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Abstract:
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operations when it is processed to medium densities. A test model was built in which hay could be
compressed to medium densities. Two varieties of hay were tested over a wide range of moisture levels
and for applied forces up to 160 pounds per square foot to establish' a relationship between applied
pressure, moisture content and density. A computer was used to fit equations to this test data by
methods of regression. A definite relationship was established that could be used to predict the force
requirements to compress hay of various moisture levels to some given density. Also a relationship was
established between compressed density and relaxed density. These relationships are valid only over
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ABSTRACT

Economic and social conditions have forced hay producers to 
mechanize and improve their methods of harvesting hay. There has 
been an increased interest in processing loose hay in a medium 
density range. Previous research is lacking concerning the reaction 
of the properties of hay to machine operations when it is processed 
to medium densities. A test model was built in which hay could be 
compressed to medium densities. Two varieties of hay were tested 
over a wide range of moisture levels and for applied forces up to 
160 pounds per square foot to establish' a relationship between 
applied pressure, moisture content and density. A computer was used 
to fit equations to this test data by methods of regression. A 
definite relationship was established that could be used to predict 
the force requirements to compress hay of various moisture levels to 
some given density. Also a relationship was established between 
compressed density and relaxed density. These relationships are 
valid only over the range for which the variables were tested.



I. Introduction:

In recent years hay harvesting has made considerable progress 

toward complete mechanization. This change has been slow. Labor 

problems and economic conditions have forced producers to more 

completely mechanize this operation. To offset' economic conditions 

individual producers have increased the quantity of the hay they 

produce while maintaining better hay quality. They have increased 

the quantity by increasing the farm size and also increasing yields 

by using better plant varieties, fertilizing, irrigating, and with 

improved technology. Better hay quality can be maintained by 

faster processing during the harvest period. Rapid deterioration 

occurs if the hay is exposed to the elements of weather for long 

periods during the harvesting process. In order to overcome these 

problems, producers are looking for machines capable of processing 

larger tonnages of hay in a shorter period of time. The future 

machines will need to be designed to meet requirements for even great

er capacity while packaging a high quality product.

Knowledge about how the product will respond to machine oper

ations is essential for proper machine design. These relationships 

are fairly well defined for hay when processed at low densities. 

Interest in hay processed’ in a low density range has increased in the 

'past few years. This is particularly true where the hay is fed
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locally. Processing at lower densities reduces energy requirements 

and makes additional power available for higher processing capaci

ties. Hay processed to high densities must also have a low moisture 
content. Field drying to low moisture levels can result in high dry 

matter losses from mechanical handling as well as increased risk of 

loss from weather damage. Preliminary- research (17)* has indicated 

that it may be feasible to package 3 to 8 ton stacks at moisture 

levels as high as 40 percent.** Hay handled at high moisture is less 

subject to dry matter losses from mechanical handling, and the short

ened yield drying period decreases the time the hay is in the field 

susceptible to weather damage (7).

* Numbers in parenthesis refer to appended references.

** All moisture contents are calculated on a wet-basis.



II. Review of Related Literature:

Numerous research workers have studied the effect of mechanical 

operations on hay. A literature review indicates that most of the 

effort has involved low-density loose stacks or high-density bales, 

wafers, and cubes. There has been very little study of hay processed 

at density ranges of 3 to 12 pounds per cubic foot.

The physical properties of agricultural products are described

by Mohsenin (12). Properties such as size, shape, volume, density,

and surface area are described with particular emphasis on the

physical characteristics that are important for machine design.

Mechanical properties are defined as those having to do with the

behavior of the product under applied forces. These mechanical

properties are classified as rheological properties if they are time
\

variable. Mohsenin lists plasticity, elasticity, and viscosity as 

the three fundamental properties for describing the rheological 

behavior of forage materials. The parameters for describing their 

mechanical behavior then become force, deformation, and time. He 

also reports that "Little information is available on the force- 

deformation characteristic in relation to cyclic loading at various 

rates, energy capacity, resilience and stress relaxation." He 

suggests that these factors are fundamental to an understanding of 

the viscoelastic and non-linear nature of forages and are characterized
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by the observed non-recoverable deformationsi

In 1936 -Murdock (13) at Montana State College investigated the 

density of loose hay in stacks. He found that the method used for 

stacking the hay had no affect on the rate of settlement, but that 

the kind of hay had an effect on the final stack density. The 

stacking methods used in these studies included the gin-pole, over

shot, and beaverslide stackers with men on the stack to place the 

hay. Murdock derived the following formula for calculating the 

average hay density at a given point in the stack:

W = 2.6 + 0.1D - 0.04X

where

D = depth from top of stack, ft

X = distance from center of stack, ft
3W = average weight of hay, Ibs/ft

This was an average value obtained from measurements on all sizes of
.

stacks and for several varieties of hay.

