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High levels of friction are usually encountered in the extrusion process. Using a hydraulic wafering press, a factorial
experiment was conducted to ascertain the effects of pressure, moisture content and binders on the friction to extrude
alfalfa, the wafering energy and wafer durability of alfalfa. A split-plot experimental design was used with the binding
agents in the main plots and the other variables in the subplots. The addition of binders at high pressures increased the
friction, except at low pressures. At lower pressuresa durable wafer could be extruded when binders were used. The energy
required by the extrusion process at the lower pressure is considerably less than is normally required by the present
commercial wafering presses.

INTRODUCTION

With wafers and pellets, the harvesting,
storing and feeding of alfalfa can be
completely mechanized, an obvious
advantage over most other forage harvest
ing systems (Buckingham 1961).
Gustafson and DeBuhr (1965) allege that
wafering and pelleting improves animal
utilization of low quality forages. Perhaps
equally important is the price stability for
forages that wafers and pellets can
provide by expanding the market area.
The acceptance of wafers (Curley et al.
1973), as distinct from pellets, has not
been as widespread as expected. The
advantage of the larger particle size
associated with wafers (Hironaka and
Cheng 1974), has been more than offset
by drawbacks associated with the process
itself (Dobie 1973; Dobie and Carnegie
1973).

Most wafering machines employ the
extruding process, which has been used
for many years in pelleting. Inherent in
this process are high levels of friction
encountered in extruding the forage
through the die which is additional to the
resistance encountered to compress the
forage. In order to compress the forage
and overcome the friction, extremely
high pressures (Reece 1966) are required
and therefore considerable energy.
Equally significant is the requirement for
equipment which can withstand such
pressures. It is expensive to manufacture
and maintain.

OBJECTIVES AND EXPERIMENTAL
DESIGN

The causes of friction in extruding hay
have received little attention, and the
feasibility of extruding a satisfactory
product with less energy than is presently
used has not been established. The object
of the investigation, therefore, was to
obtain information on how various

factors affect the friction associated with

the extrusion of alfalfa, and to determine
the operating conditions for the wafering
process, such that durable wafers can be
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produced with the least amount of
energy. The variables included in the
study were extruding pressure (three
levels), back pressure in the die (repre
senting die characteristics, two levels),
moisture content (three levels), and the
use of binding agents (two types).

A split-plot experimental design with
two replications was selected. Alfalfa
harvested in the current year was used for
one replication or block with alfalfa
harvested in the prior year for the other
block. Binders were randomized in the

main plots in order that other binders or
other binder concentrations could be
tried in the future without the necessity
of repeating this experiment. The 18
treatment combinations of moisture con

tent, extruding pressure and back
pressure were then randomized within
each subplot.

FACILITIES

A single-shot hydraulic wafering press
(Figure 1) was used to simulate the
extruding-type wafering process (Hann
1974). The press consisted of an upper
and lower hydraulically driven ram which
moved inside an electrically heated die
1-1/4 inches (32 mm) in diameter. The
die temperature used throughout the
experiment was 175°F (79°C), which is
comparable to the usual wafering temper
atures. The upper ram exerted the
extruding pressure. The lower ram exert
ed a back pressure in the die equivalent to
the resistance normally caused by the die
being full of compacted forage.

The wafering energy was determined
by measuring the pressure in the upper
cylinder with a pressure transducer, and
the displacement of the upper cylinder
ram with a rotary potentiometer. The
pressure and displacement were recorded
on an x-y plotter; therefore, the area
under the curve was a measure of the

work done or the energy required. The
extruding time was obtained by measur
ing the time the wafer required to pass
through the die, as indicated by the x-y
plotter. Wafer durability was measured as

Figure 1.

F
9

Schematic of wafering press.
(A) upper cylinder, (B) lower cylin
der, (C) loading column, (D) extru
sion die, (E) pressure gauges for
upper and lower cylinder, (F) pres
sure control valves, (G) directional
control valve for both rams,
(H) microswitches which activate
the directional control valve, (I) dis
placement transducer for upper
cylinder ram.

a rating, which was determined using a
cage-type tumbler, as specified in the
American Society of Agricultural
Engineering Standard (Agricultural
Engineering Yearbook 1974), S269.1.

