

30

,_i6;3?
' 7.15
650,

3.49

.3.46

o '3;172} 'wJ‘

"13:28.

5.65

3.43

Y310
43.22
. 9.57

5.39

7,06 7

' ‘ T 3139 f,_:.‘ l-‘

944
. 97.8
84.3
96.6-

98.3 ©

83.7

9846
i _198.9'&1
191.8_

99.1

87.2

99,0 -’
s
i
99,5
99.0-

90.3

.65

.71
.55

.62

.60

.6b.

71?53‘
"1-zg 
. 1.08
L
1.31
1.26 -
77

- 1.58.
. 1.78
1,70

1,55 ¢

.

150

, &3
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f Replicate —,Ri (one:jear»oidvalfalfa) -
. 'Binder'-'B2 (Bentonite)

 Extrusion. = Back - Mofstgre ,Extrysi¢ﬁ* ‘angbiligjf.'waféring :
. Pressure Pressure - Comtent. - Time Rating Efficiency ..
(psi) (psi) =~ @ (percent) . '~ R o(x }QQ»

1100 - - ii'_3501i -  ;10 = _3.15»‘}- s IR £}
o | 20 323 . 9.9 o s6
30 .65 61.1. .54
750 .10 '5.35 ":-', 7q;7 SR .87
20 6.3  ‘f, 9%.6 .53
RN : BT 6.18 ‘;_- 86.4';_ .60
3400 ':.zzpo R T 5 S .A?g.g L 13
B 20 o 3;44" _.",65;0 ~“';-'~1,12
30 T35 - ,93.4' | ' %1.1i'
CC3000 10 N sl 9.4 . 145
- ,5 ;~; 0200 "‘,15;3?;»";', ;99;1;i~ff fA.1;28’ .
| ' 0 s s  f 95{6- o  i.o6;
© 58007 . "4500 . o 10 s 9831 o 1.74' :
L o wl 310 0 99.00 - RN
0 . o309 ;§§i§s.é L Tias”

9 200 t3s28. 9l . 1,69

T30 . 6.0k C ‘-3};&_\ SL3%




. - X - . Lt D : EE " N u’r ]
‘ : : . T s . wl 2 . ’ ’ . ) l, . Yo
) AR - . o4 o B SR

AP?E&Di}PCQ‘Hantiﬁuea g - . S "J'iv;

?j- SO ? 1_Rep1iéate - R2 (cqrrént year-alfa;fa)1 ~-_
EEA Binder - B (none) '

el
o

'Ektrﬁsiéﬁ ~ Back Moisture ' Extrusion Durability :Wafériﬁgf'
' Pressure - Pressure Content © Time ~ Rating - Efficiency
. (psi), | (psi)  (percent) ' \ o o (x10)

R 1iqoilf_?.:_ 350 f*.-;;'lo-v . 3;32 7 2.6 257
e SR T SRR T S C 50

0 - 3.8 'm%‘ 64;1 LSS

750 10 s.60 48.5° - L.0S.
20 si2 925 53

30 s5.43 . 78.8 - . .54

o AU AT - o (

3500 2200 . 10 3.09 89.8  1.32\_
20 3.1 98.6 - 1.0

30 - 303 840 .99
| . s000 o s.e 965 0 1.3s
R 20 7.40 98.9° 1.14

30/ 5,90 - T83.8 o, | 1.04
5800 - 4sd0 - - 10 - 323 . 9.8 . - L7L

~.y R T SR BT . L36
F o s U7 saa 0 TYe3s. L1040
' 5100 10¢ ¢ -8.30 98,0 ! 1.54

- . B ., . -

20 10.24  98.6 . 1.37

0. 547 187 . 1.50
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'Continued
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..

Replicate - R (cutrent year alfalfa)
Binder - B1 (Orzan) '

' Extrusion

1Pressure
(psi)

Back . Mo1sture "Extrﬁélén:, Durability  Wafering
Pressure ‘Content gu Time < - Rating = Efficiency
(psi) (percent) ﬁg ' S ©o(x 10)

1100

3400

350 .10 -’@5)37 .53

20 3.62 .53
30 335
" 750 10, -8.05

20 . 7.15

| 30 . 6.06 i
00 . - 10 - .3.52 987 1,24
;;:!'  'Lip~ : "'.3:24. Y YF T-7 2
EE " S VS U N R
: ;ood‘ 10 . 18,26 - 99.2 v’_i.is,'

" ¥ 67 . 98 s

s.o4 o sLe LIl

BRI 980 L&
- 'fga.ég’;fi.  '93,15_ R S

30 a2z o osrle 138

Cs10 10 T 49.61 . 99.47.  L70

20 - 7.93 - 98.2 [ 1.48

0~ s.23 o812 1.39




APPENDIX C: - Continu:e'dv' ' e P A : 2 o

' - ' : ST SR Ef B ‘!R
Replicate =~ R, (current yea¥. alfalfa) >

Binder - B, (Bentbyite)": . '

Extrusion Back - .j_Moigztur._e. + Exf:r’usion_ Dufabi:li'ty. Waferin'gi‘ﬂ
Pressure Pressure . Content . Time - " Rating - Efficiency
' (psi) (psi) - (percent) ‘ (x 10)

4

1000 350 10 . 352 B9.4 - .63

20 3.63 T 9703 . - s1

30 3.40‘_";*7 78.3 .50
750 f_f 10 1 6.56 “;  92,4 'l .66
| 20 677 o w4 .47
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