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Feasibility of producing large-size hay

Commercially available hay-wafering machines use hay containing 90% or more alfalfa. Most of the hay grown in
Ontario may contain a high proportion ofgrass; hence, it cannot becompressed into a small anddurable cubical shape by
the above machine. Investigations were carried out to study the feasibility of making a comparatively larger-size wafer
thanthesizecommercially available. A simulation study was conducted togeneralize theeffect of various parameters on
the hay compression and its durability rating. Findings indicated that a 15-cm diameter hay wafercontaining 15-20%
alfalfa which was compressed at a pressure of 44.0 MPa for a holding time of 2-4 sec had a durability rating of
approximately 95% when the average moisture content of the hay was 11%.

INTRODUCTION

The packaging of loose forage material
into dense, self-contained units called

wafers has long been of interest to farmers
and animal scientists. Considering the
bulk of conventionally packaged hay,
many persons are willing to pay a con
siderable premium for the facility of
mechanical handling and a reduction in
storage space made possible with hay
wafers.

Hay-wafering machines are used com
mercially in such parts of the United States
as California and Arizona. Two conditions

are necessary to make wafers with these
machines: (1) the alfalfa hay must contain
no more than 10% grass; and (2) the aver
age moisture content of the hay must be no
more than 10%. Much of the hay grown in
Canada has a grass content that is
significantly higher than the minimum re
quired by these machines. In Ontario,
alfalfa hay usually contains over 10% (and
may contain as much as 50%) grass and,
owing to prevailing high humidity condi
tions, field drying of large quantities of
hay to the required moisture content is not
possible.

Since it is not possible to wafer hay
successfully under existing conditions, a
study of the feasibility of making large-
size wafers was investigated. These waf
ers would be made by compressing un-
chopped hay at a pressure higher than that
used to form hay cubes. This process
should increase the binding force among
hay stalks with a lower percentage of
alfalfa and allow barn-stored hay to be
used directly in making large wafers.

Literature Survey
Bruhn (1955) reported that pellets made

at a pressure lower than 28.0 MPa tend to
break up more during handling and require
considerably more storage space. Like

wise, pressures higher than 42.0 MPa pro
duce more dense and durable pellets.

Butler and McColly (1959) found that
as the sample size was increased, more
nearly uniform distribution allowed a
more efficient utilization of energy, thus
reducing the power requirement per unit of
weight of the chopped hay.

Bellinger and McColly (1961) reported
that of the total 6.7 kWh/t of energy re
quired for pelleting low moisture content
(4-6% on a wet basis) hay at 24.0 MPa,
57.4% was consumed for compressing,
8.1% required for ejecting and 34.5% was
dissipated by the hydraulic control system.

Pickard et al. (1961) reported that the
failure of the hay wafer to hold its shape at
high moisture levels appears to be due
almost entirely to the trapping of this mois
ture and the related protoplasm in the
stems. In addition, the mechanical

structures within the stems are more resili

ent at higher moisture. However, this
problem could be resolved by developing
an economical means of maceration

(Huang and Yoerger 1961).
Rehkugler and Buckele (1969) studied

the biomechanics of forage wafering and
determined that the mechanical properties
of the hay and the operational variables
were pertinent factors influencing the axial
wafer strain. Their study reported that the
use of a dimensional analysis was helpful
in determining a useful function for pre
dicting the axial wafer strain.

Objectives
The successful production of large-size

hay wafers hinges on a correct under
standing of the importance of process pa
rameters and the physical properties of the
hay material during the wafering process.
Thus the objectives of this study were to
investigate the possibility of making a high
density wafer of larger size (e.g. 15 cm
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diameter) (a) by using the Buckingham
Pi-theory in order to ascertain the priority
of the parameters to be investigated; and
(b) by conducting experiments to verify
the theoretical analysis.