PROCEDURES

The hay used in the experiment was
alfalfa which had been chopped to an
average length of 1-1/2 inches (38 mm).
It first was dried to approximately 10%
moisture content (wet basis), and was
maintained at this level until ready for
use. The other moisture contents (20 and
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TABLE I ANALYSIS OF VARIANCE FOR EXTRUDING TIME TABLE II EXTRUDING TIME

Source of variation df Mean squares F ratio Level Time (sec)

Blocks

Binder - B

Error 1

Moisture - M

1

2

2

2

21.60

101.05

20.97

214.19

1.0

4.8

12.7***

Extruding pressure (psi)
1,100
3,400
5,800

6.3

8.2

14.2

Extruding press. - E
MB

ME

BE

MEB

Error 2

2

4

4

4

8

306.31

229.68

48.58

111.34

103 61

18.1***

13.6***

2.9*

6.6***

6.2***

Moisture content (%$
10

20

30

12.6

10.4

5.8

24 16.84

Total 53

* 5% level of significance.
*** 0.5% level of significance.

30%) were obtained by placing a sample
of the alfalfa in a plastic bag and adding
enough water to raise the moisture from
10% up to the required level. The bags of
alfalfa were stored in a cool room for 48
h to allow the moisture to be distributed

uniformly throughout the sample.
Dry binders, either Orzan (Crown

Zellerbach Corp. 1970. The Orzan Prod
ucts.) or Bentonite (Baroid of Canada
Ltd. 1973. Albertabond-Canadian

Bentonite.), were sprinkled over the
alfalfa and then sprayed with water
before mixing. The water was required to
activate the binders and prevent them
from separating from the alfalfa. The
ratio of water to binder was just
sufficient to make a solution which was
1:1 for Orzan and 2:1 for Bentonite. The

water plus binder was 5% of the wafer
weight.

The low back pressure was selected so
that the wafer would pass through the die
fairly rapidly, between 3 and 4 sec,
whereas the high back pressure was
intended to double the extruding time.
The extruding time was variable, how
ever, especially with the high back
pressure because of variations in the
friction. The extruding time was used,
therefore, as a measure of the friction.
The extruding time for each treatment
was based on an average of 10 trials.

The energy requirement for each
treatment was obtained from the

pressure-displacement curve recorded by
the x-y plotter. The energy required per
wafer was divided by the wafer weight
which was 0.63 oz (18 g) dry basis. Ten
wafers from each treatment were placed
in an air-tight plastic bag and left for
approximately 24 h to allow them to
fully expand before tumbling for the
durability test.

DISCUSSION OF RESULTS

Separate analysis of the extruding time
for the two back pressures was required
because of the heterogeneity of the
residual variance. For the low level back

pressure, the extruding time was about
the same, and only one main effect and
one interaction tested significant. For the
high level back pressure, all the main
effects, except for binders, and all the
interactions, tested significant (Table I).
Because of the minimal response with the
low back pressure, discussion is limited to
the results obtained with the high back
pressure.

In general the extruding time, or the
frictional resistance in the die, increases
with an increase in the extruding pressure
and with a decrease in the moisture

content (John Deere Co. 1972) (Table
II). The increase in friction with higher
levels of pressure is due in part to the
increase in the normal force between the

wafer and the die. A large contributor,
however, is the tacky or glutinous
substances *of alfalfa. These substances,
which aid in binding the wafer, ooze to
the wafer-die interface in increasing
amounts as the pressure increases, hinder
ing the movement of the wafer through
the die. These substances, however, are
only tacky at the wafer-die interface at
the lower moisture contents. When the

moisture content is 30%, the lubricating
effect of the water prevails and the
extruding time and friction are minimum.