Factors affecting the density of long, loose hay in hay barns 

were investigated by Zerfoss (19) in 1947. These factors included 

the stage of plant maturity, the moisture content at the time of 

storage, the method of handling and harvesting before storage, and 

the method of handling during storage. He concluded that loose hay 

that had not been compressed with any force other than the weight of
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the hay had a relatively uniform density for depths up to 12 feet 

after reaching an equilibrium moisture content.*

The research done by Day and Panda (4) shows that the bulk 

density of chopped alfalfa varies directly with the moisture content 

and the depth of storage. They obtained their density measurements 

using a box one foot square and filled to a depth of one foot with 

chopped alfalfa hay. Sand was added over the top of the hay to 

simulate the weight of additional layers of hay.

The moisture content at the time of processing has been found to 

play a significant role in affecting the properties of forages. It 

is difficult to process forages at ideal moisture levels because the 

moisture content can undergo rapid changes when subject to typical 

field drying conditions.

Day and Panda (5) reported that the specific weight, on a dry 

matter basis, of individual forage fragments varied with the moisture 

content. There was a dry matter loss during the drying process which 

would tend to verify their earlier findings that dry matter density 

varied directly with moisture content.

While testing the compressive strength of silage in relationship 

to moisture content Pollock (15) found that maximum dry density for

* Equilibrium moisture content is achieved when the vapor pressure 

of the hay equals the vapor pressure of the atmosphere.
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sorghum silage was achieved with a moisture content of about 40 -per

cent. An increase or decrease in moisture content resulted in a 

decrease in dry density.

Dry matter losses of forages are of two types, biological and

mechanical. Biological losses are related to chemical and bacterial

action and mechanical losses are related to the separation and loss

of plant particles. Boyd (3) found that dry matter losses due to

mechanical handling were excessive when the moisture content was

low. Biological losses which result from bacteria action are also

affected by the moisture content. To prevent excessive dry matter

loss by biological activity the bacteria action must be controlled.

For forage other than silage or haylage this requires dehydration to

the point where microorganisms cannot carry out their life cycle.

Miller (10) reports that "The longer the' preservative conditions are

delayed the greater the destruction of dry matter is likely to be."

Weeks et al. (17) found that higher density stacks with high moisture

levels had a faster rate of internal heating which resulted in more

rapid drying. Rapid drying to the point where microorganisms failed

to function effectively decreased the dry matter loss. These studies

were made on loose stacks 2.5 to 4.5 tons in size that had been

mechanically compressed for additional density. The effects of the

number of compression cycles, the force applied during compression, 
f
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or the hay moisture content on hay density were not determined in 

these tests.

Research by Bohstedt (2) pointed out that heat generated by 

microorganism activity occurs at the expense of nutrient material, 

especially the more easily digestable nutrients like sugars. He also 

reported that pressure applied for increased compaction during storage 

was a factor in preserving carotene and that carotene content is 

probably the best single criterion of quality in hay.

Stewart (16) found that a change in moisture content altered 

the creep and stress relaxation properties of alfalfa forage. He 

found that within the pressure range o f '1,000 to 1,80Q psi the density 

was proportional to pressure, howevqr, this relationship was non

linear. Moisture content did not have a direct influence on density 

in this pressure range. Similar to Pollock's work Stewart found that 

the density reached a maximum for a particular moisture level, which 

he called critical moisture, and then decreased with either a decrease 

or an increase in moisture.

The non-linear behavior of bulk forage was illustrated by 

Hundtoft (8). He used the assumption that hay was a continuum when 

the smallest area considered was large relative to the size of the 

gaps and holes. In addition he used a parallel with the compaction 

of soils and the extension of soil mechanics to bulk forage materials.
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Hundtoft then proposed that bulk behavior in lieu of point behavior 

could be used for forages as is done in soils for yield conditions, 

shear failure, compression failure, and tensile failure. His: 

compression tests were run at pressures ranging from 15 to 4,120 psi 

with forage moisture levels ranging from 23 to 40 percent.
I

Rheological parameters that could be used for evaluating the 

effect of such factors as length of cut, maximum pressure.and 

compression hold time on the stress relaxation and uniaxial expansion 

of alfalfa forage were developed by Yang (18). He used alfalfa in 

his tests and considered the product as a linear viscoelastic 

material. He also assumed it to be homogenous and isotropic at the 

macroscopic level.