Theoretical considerations

If D is the durability rating, in percent,
of the hay wafer, then

D =/(D()/D„m (l)

where,

D0 = density of the compressed wafer
(M-L^3)
D, = density of the hay inside the cylinder
(M-L~3)
PP = physical properties of the hay in
cluding (i) ratio of hay and alfalfa content
(\); (ii) percent moisture content of the hay
(MC); and (iii) length of cut (/)of hay parti
cles L

while,

Do/Di a (R. P. D„ 7p. U) (2)

where,

P = intensity of final pressure
(ML~'-T~2)
7p = holding time at final pressure (T)
R = rate of compression or average ram
speed (L*T~')
U = coefficient of friction between the

finished metal surface and the hay.
M, L and T are the dimensions of mass,
length and time, respectively. Equation 1
can also be written as

D = f(MC, R. P. D,. T. U, I, \)

Applying dimensional analysis to the
above equation gives:

[D] = [MC]K< [D;]K: [P]Kf [R]Ki [TpP
WT6 [If1 [\]K8

(4)

Solving Eq. 4 with the help of the
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Buckingham Pi-theorum reduces Eq. 3 to
the following:

D =/, (MC, P. , —, U, X)
D,R2 I

Experiments were conducted to obtain
the effect of each parameter on the durabil
ity rating of the hay wafer. All but the one
parameter whose effect was under study
were isolated. The effect of coefficient of
friction parameter U has been studied by
Menzies (1976) and is assumed constant
through the experiment.

EXPERIMENTAL PROCEDURE

Experiments were conducted in two
phases by using hay, with and without
some alfalfa, at various moisture contents
and pressures. During the first phase of
operation, the hay was loosely packed into
a large-size cylinder (1 m long and 15 cm
diam.) and was compressed to a column,
height of approximately 20-30 cm at a
constant pressure of 700 kPa. This com
pressed hay was transferred into a small
cylinder (30 cm long and 15 cm diam.) and
then compressed on a high-pressure com
pressing machine to the desired density.

The holding time after full compression
was varied. The ram speed was also
changed to observe its effect on the final
density of the hay wafer. The durability
rating tests were carried out as specified by
the American Association of Agricultural
Engineers Standards s269.2.6.1.6. The
wavers were dropped from a height of 3 m
onto a 9.5-mm thick steel plate surface.
The dropping area was surrounded by a
fiberglass sheet to prevent the hay from
scattering. Care was taken that the hay
wafers did not bump the fiberglass side
walls. Each wafer was dropped six times
with different surfaces facing downward.
The geometric measurements of the hay
wafers were made after the wafer had stop
ped swelling. The durability rating test
was conducted 2 wk after the hay was
wafered. The moisture content of the hay
was obtained by means of the standard
oven-drying technique.

RESULTS AND DISCUSSION

A general hay-wafering test was con
ducted with different types of hay contain
ing various quantities (on a percent basis)
of alfalfa at different moisture contents.

The hay wafers were made at high pres
sures (approximately 40.0 MPa). Durabil
ity rating tests were carried out to decide
the general quantitative limits of pressure,
holding time and moisture content. As
given in Table I, it was observed that the
unchopped hay at about 10% moisture
content on a wet basis had a better durabil-
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TABLE I. GENERAL WATER DURABILITY RATING TEST

Sample
number

Pressure

(MPa)

Holding
time

(sec)

Durability
rating

(%) Comments

1 48.8 4.5

2 40.2 4.6

3 41.4 7.5

4 41.4 4.0

5 41.4 4.0

6 41.4 4.0

7 41.4 4.0

8 41.4 4.0

9 41.4 4.0

57.7 1:1 chopped : unchopped hay
48.2 100% chopped hay
58.9 100% unchopped hay
57.5 1:1 chopped : unchopped hay
44.4 100% chopped
65.4 Unchopped hay with 20% alfalfa at 25% MC

content

55.7 Unchopped hay
50.9 Unchopped hay with 25.8% MC
62.8 Unchopped hay 10% alfalfa at 20% MC

Sample weight = 1.8 kg.
Moisture content of the hay = 10%.

ity rating than the chopped hay
(approximately 3-7 cm long) with the
same moisture content. It is also apparent
from the same table that mixing alfalfa
with the unchopped hay improved the
durability rating although the average
moisture content of the hay containing alf
alfa was approximately 25%. These re
sults indicated that a detailed set of experi
ments was needed to investigate the effect
on the wafer density of various parameters
such as pressure, moisture content of the
hay, holding time, ram speed etc. with
major emphasis given to higher pressures,
such as approximately 40.0 MPa.