Significant interactions indicate that
the variables are not independent of one
another; that is, the response to changes
in one variable depends on the level or
magnitude of another variable. To begin
with, the moisture content-extruding
pressure interaction (Figure 2) indicates
that moisture is an important lubricant,
but only at the higher extruding pres
sures. The binder-extruding pressure
interaction (Figure 3), on the other
hand, indicates that the binders, espe
cially Orzan, are viscous, but only at the
higher extruding pressures. Pressures as
low as 1,100 psi (7,600 kPa) are
apparently insufficient in forcing the
glutinous substances to the outer edges
of the wafer where the frictional

resistance is affected.
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Figure 2. The moisture content-extruding
pressure interaction for extruding
time.
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Figure 3. The binder-extruding pressure inter
action for extruding time.
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Figure 4. The binder-moisture content inter
action for extruding time.
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TABLE ffl ANALYSIS OF VARIANCE FOR WAFERING ENERGY

Source of variation

Blocks

Binder - B

Error 1

Moisture - M

Back press. - L
Extruding press. - E

ML

ME

MB

LE

LB

EB
MLE

MLB

MEB

LEB

MLEB

Error 2

Total

** 0.5% level of significance.

df

1

2

2

2

1

2

2

4

4

2

2

4
4

4

8

4

8

51

107

Mean squares

661.0

99.34

1.39

70.39

10.05

1,395.03
0.66

6.16

1.01

1.80

0.61

4.82
0.57

1.06

0.87

0.37

0.73

1.08

F ratio

47.4***

71.2***

65.3***

9.3***

1,294.1***
<1

5,72***

<1
1.6

<1
4.5***
<1
<1
<1
<1
<1

TABLE IV WAFERING ENERGY

Variables Levels Energy (hp-h/ton)

Blocks

Binder

Extruding
pressure

(psi)

Moisture

content

(%)

Back pressure
(psi)

1

2

None

Orzan

Bentonite

1,100
3,400
5,800

10

20

30

Low

High

14.3

12.8

11.8

13.7

15.1

6.8

14.6

19.1

14.7

13.9

12.0

13.2

13.8

The differential response of binders
for different levels of moisture content
(binder-moisutre content interaction,
Figure 4) is attributed to the level of
tackiness of the binders. When alfalfa is
wafered without a binder, the tackiness
of the glutinous substances is maximum
at a moisture content of around 20%. To
minimize friction, the moisture content
should be either low (10%) or high (30%).
The addition of a binder alters this
relationship except at a 30% moisture
content.

Orzan in the liquid form resembles
substances like shellac, which get tackier
as they dry out. When this binder is
added to alfalfa at a 10% moisture
content, much of the water in the binder
is absorbed by the alfalfa thus leaving an
extremely tacky substance on the outside
of the forage and thereby causing
considerable friction in the die. At a 20%
moisture content, Orzan remains in a
fluid state like fresh varnish, providing

considerable lubrication. Though Benton
ite is a cement rather than a tacky
substance, it also adversely affects the
friction at the two lower moisture
contents.

The analysis of variance for the energy
required to compress and extrude alfalfa
(wafering energy) is given in Table III. All
the main effects, including blocks, tested
significant. The energy required decreases
with the moisture content, and is greater
when binders are used (Table IV).
Apparently, alfalfa compresses more
readily at high moisture content and less
readily when containing binders. The
main effect for blocks is attributed to
some problems with the hydraulic system
of the press.

A small loss of energy occurs when the
back pressure is increased. As for the
extruding pressure, the energy is a
function of the pressure; therefore, it
must test significant. The relationship
between the two variables, however, is
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5. The binder-extruding pressure inter
action for wafering energy.
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energy.
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Figure 7. The moisture content-extruding
pressure interaction for durability.

non-linear; that is, the energy required
increases at a decreasing rate for an
increase in the extruding pressure. The
differential response for moisture content
and binders for different levels of
extruding pressure (Figures 5 and 6)
indicates that there is little or no
difference between 10% and 20% mois
ture content or between Orzan and
Bentonite except at high extruding
pressures.