Ashcroft (l) investigated the compressibility of reduced alfalfa 

and developed rheological parameters to predict the effect of length 

of cut and moisture content on compression creep. When the material 

was subjected to a constant stress deformation occurred as a function 

of time.

This literature review indicates there have been a number of 

studies on hay processed at high densities in bales, wafers, and cubes. 

A lesser number of studies have investigated the properties of hay 

processed at low densities in loose stacksThere is an increased 

interest in machines for processing hay at a density that is between
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these two levels. A definite need exists for research on hay 

properties in this medium density area.. Producers are looking 

for machines with a high capacity to process hay in this medium 

■density range.



III. Objectives and Method:

A. Objectives

The objectives of this project were to study the compressive 

properties of long hay with particular emphasis on their relation

ship to machine design. Specifically observed were the relationship 

between the hay density, the' hay moisture content, and an applied 

force. Time is also a factor when compressing hay but it was an 

objective in these studies to minimize time. When time is utilized 

to increase density, machine capacity is reduced and this is not a 

desirable criteria for machine design.

The information from these studies was desired to provide:

(l) A basis for predicting machine size and energy requirements for 

a given force-deformation relationship, (2) An understanding of the 

change of force required as a function of deformation. Deformation 

in this low density range being primarily a bulk volumetric change 

rather than a deformation of the individual plant structure.

B. Method

A test model was constructed to investigate the effect of force 

and moisture on hay density. This test model was filled with long 

loose hay and a pressure applied to compress the hay. The applied 

pressures and the volumes changes were measured and recorded during 

the compression and decompression of a cycle.



IV. Test Equipment and Test Material:

A. Compression Chamber

The compression chamber consisted of a rectangular reinforced 

plywood box as shown in Figure I. The top of the box was fastened 

to a cable and hydraulic cylinder arrangement so that it could be 

pulled down or lifted up.

Figure I. Reinforced Plywood Compression Chamber. The power 
unit is shown on the left.
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The cable for raising the top was supported far enough above the 

chamber so that the top could be raised above the chamber to 

provide an opening for filling the chamber as shown in Figure 2.

Figure 2. Compression Chamber With Top in Raised Position. Hay
is being placed in the chamber with a hydraulic loader.

The compression chamber was 8 feet long, 4.5 feet wide and 8 

feet high with a total volume of 288 cubic feet. The dimensions for 

the compression chamber were selected to meet two sets of criteria. 

One was that the smallest dimension should be 2 to 4 times the length
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of the plant stem. A compression chamber 3 feet long, 2 feet wide, and 

4 feet high was found inadequate as the hay could not be packed in 

properly (9). In addition a package of 1,000 to 1,500 pounds in weight 

was desired as it could be easily handled and did not require large 

amounts of hay per test.

Slots were constructed in the chamber sides so that the moving 

chamber top could be observed during the compression process. One of 

the sides was removable so that the hay could be removed after compres

sion. Figure 3 shows the compression chamber with one side removed;

Figure 3. Compression Chamber With One Side Removed. The slots in 
the back side of the chamber and the rope sling that was 
used to lift the hay from the chamber can be observed.
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the slots can be seen in the back side, and also the rope sling that 

was used to lift the hay from the chamber.

B. Measuring Equipment

The tension in the cable pulling downward on the compression 

chamber top was measured by an extended ring strain guage transducer 

as shown in Figure 4. This cable tension was recorded by a Sanborn 

Model 321 strip-chart recorder. The elapsed time during the test 

cycle was recorded on the same strip-chart.

Figure 4. Extended Ring Strain Gauge Transducer.
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The weight of the hay in the test chamber was measured by using 

portable scales placed under the corners of the compression chamber. 

A close-up view of one of these scales can be seen in Figure 5.

Figure 5. Portable Scale That Was Used To Measure The Weight Of 
The Hay.

A 16 mm movie camera was used to record volume changes as observed 

through the slots in the sides of the compression chamber during the 

test cycle.

Hay moisture content was determined by drying the samples in a 

heated forced air oven.
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. C. Power Unit

The power for operating the hydraulic cylinders was provided 

by a separate trailer mounted power unit which consisted -of a gasoline 

engine driven hydraulic pump. The power unit is located to the left 

of the compression chamber in Figure I. Quick-connect hose couplings 

were used to connect this power unit to the hydraulic cylinders.