All sets of experiments reported here
after were carried out with the hay contain
ing 20% alfalfa.

0.65 4.0

0,55 3,5

£ 0.45 ~3.0

0.35 2.5

0,25 2,0

Effect of Moisture Content

of the Hay
Tests were conducted with hay ranging

from oven dried to 23% moisture content.

The results, shown in Fig. 1, indicate that
the wafer density, the compression ratio
(h,/h0) and the durability rating were con
siderably greater at a moisture content
approaching 11%. Any level of moisture
content above or below this 11% de

creased the durability rating, the wafer
density and the compression ratio. The
cause of this phenomenon may be the
binding force due to interlacing of plant
stems and leaves. It seems that under the

physical conditions of having alfalfa
mixed with hay in a 20% quantity, the best
binding effect could be obtained at around

a o WAFER DENSITY

a a COMPRESSION RATIO

. DURABILITY RATING

HOLDING TIME = 4s

PRESSURE =14,0 MPa

RAH SPEED = 75 x 10"3 M/MIN

100

80

60 5

40 .£

20

5 10 15

MOISTURE CONTENT, 1 W.B.

20 25

Figure 1. Effect of moisture content of hay on compression ratio, density and durability rating
of hay wafers. ,
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11% moisture content. The durability
rating decreases with an increase in the
moisture content of the hay. This effect
could be attributed to the fact that at higher
moisture percentages, the stalks are more
resilient; while at lower moisture contents
the compressed stalks are brittle and the
hay lacks the proper cohesive force for
binding the broken stalks.

Effect of Pressure

The effect of pressure on the durability
rating, the compression ratio (hj/h0) and
the wafer density are shown in Fig. 2. It is
evident from this figure that higher pres
sures are preferable to lower ones, but the
pressure intensity would be a limiting
factor. However, the energy consumption
does not seem to increase in direct propor
tion to the pressure, due mainly to an in
creased amount of material being handled.
Earlier reports (Bellinger and McColly
1961) indicated that the increase in the
power requirement was linearly related to
the pressure intensity. This was limited to
small pellets. This relationship, however,
does not hold true with an increased size of

hay wafers. Although the durability rat
ing, the compression ratio and the water
density increased with an increase in the
pressure, the experiment was confined to a
pressure of 44.0 MPa due to the limitation
of the setup. Besides this limitation, the
rate of increase in the durability rating at
pressures greater than 40.0 MPa was con
siderably lower than the rate of increase in
the lower range of pressures.

Effect of Holding Time
The effect of holding time on the

durability rating, the wafer density, and
the compression ratio is shown in Fig. 3.
As evident from this figure, the durability
rating did not change significantly with a
change in holding time. However, the
wafer density and the compression ratio
increased with an increase in the holding
time. A reasonable compromise between
the wafer density, the compression ratio
and the durability rating could be obtained
at a holdingtime of 4 sec. This duration of
time for holding the hay pressure is needed
for getting the compressed stalk set in a
zig-zag way and for reducing the resilience
effect of the hay. The compression ratio,
however, did not increase any further with
an increase in the holding time after 4 sec.
This effect could be due to the maximum

limit of compressing the hay.