The analysis of variance for the
durability of the wafers is given in Table
V. If a durability rating of 90% or better
is considered adequate, then Table VI
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TABLE V ANALYSIS OF VARIANCE FOR DURABILITY OF WAFERS

Source of variation df Mean square F ratio

Blocks - R 1 255.76 1.14

Binder - B 2 389.60 1.74

Error 1 2 223.96

Moisture - M 2 1,233.53 38.06***

Back press. - L 1 108.40 3.34*

Extruding press. - E 2 1,428.31 44.06***

ML 2 54.26 1.67

ME 4 484.40 14 94***

MB 4 273.73 8.44***

LE 2 87.31 2.69

LB 2 31.23 <1
EB 4 260.56 8.04***

MLE 4 29.73 <1
MLB 4 8.82 <1
MEB 8 164.23 5.06***

LEB 4 20.66 <1
MLEB 8 8.17 <1

Error 2 51 32.41

Total 107

* 5% level of significance.
*** 0.5% level of significance.

TABLE VI DURABILITY

Variables Levels Durability (%)

Extruding
pressure (psi)

Moisture

content (%)

Back pressure (psi)

1,100
3,400
5,800

10

20

30

Low

High

84.4

95.1

95.5

90.0

98.2

86.8

90.7

92.7

indicates that durable wafers can be

produced except at high moisture content
(30%) and low extruding pressure (1,100
psi, 7,600 kPa). With regard to the latter,
the moisture content-extruding pressure
interaction (Figure 7) indicates that the
lowest level of extruding pressure, or
energy used in the experiment, produces
wafers with a durability rating greater
than 90% if the moisture content is 20%.

Spoilage, however, will be a problem in
storing wafers at this moisture content.

The binder-extruding pressure inter
action (Figure 8) indicates the feasibility
of producing a durable wafer at a low
extruding pressure if the binder Orzan is
added. The binder-moisture content inter

action (Figure 9) also indicates the same
feasibility at the minimum (and safe
storage) moisture content. The second-
order interaction of binder-moisture con

tent-extruding pressure reveals little
difference in the durability of wafers
extruded at the lowest extruding pressure
at 20% moisture content without binder

(Figure 10) and at 10% moisture content
with the binder Orzan (Figure 11). The

simple effects with the binder Bentonite
are not illustrated.

At present energy costs, the higher
extruding pressure (3,400 psi, 23,000
kPa) does not incur a large cost penalty,
about 10 - 20c per ton of dry alfalfa (6
hp-h/ton, 5 kw-h/tonne). On the other
hand, adding Bentonite increases the cost
by $1.00/ton and by $5.00/ton if Orzan
is used. These costs are an oversimplifica
tion, however, because they ignore
savings in capital and maintenance costs
of less rugged equipment if the extruding
pressures were limited.

SUMMARY AND CONCLUSIONS

The friction associated with the

extrusion of alfalfa reaches a maximum at

high levels of back pressure in the die and
extruding pressure when the alfalfa
contains either 20% moisture with and

without the binder Bentonite or 10%

moisture content with the binder Orzan.

The addition of either binder increases

the friction, but it lessens with decreasing
extruding pressure. At the lowest extrud-
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Figure 10. The moisture content-extruding
pressure interaction for durability
without binder.
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Figure 8. The binder-extruding pressure inter
action for durability.
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Figure 11. The moisture content-extruding
pressure interaction for durability
with Orzan.
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ing pressure, friction is largely indepen
dent of the moisture content and the use

of binders.

A durable alfalfa wafer can be

produced at lower extruding pressures
and energy inputs than are commonly
used, if the alfalfa has a 20% moisture
content or by the addition of the binder
Orzan if the moisture content of the

alfalfa is 10%. The required energy for
these conditions is approximately 6
hp-h/ton of dry hay (5 kw-h/tonne). With
increased energy costs, the extruding
process will be at a disadvantage to other
processes (Molitorisz and McColly 1969)
unless lower extruding pressures are used.
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