D. Test Materials

Two types of hay, alfalfa and crested wheat grass', were used in 

the tests. Separate tests were run for each type of hay over a range 

of moisture'levels.



V. Test Procedure:

A. Operation Process Flow Chart

The procedure followed in preparing the material and performing 

the test are described graphically by the process flow chart shown in 

' Figure 6.

B. Material Preparation

Hay was prepared for the tests by cutting and windrowing with a 

self-propelled swather. The hay was left in the windrow to field

cure until the moisture content was reduced to levels of 50 percent
)

or less. To remove any possibility that the hay properties would be 

altered by rain, hay that received any rain on it during the drying 

period was not used for test purposes.

C. Load - Hay into the Compression Chamber

When the hay had field cured to the desired moisture level it 

was gathered and hauled to the test site. A tractor loader was used 

to gather and place the hay in the compression chamber as shown in 

Figure 2. Care was taken to insure that the hay did not receive 

excessive compaction during the fill process. Hand leveling of the 

hay in the compression chamber was sometimes necessary to maintain 

uniform fill. Hay samples were removed during the fill process for 

oven drying to determine the moisture content. These hay samples were 

dried at 200°F for 22 hours _+ 2 hours. Sample weights before and
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r"

Cut and windrow hay 

Delay - field curing

Inspection - to determine hay moisture level

Transport - field to test site

Load - hay ini.) compression chamber

Inspection - record weight

Compress hay - measure variables

Load - additional hay into compression chamber

Inspection - record weight

Compress hay - measure variables

Inspection - determine if desired package 
weight has been reached

Unload - hay from compression chamber

Transport - hay to storage site

Storage

Figure 6. Operation Process Flow Chart For Test Material.
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after drying were used to calculate the moisture content.

D. Compression Process

When the chamber was full of loose hay the top was hydraulic

ally forced downward to compress the hay as shown in Figures 7 and 8.

Figure 7. Start Of Compression Process. The chamber top just 
coming in contact with hay. Man in right foreground 
is recording rod position with 16 mm movie camera.

In Figure 7 the top is just coming in contact with the hay and in 

Figure 8 the hay is fully compressed to the limit of the hydraulic 

system. Additional fills were added and compressed until the weight 

of the hay package reached 1,000 to 1,500 pounds total. In most
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cases 2 or 3 additional fills were necessary to obtain the desired 

weight. The number of fills were affected by the moisture content 

of the hay.

Figure 8. Hay Compressed To Capacity Of Hydraulic Unit.

E. Compression Measurements

The weight of the compression chamber was recorded prior to 

filling and after the addition of each layer of hay. The weight 

of each layer was then recorded.

Steel rods were placed over the top of each layer of hay with 

the ends of the rods extending through the slots in the chamber sides



21

as shown in Figure 9. Graduations along the side of the slots made it 

possible to observe the motion of the rods relative to the graduation 

marks. The position of the rods were recorded with a 16 mm movie 

camera operated at a film speed of 24 frames per second during the 

compression and decompression cycle.

Figure 9. Rods On Top Of Each Hay Layer. The rods were placed on 
top of the layers of hay before compression. These rods 
can be seen in the slots at the top and center of the 
compression chamber. The graduation marks that were used 
to establish rod position can be observed along the slots 
in the side of the compression chamber.
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The cable tension in pounds pulling the top down and the elapsed 

time, in seconds, for the cycle were recorded by the Sanborn recorder. 

The motion and force are related by an elapsed time function which 

permits correlation of the force-volume measurements.

F. Unload - Hay from the Compression Chamber

One side of the compression chamber was removed by loosening four 

bolts. A rope sling and a hydraulic loader were used to lift the hay 

from the chamber and transport it to a storage area as shown in Figure 

10.

Figure 10. Hay Being Transported To Storage Site.
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G. Moisture Range Tested

The test procedure was repeated on numerous hay samples to obtain 

pressure-density relationships over a range of moisture levels varying 

from 50 to 18 percent for both the alfalfa and crested wheat grass hay.

\

i



VI. Analysis of Data:

A. Force-Displacement Relationships

The value of the applied force as a function of elapsed time 

was obtained from the Sanborn strip-chart recorder for each compression. 

The shape of a typical compression curve is shown in Figure 11 with 

force on the ordinate and time on the abscissa.

Iiim m — I--1— H--h- - I - - - 1- - - 1- - - 1- - - H

Figure 11. A Typical Force-Time Curve For One Compression-Decom
pression Cycle.