Effect of Ram Speed
Figure 4 shows the effect of ram speed

on the compression ratio, the wafer densi
ty and the durabilityrating of the hay waf-

100 0, 4,0

o ° WAFER DENSITY

= o COMPRESSION RATIO

. . DURABILITY RATING

RAM SPEED - 75 x 10"3 M/MIN

MOISTURE CONTENT = 10.4% W

HOLDING TIME •= 4s75O-0.6

^3,0

50^0,4

25 =0.2 2.0

oL oL oK
10 20

PRESSURE, MPa

Figure 2. Effect of pressure on compression ratio, density and durability rating of wafers.

30 40

ers. The ram speed was an average of the
speed used to compress the hay from
700 kPa to 44.0 MPa. The performance
parameters were best when the speed was
between 60 and 80 mm/min, for the range
of ram speeds used in the experiment. The
wafer density was unaffected by any fur
ther increase in the ram speed. Owing to
limitations of the test setup the maximum
ram speed allowed was not representative
of the speed required for the economic
wafering of hay; therefore, further experi
mentation at higher speeds is necessary
before a comprehensive understanding of
this parameter can be established. An
optimum ram speed would allow a reason

able compromise between resilience and
the maximum compressibility of the mate
rial.

The results from the water durability
test (given in Table II) indicate that the
durability rating closely follows the hay-
wafer density ratio. The coefficient of cor
relation was - 0.786, signifying that the
durability rating increased with a decrease
in the hay wafer density ratio (D0/£>i).

CONCLUSIONS

1. The durability rating and the wafer
density were maximum at approximately
11% moisture content (wet basis).

2. There was an increase in the density

0DURABILITY RATING

, COMPRESSION RATIO

.WAFER DENSITY

3 M/MINRAM SPEED • 75 x 10

PRESSURE =44.0 MPa

MOISTURE CONTENT W, 10,4%

Figure 3.

0.78

0.76

0.74

0.72

HOLDING TIME, S

Effect of holding time on compression ratio, density and durability rating of hay
wafers.
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Figure 4 Effect of ramspeed oncompression ratio, density and durability rating of hay wafers.

TABLE II. WAFER DURABILITY RATING TEST

Sample
Number"^

Al

A2

A3

A4

A5
A6

Bl

B2

B3

B4

CI

C2

C3

C4

C5

Dl

D2

D3

D4

D5

Density
ratio

(do/Dt) 800 4
(x) (g)

0.667

0.434

0.371

0.321

0.284

0.262

0.270

0.307

0.250

0.227

0.283

0.271

0.247

0.239

0.253

0.327

0.259

0.270

0.342

0.491

79.4

91.4

90.4

95.6

94.7

96.3

95.7

85.9

94.9

89.0

95.6

Weight classes of wafers
(% original weight in each class)

600-800 400-600

(g) (g)

73.6

61.5

73.8

92.9

51.5

58.0

200-400 0-200

(g) (g)

21.6

71.9

23.3

34.8

21.5

38.0

79.8

78.4

28.1

7.1

20.6

8.6

9.6

4.4

5.3

3.7

4.3

14.1

5.1

3.1

11.0

3.7

46.5

4.7

4.4

4.0

20.0

Size

distri

bution

21.6

71.9

185.8

317.6

365.6

361.6

382.4

378.8

385.2

382.8

353.6

379.6

243.9

356.0

219.3

107.0

242.9

382.4

154.0

79.8

Dura

bility
rating (%)

(Y)

5.4

18.0

48.5

79.4

91.4

90.4

95.6

94.7

96.3

95.7

85.9

94.9

61.0

89.0

54.8

26.7

60.7

95.6

38.5

19.9

tAl-A6 = effect ofpressure; B1-B4 = effect ofholding time; C1-C5
of moisture content.

Correlation coefficient between x and y = - 0.786.

effect of ram speed; D1-D5 = effect

and in the durability rating of the hay waf
er until the pressure reached nearly 40
MPa. The rate of increase was significant
ly less for any further increase in the
pressure.

3. The wafer density increased when
holding time was increased from 0 to 8
sec.

4. The wafer density and the durability
rating were highset at a ram speed of 40-80
mm/sec.
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