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CHAPTER I 

INTRODUCTION 

Relevance of the Research 

Hay is the most important harvested feed for 1 ivestock; average an­

nual production in the United States is about 130 mil lion metric tons. 

In the state of Oklahoma, there are approximately 0.72 mi Ilion hectares 

of cultivated land used for producing hay crops. The market value of 

hay produced from this land was estimated at slightly over 210 mi Ilion 

do 1 1 a r s i n 1 9 77 ( Ag r i c u 1 t u r a 1 S t a t i s t i c s , 1 9 7 8 ) . 

Alfalfa, sometimes called the 11queen of the forage, 11 is one of the 

most important forage plants in the United States. It has the highest 

feed value of all commonly grown hay crops. Alfalfa produces more pro­

tein per hectare than any other crop for livestock (Dale et al., 1978). 

In 1977, about 1.2 million tons of alfalfa were harvested in Oklahoma. 

This amounts to about 40 percent of the total harvested forage (Agricul­

tural Statistics, 1978). 

If harvested and handled properly, alfalfa wi 11 produce two and one­

half times as much protein per hectare as soybeans, two times as much 

protein as corn silage, and three times as much protein as shelled corn 

(Dale et al., 1978). Economically alfalfa competes well with the grain 

crops. 

Just these few references are adequate to indicate the importance 

of alfalfa as a cash crop and a high protein feed. A major limiting 
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factor in alfalfa production is the losses caused by the mechanical har­

vesting operations and bad weather. 

In the curing of high quality hay, proper drying of the crop has 

been an important consideration, because in humid regions it is difficult 

to completely field c~re the forage without some rain or dew damage. 

Rains reduce the quality of hay by leaching the nutrient and by bleach­

ing. The loss of feed value, in weather-damaged hay, can vary from 25 

to 40 percent (Kurtz et al., 1968), and is a major concern to forage 

producers. Quality is also reduced through extra hand] ing, causing leaf 

and stem losses. 

Freshly cut alfalfa is a I iving material, since the plant cells con­

tinue respiration and plant enzymes are active as long as air is present 

and there is sufficient moisture avai !able. Losses of dry matter amount­

ing to 5 to 15 percent of the total crop have been found to occur from 

these fermentation losses during normal field drying (Pederson et al., 

1960). 

During the period of curing alfalfa hay, the rate of moisture loss 

from the leaves is more rapid than the rate of moisture loss from the 

stem. The principal impediment to rapid drying 1 ies in the geometry and 

structure of the plant stem. The leaf has a large area with numerous 

openings relative to its volume. The stem is roughly a circular cylin­

der, giving a small surface area, and is covered with a more impervious 

epidermis and cuticle perforated with fewer stomates (Bagnall et al., 

1970). This characteristic difference in the rate of drying of two con­

stituent parts of the plant results in overdry leaves, while the stem 

contains more moisture than is safe for storage, normally 25 percent (dry 

basis). By the time the moisture content of the stems is lowered to 27 



to 33 percent, that of the leaves may be as low as 12 to 14 percent. 

When the leaves become overdry, they are susceptible to shattering loss 

in the ordinary process of takin9 the hay into the storage. 

Salmon et al. (1925) reported that over seven seasons of cutting, 
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an average of 19 percent of the leaves were lost when alfalfa hay was 

harvested by mowing, natural curing, and raking. This figure was consid­

erably larger when the hay received one or more rains while stil 1 in the 

field. In this connection, it should be stated that the leaves are the 

most valuable parts of the hay crop. Although leaves make up about 50 

percent of the dry matter, they contain approximately 75 percent of the 

digestible protein, 90 percent of the carotene, 60 percent of the digest~ 

ible dry matter, but only 25 percent of the crude fiber in the whole 

plant (Bohstedt, 1944). 

Because of weather risk and increased loss of carotene, protein, and 

dry matter with extended field exposure, the time interval between cut­

ting and storing of alfalfa hay should be reduced to a minimum and the 

slower drying rate of the stem should be speeded up to approach that of 

the leaves. 

A great deal of progress has been made in the development of forage 

conditioners. In common usage, the term ''hay conditioning" refers to any 

form of mechanical treatment of freshly cut hay in the field that is used 

to increase the natural drying rate. The conditioners crack the hay stem, 

exposing more area for moisture loss and thus speed the field-curing 

rates of forage crops. The present commercial conditioners may be put 

into two general classifications: the corrugated roll (cri'l1per) and 

the smooth roll (crusher). The crimper, because of its corrugaged 

rolls, cracks the stem at regular intervals while the smooth-roll unit 
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crushes the stem along its entire length. Tests at a number of agricul­

tural stations have demonstrated that hay crushed immediately after mow­

ing dries considerably faster than untreated hay. Laboratory tests with 

various mechanical, chemical, thermal, and electrical treatments applied 

to alfalfa indicated that crush1ng the stems to increase the amount of 

exposed surface is one of the most effective ways to increase the drying 

rate (Priepke and Bruhn, 1970). Pedersen and Buchele (1960) found that 

only when the stem surface was nearly disintegrated by hard crushing (so 

severe that it caused juice to appear on the stem surface) did the rate 

of evaporation for the stems approach that of the leaves. 