The curve shows the force changes during the compression and 

decompression of a cycle as a function of time. Point A on the curve 

is where compression started. The applied force increased rapidly 

from point A to point B. Most of the displacement also occurred in 

this time interval. The curve from point B to point C represents a 

small increase in force and a relatively small displacement. The flat
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surface between B and C is the limit of the hydraulic system pressure. 

At point C the flow in the hydraulic system was reversed. A rapid 

decrease in the applied force occurred. At point D all the pressure 

was removed from the hay. ■

During the time period from A to D the positions of each rod and 

the hydraulic control handle were recorded with a 16 mm movie camera 

operated at 24 frames per second. A frame by frame analysis.of the 

film was used to determine the position of the hydraulic control handle. 

The neutral position, in all cases, occurred in only one frame. This 

point indicates when the hydraulic flow was reversed and is therefore 

associated with point G on the,force-time chart as shown in Figure 11. 

The position of the rods at the top of each layer of hay were deter

mined on this frame and at one second (24 frame) intervals for the 

compression region of the cycle and at one-sixth second (4 frame) 

intervals for the decompression region of the cycle. The elapsed time 

during the decompression cycle was approximately one second; therefore, 

•a shorter time interval was used to obtain additional data points.

The force measurements on the strip-chart were synchronized with the 

displacement measurements on the film by use of the time base from 

point C. From this data it was possible to calculate the applied 

pressure and the resulting hay density. (Original Test Data in 

Appendix A).
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The'applied pressure was found by dividing the total force by the 

area: ,

P = F/A ' (I)

where
2P = unit applied pressure, Ib/ft 

F = total applied pressure, lbs
2A = area of the compression chamber top, 36 ft

The hay density was obtained by dividing the total hay weight by 

the chamber volume. The volume was determined by multiplying the area 

of the chamber by the height of the hay in the chamber:

D = W/AH ' ' (2)

.where
.3D = hay density, Ib/ft 

W = weight of hay, lbs

H = height of hay in the compression chamber, ft
2A = area of compression chamber top, 36 ft

The relationships between applied pressure and hay density were 

plotted on a graph with a separate, line for each test. These tests 

indicated that the density was proportional to the pressure; however, 

this relationship was non-linear and appeared to be a curve of second- 

order. A typical curve is shown in Figure 12. This curve is apparent

ly typical of compression properties of fibrous materials as Downes (6 )
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found a similar relationship for wool.

compression

decompression

PRESSURE (Ib/ft )

Figure 12. A Typical Pressure-Density Curve.

Variations between test curves indicated that dry matter density was 

affected by moisture levels. Higher densities were achieved at the 

higher moisture levels.

After the data had been individually analyzed it was combined to 

determine the general relationship between density, pressure, and 

moisture. Data for these three variables were available for each 

point. A computer regression program was used to fit the best
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three-dimensional surface to the data. The general equation used for 

this was:

Z = a + bX =$. cX2 + dY + eY2

•where
3

Z = density of the hay, Ib/ft wet-basis 

X = X1 + C/2 + L 

X1 = applied force, lbs
2C = column weight of the hay, Ib/ft

2L = weight of the compression chamber top, Ib/ft 

Y = (7o dry matter)/100 or Y = (100 - °L moisture)/l00 
a,b,c,d,e = constants determined by computer analysis 

The best fit equation for the alfalfa hay was:

Z = 13.64 + 0.032X - 0.75 x IO-4X2 - 16.7Y + 2.46Y2 (4)

And the best fit equation for crested wheat grass hay was:

Z = 39.97 + 0.025X - 0.197 x IO-4X2 - 102.4Y + 70.03Y2 (5)
2The data for the alfalfa hay had a coefficient of determination (r ) 

of 0.908 indicating that 90.8 percent of the variation in the density 

could be explained by equation 4 which relates pressure, moisture, and 

density. Equation 4 shows that as the moisture and pressure increase 

the density increases.

The test data for moisture levels of 22 and 23 percent were plot

ted on a graph as shown in Figure 13. A curve of equation 4 was drawn
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Figure 13. The Pressure-Density Curve For Alfalfa Hay At 22.3 Percent Moisture. The
data points are for all tests that were run at 22 to 23 percent moisture.
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on this same graph using a weighted average moisture content of 22.3 

percent. This procedure was repeated with moisture levels of 26 and 

28 percent on another graph as shown in Figure 14. The curve is based 

on a weighted average moisture content of 26.7 percent. The high 

moisture data of 49 percent and the curve of equation 4 were, plotted 

as shown in Figure 15. Figure 16 shows a series of curves plotted for 

equation 4 for moisture levels of 20, 30, 40, and 50 percent.

The data for the crested wheat grass had a, coefficient of deter-
2mination (r ) of 0.897 which indicates that almost 90 percent of the 

variation in density could be explained by equation 5. The number of 

tests for the crested wheat grass hay were limited with 2 tests at 18 

percent moisture, one test at 24 percent moisture, and 2 tests at 47 

percent moisture. Additional testing is needed to improve the accu

racy of this equation. Equations 4 and 5 are not valid for use out- • 

side the range over which the variables were tested. This range is 

from 18 to 50 percent for the moisture content and from 0 to 160 pounds 

for the applied pressure.

\
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Figure 14. The Pressure-Density Curve For Alfalfa Hay At 26.7 Percent Moisture. The
data points are for all tests run at 26 to 28 percent moisture.
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Figure 15. The Pressure-Density Curve For Alfalfa Hay At 49 Percent Moisture. The
data points are for all tests run at 49 percent moisture.
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Figure 16. Calculated Pressure-Density Relationships. Curves for equation 4 at 
moisture levels of 20, 30, 40 and 50 percent.
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B. Compressed Density-Relaxed Density Relationships 

When the pressure was removed from the hay a certain amount of 

expansion or relaxation took place. A very rapid drop in pressure 

occurred before any change in volume was observed. From the stand

point of machine design the important factor is the ratio of relaxed 

density to the compressed density as it determines the volume 

available for additional fill. The relationship between compressed 

density and relaxed density is shown in Figure 17. (Original test 

data is shown in Appendix B).

Figure 17. The Relationship Between Compressed Density and Relaxed 
Density.
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The data from all tests fit into a well ordered group.that indicated 

no difference between the alfalfa and the grass hay. Therefore, it 

was assumed that the relationship between relaxed density and 

compressed density was similar for both types of hay. The high 

moisture data were located on the upper portion of the curve and the 

low moisture data were located on the lower portion of the curve. The 

relationship appeared to be linear and a regression line was fitted to 

the data by the method of least squares. The regression equation used

was:

= mZ + n (6)
where

Z^ = relaxed density, Ib/ft
3

Z = compressed density, Ib/ft (Z from equation 3)

m = regression coefficient

n = constant

Solving equation 6 for the constants the resulting values were:

m = 0.99

n = -0.74

Therefore, equation 6 becomes:

Z1 = +.99Z - 0..74 •
2

The data had a coefficient of determination (r ) of 0.947.

(7)

This.

indicates that almost 95 percent of the variation in density can be
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accounted .for by equation 7. This leaves about 5 percent of the 

difference due to other factors. A 5 percent variation will have 

little effect on machine design. Caution must be exercised as 

equation 7 is not valid for use outside the range at which the

variables were tested.



VII. Summary and Conclusion

Compression-density tests were run on alfalfa and grass hay 

over an applied pressure range of 0 to 160 pounds per square foot 

and over a moisture content range of 18 to 50 percent. A non

linear relationship was established between pressure, density, and 

moisture for both alfalfa and grass hay. In addition a linear 

relationship was established between relaxed,density and compressed 

density. Equations describing these relationships have been 

derived.

The equations derived can be used to determine the forces and 

volumes required by machines to compress hay within the range of the

test variables.



VIII. Recommendations For Further Study .

Only two independent variables, pressure and moisture content, 

were studied in these tests. They were examined in only a portion 

of the range over which they could be varied. One area of further 

study would be to extend the range over which these variables were 

tested. Other variables such as length of cut, plant maturity, 

plant variety, and various processing methods could be investigated 

to determine their effect on density in such a manner as to influence 

machine design. Studies could also be extended to determine the 

effect of different density-moisture relationships on the yield and 

storage properties of hay. This could include dry matter loss in 

storage and retention of hay quality.
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APPENDIX A

Raw Test Data for Force, Moisture and Density

Test 
No.

Time
sec.