Bruhn (1955) found that the drying rate is essentially in direct re­

lation to the degree of crushing. He indicated that up to a certain 

point, roll pressure very definitely affects the drying rate unless other 

factors mask out the pressure effects. Observation of potential clipping 

losses (the clipping was indicated as the precent of separation of leaves 

and small stems determined by screening the sample through~ 51 mm mesh 

poultry netting) and of actual losses by picking up missed material after 

windrowing and baling indicated that losses due to conditioning with a 

mower-conditioner may be greater than from mowing without conditioning by 

1 to 4 percent of the yield (Kepner et al., 1960). Crushing alfalfa 

under high pressure, 5.3 kg per centimeter of roll length (30 lb/in.), 

results in an extremely high drying rate, but it has little practical 

value because of excessive clipping losses during subsequent handling 

(Bruhn, 1959). While not all of the clipped leaves and stems wi 11 be 

lost during pick up of the cured crop, it is logical to believe that the 

losses will be essentially in proportion to the clipping. 

·To make this method of harvesting (crushing under high pressure) 
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practical, a method of curing hay in the field should be designed tore­

constitute the crushed crop back into a wind row in a form that wi 11 save 

all the leaves and promote rapid curing to reduce the possibility of 

rain damage. This would be done by hard crushing and then binding all 

components of ttre treated crop together. The sticking of the separated 

leaves and small stems may be accomplished by bonding agents and pres­

sure. Numerous binders are available and several have been tested for 

their effect on rice straw cubability (Waelti and Dobie, 1973). Doble 

(1975) reported that most grasses cube reasonably well with the addition 

of 5 percent of a good binder, provided it is well distributed on the 

material. The more difficult-to-cube grasses may require 7.5 percent of 

binder to produce good cubes. 

Dry binders can absorb some of the juice resulting from hard crush­

ing of alfalfa stem and may make a batting that will hold all components 

of the hay together during field curing ahd during baling. Information 

on the effect of binders on drying rate and final form of hard crushed 

alfalfa is needed for designing more effective forage harvesters. Speci­

fic information on this topic is not available. The present study was 

undertaken to obtain information on the effects of adding binders to 

hard crushed alfalfa on the drying rate of alfalfa and reducing crop 

losses. 

Objectives 

The specific objectives were as follows: 

1. To evaluate the effects of hard crushing on drying rate of al­

falfa and clipping losses of leaves and small stems. 

2. To investlgate the possibility of making a continuous batting 



from hard crushed alfalfa (including separated leaves and small stems) 

by applying different bonding agents and pressures. 
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3. To evaluate the drying rate and durability of the forage batting 

as influenced by combinations of roll pressure, binder type, and binder 

concentration. 



CHAPTER I I 

REVIEW OF LITERATURE 

Hay is grown on more than one-half of all the farms in the United 

States, with the area averaging about 20 percent of the total harvested 

crop land. Forage harvesting and handling is complicated by the nature 

of the prod~ct. Hay is a crop of great bulk and may contain 65 to 85 

percent water when harvested. For storage, it must be dried, either 

naturally or artificially, to a safe moisture content of 20 to 25 per­

cent (dry basis). Long loose hay or extremely loose bales can tolerate 

slightly higher moisture content without serious damage. 

Alfalfa is often a difficult crop to harvest because of the differ­

ential drying rate of the leaves and stems. By the time the stems have 

reached a moisture level sufficient for storage, the leaves have been 

overdried. This excessive drying of the leaves only serves to increase 

shattering losses in subsequent operations. The possibility for harvest­

ing high-quality hay in humid regions is generally low, because the 

period of time between ~ains is less than the time required to cure, har­

vest, and store the hay. 

Traditionally, the substantial difference in leaf and stem drying 

rates has led to many attempts to increase the drying rate of the stem. 

For example, stems have been subjected to mechanical dewatering (Chancel­

lor, 1964), heat blanching (Thompason, 1952), hot water blanching (Chan­

cellor, 1964), steaming (Byers and Rout ley, 1966), removal of epidermis 
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or cortex (Bagnall et al., 1970), twisting, chopping, and crushing 

(Pedersen and Buchele, 1960). The principal objective of all methods 

was to decrease the field curing time and thus minimize the possibility 

of loss due to bad weather. 

Mechanical Treatment 

8 

Tests at a number of agricultural research stations have demonstrat­

ed that hay crushed immediately after mowing dries considerably faster 

than untreated hay. Geographic location also tended to have a bearing 

for some mechanical. treatments on their hay drying rates. 

Early development work with forage crushers, as a means of acceler­

ating the drying rate of alfalfa, was conducted in California (Bainer, 

1931) during the early 1930's with a machine designed and constructed by 

E. B. Cashman. The early machine was a self-propelled unit and consisted 

of a platform and draper very similar to those found on the ordinary 

grain binder of that period with a set of rubber-covered steel rolls. The 

lower roll was held rigidly in place while the upper roll floated under 

tension provided by two springs. Two revolving brushes tended to keep 

the rolls free of any crushed hay. Ten hours after cutting with this 

machine, the crushed hay contained 23 percent moisture (wet basis) while 

the regular cut hay contained 46 percent. 