Force
lb/ft^

Density
Moisture 

°/o wet-basis

Column
Weight
Ib/ft

Com- Re
pressed I axed

ALFALFA HAY '

I 0 0 1.55. 0.22 11.38
I • 0 1.63
2 1.39 1.76
3 2.78 1.91
4 5.56 2.14
5 11.11 . 2.28
6 22.22 2.58
7 36.11 2.91
8 58.33 3.33
9 88.89 . 3.80

.10 118.44 4.14
11 136.11 4.41

3.72

2 0 0 . 2.11 0.22 16.53
I 0 2.28
2 0 2.54
3 5.56 2.79
4 ■ 13.89 3.10
5 27.78 3.81
6 55.56 ■ 3.89
7 ' 94.44 4.31
8 122.22 4.51
9 138.89 4.72

4.61

3 0 0 2.87 0.22 22.50
I 0 3.10 • -
2 • 11.11 3.33
3 22.22 3.60
4 44.44 3.91
5 80.55 4.29
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APPENDIX A (Cont'd)

V  '

Density CoIumn
Test Time Force9 Com- - Re- Moisture Weight
No. sec* Ib/ft pressed Iaxed 7. wet-basis lb/ft2

3

4

5

6

6 111.11 4.66
7 136.11 4.82
8 150.00- 5.00

0 0 3.58
I 4.15 3.58
2' • 25.00 3.91
3 50.00 4.26
4 86.11 4.61
5 116.67 4.88
6 137.50 5.02

0 0 4.57
I 2.78 4.66
2 5.56 . 5.19
3 13.89 5.60
4 , 27.78 6.27
5 50.00 7.12
6 79.17 8.24
7 105.55 9.13
8 127.78 9.76
9 141.67 10:00

10 148.61 10.24

0 1.39 2.27
I 5.56 2.40
2 8.33 2.60
3 13.89 2.84
4 25.00 3.14
5 44.44 3.50
6 . 72.22 3.95
7 108.33 4.35
8 133.53. 4.54
9 150.00 4.74

4.50

4.95

9.54

0.22

0.49

0.22

28.06

35.00

17.78

-V



45

APPENDIX A (Cont1d)

Test
No.

Time
sec.

Force.
Ib/ft

Density
Moisture 
7. wet-basis

CoIumn 
' Weight 
lb/ft2

Com
pressed

Re
laxed •

6 • 10 155.56 ■ 4.85
4.18

7 0 0 4.89 0.49 30.00
I 2.78 5.23
2 8.33 5.61
3 16.67 6.05
4 ' 27.78 6.48
5 44.44 6.97
6 ■ 61.11 7.67
7 83.33 8.36
8 94.44 8.52

8.07

8 0 0 2.13 0.26 ■ 13.33 .
I . 5.56 2.35
2 13.89 2.67
3 27.78 3.14
4 50.00 3.56
5 83.33 4.32
6 119.43 4.85
7 138.89 5.16
8 147.22 5.33

4.21

9 0 4.17 2.49 0.26 19.31
I 11.11 2.76 ‘
2 16.67 3.09
3 30.56 3.46
4 55.56 3.93
5 83.33 4.54
6 113.89 4.93
7 133.33 5.15
8 147.22 . 5.27 ' -

4.83



46

APPENDIX A (Cont'd)

Test
No.

Time 
sec, -

Force, 
• Ib/ft

Density
Moisture 

' 7. wet-basis

CoIumn 
Weight 
lb/ft2

Gom-
■ pressed'

Re
laxed

10 0 0 3.46 0.26 27.08
I 8.33 3.49
2 27.78 3.92
3 50.00 4.39
4 88.89 4.85
5 116.67 5.24
6 138.89 5.51
7 . 147.22 ' 5.70
8 152.78 • 5.80

5.16

11 0 5.56 4.02 0.26 31.52
I 22.22 4.35
2 ■ 44.44 4.67
3 77.78 5.11
4 113.89 5.48 >
5 138.89 5.73 '
6 . 150.00 5.82
7 154.17 5.91
8 155.56 5.91
9 156.95 6.01

5.25

12 0 0 2.11 0.28 15.28
I 2.78 2.35
2 11.11 2.70
3 22.22 3.06

■ 4 36.11 3.59
5 61.11 4.26
6 91.67 4.95
7 122.22 5.73

, 8 145.97 6.11
9 150.00 6.11 V , ■ -• , ■;

10 151.39 6.32 ■ ...
5.24
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APPENDIX A (Cont’d)

Density Column
Test
No.

Time
S B C e

Force9
Ib/ft

Com- Re
pressed I axed

Moisture 
7o wet-basis

Weight 
lb/ft2

13

14

15

0 0 2.71
I 2.78 3.01
2 11.11 3.38
3 27.78 3.85
4 52.78 4.39
5 91.67 5.00
6 122.22 5.43
7 140.28 5.81
8 150,00 5.95
9 154.17 6.10

0 o '■ 3.61
I 11.11 3.82
2 27.78 4.26
3 50.00 4.75
4 91.67 5.30
5 122.22 5.86
6 141.67 6.08
7 152.78 6.19
8 156.94 6.31
9 158.33 6.31

10 159.72 6.44

0 0 1.41
I 1.38 1.56
2 5.56 1.77
3 13.89 2.08
4 27.78 2.57
5 55.56 3.20
6 102.78 3.94
7 133.33 4.55
8 147.22 4.93

0.28

5.10

0.28

5.97

0.23

■ ■,

20.83

19.03

9.86

4.23
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APPENDIX A (Cont'd)

____Density_____
Test Time Force^ Com- Re-' Moisture
No. sec. Ib/ft pressed Taxed % wet-basis

Column
Weight
lb/ft2

16

17

18

0 5.56 2.63
I 11.11 2.69
2 22.22 3.02
3 33.33 , 3.36
4 55.56 3.84
5 86.11 . 4.39
6 116.67 4.83
7 136.11 5.25
8 ‘ 150.00 5.49
9 155.56 5.62

10 158.33 5.75

0 . 8.33 3.39
I . 30.56 3.79
2 58.33 4.24
3 100.00 4.75
4 127.78 5.05
5 144.44 5.22

0 0 1.71
I 4.17 1.92
2 11.11 2.14
3 19.44 2.47
4 33.33 2.79
5 55.56 3.29
6 . 94.44 3.77
7 127.78 4.28
8 144.44 4.43

4.39

4.42

3.77

0.23 20.13

0.23 26.52

0.22 10.69
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APPENDIX A (Cont'd)

Test Time Force,
Density 

Com- Re- Moisture
Column
Weight

No. sec. V d -I ft • pressed Iaxed ■ °L wet-basis lb/ft2

CRESTED WHEAT GRASS HAY

19

20

21

0 9.86 4.13
I 12.64 4.27
2 15.41 4.60
3 25.14 5.05
4 40.41 ■ 5.59
5 62.64 6.26
6 95.97 7.12
7 123.75 7.90
8 143.10 8.45
9 154.30 8.65

10 159.86 8.86
11 162.64 9.08

0 8.33 6.03
I 13.89 6.30
2 30.56 6.91
3 61.11 7.66
4 100.00 8.33
5 125.00 8.85
6 138.89 9.29
7 147.22 9.44
8 150.00 9.60

0 0 2.32
I 2.78 2.44
2 5.56 2.64
3 13.89 3.25
4 25.00 3.31
5 50.00 . 3.82
6 ’ 80.56 4.43
7 111.11 5.00

8.26

9.14

0.47 30.27

0.47 47.22

0.18 16.25
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APPENDIX A (Cont1d)

____Density_____
Test Time Forceg Com- Re- ■ Moisture
No. sec. ■ Ib/ft pressed I axed °L wet-basis

Column 
Weight 
lb/ft2

21

22

23

9 148.61 ' 5.57
10 152.78 5.74
11 155.56 5.91

0 0 4.20
I 2.78 4.20
2 8.33 4.49
3 30.56 4.70
4 69.44 5.27
5 111.11 5.72
6 136.11 5.98
7 150.00 6.08
8 154.17 6.27

0 . 0 2.73
I 2.78 2.77
2 8.33 2.99
3 19.44 3.24
4 33.33 3.65
5 55.55 4.18
6 95.83 4.89
7 126.39 5.61
8 147.22 6.05

• 9 155.56 6.39

4.06

4.82

5.11

0.18

0.24

32.92

19.16
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APPENDIX B

Compressed Density - Relaxed Density Data

Test No.

Density

Compressed Relaxed Moisture

I 4.41 3.72 0.22
2 4.72 4.61 0.22
3 5.00 ■ 4.50 0.22

. 5.02 4.95 0.22
10.24 9.54 0.49

6 4.85 4.18 0 .2 2 '
7 8.52 8.07 0.49
8 5.33 4.21 0.26
9 5.27 4.83 0.26

10 5.80 5.16 0.26
11 6.01 5.25 ' 0.26
12 6.32 5.24 0.28
13 6.10 5.10 0.28
14 6.44 4.97 0.28
15 4.93 4.23 0.23
16 . 5.75 4.39 0.23
17 5.22 4.42 ‘ 0.23
18 4.43 3.77 0.22
19 9.08 8.26 0.47
20 9.60 9.14 0.47
21 5.91 4.06 0.18
22 6.27 4.82 0.18
23 6.39 5.11 0.24
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