Reed (1932) found that crushed soybean hay dried v~ry rapidly and 

that in 2.5 hours it had reached a moisture content of 30 percent (wet 

basis), while the uncrushed sample still contained 34.7 percent moisture 

at the end of 14 hours. 

Zink (1933) obtained similar results by passing the alfalfa between 

two rolls which were held in contact with each other by means of 
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springs. One of the rolls was made of steel while the other was of 

steel covered with rubber. He reported that the crtJshecl alfalfa had 

reached a moisture content of 25 percent /1 1-wur'> after cutting, while 

the uncrushed hay had not yet reached 25 percent moisture content until 

on the second day or about 23 hours after cutting. The process provided 

for a more equal drying rate of leaves and stems, and increased the dry­

ing rate by stem bleeding and by increased evaporation through the stem 

fractures. Although Zink reported that under e~stern Kansas conditions 

crushing appeared to insure a moisture content sufficiently low to per­

mit storage of alfalfa hay the same day that it was cut, little accept­

ance of the crushing method was noticed unti 1 the middle fifties. 

In 1926, an investigation was made of the relation of the drying 

rate of alfalfa leaves and stems (Kiesselback and Andetson, 1926). The 

results indicated that under laboratory conditions, first cutting alfal­

fa hay, when at 20 percent moisture content, was composed of leaves con­

taining 12 percent and stems conta1ning 27 percent moisture. Zink 

(1933), under field curing conditions, obtained similar results. He 

found that when there was 30 percent moisture within the hay, the leaves 

had only 16 percent while the stems had 38 percent. 

By crushing large-stemmed hay, such as Johnson grass and sudan 

grass, Jones and Dudley (1948) found the time required for field curing 

could be reduced from one-third to one-half that of crushed hay. They 

observed that the moisture content of uncrushed sudan grass was not low 

enough to bale until the morning of the fourth day, or 72 hours after it 

was cut, while the crushed required only 27 hours to cure and was. baled 

on the second day after cutting. They also indicated that the leaves of 

uncrushed hay were overcured and shattered before the stems cured. 
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A study made by Bruhn (1955) of alfalfa indicated that high pres­

sure, high roll speed, multiple rol Is, operating the second set of rolls 

slower than the first set and feeding the material to be crushed into 

the rolls in a very thin uniform layer all contributed toward more effec­

tive crushing and higher drying rate. He found that the forage fed once 

through the machine with two sets of rol Is had dropped to 25 percent 

moisture in a 1 ittle over four hours, and that which made an additional 

pass through the two sets of crushing rol Is dropped to 25 percent mois­

ture in about three and one-half hours. He also pointed out that two 

pairs of crushing rolls operating at moderate speed, pressure, and rate 

of feeding produced a drying effect comparable to one pair of rol Is 

operating at high pressure, high speed, and low rate of feeding. How­

ever, the two pairs did less damage to the crop in the way of clipping 

and stripping than the one pair when operated for high performance. The 

results also indicated that operating the second pair of crushing rolls 

slightly slower than the first pair seems to increase the effectiveness 

of the crushing with no apparent increase in clipping and stripping 

losses. 

Boyd (1959) conducted field tests to determine the drying rate and 

field losses of alfalfa and timothy-brome hay which had been conditioned 

with a crimper, a crusher, or a flail-type forage harvester. Results in­

dicated that flailed material dried at a greater rate than the other con­

ditioned materials. He also reported crushing is somewhat more effective 

than crimping and it can reduce drying time by about 30 percent. Pickup 

losses of approximately 7 percent of the total yield for uncrushed alfal­

fa, 11 percent for crushed and crimped, and 14 percent for the flailed 
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material were reported. Simi Jar results were reporterl by Sutherlnnd 

(1959). 

Bruhn (1959) Studied the effect of dcl.1y in the crushing operation 

and indicated that delaying the crushinq just meant a drying rate simi­

lar to uncrushed material during the delay and then a drying rate after 

crushing comparable to crushed material of the same moisture content. 

Double crushing with a delay between the first and second crushing pro­

duced~ very high drying rate with a considerable jump at the time of 

second crushing. He also reported that the clipping of leaves and small 

stems from the main stem was inversely proportional to the rate of tra­

vel and the thickness of the mat of material passing between the rolls, 

and the increased drying rate was in direct relation to the clipping. 

Casselman and Finham (1960) compared the field-drying rate of alfal­

fa hay which had been flail-cut, mowed and crimped, or just mowed. The 

flail-cut material, which was placed in windrows by the flail unit, dried 

to 20 percent moisture content (wet basis) in 28 hours, whereas the 

crimped alfalfa required 53 hours and the untreated about 77 hours. 

Similar work has been carried on with a crusher and crimper in 

California (Kepner et al., Jg6Q). The results indicated that, in qeneral, 

conditionina usually reduced the field curinq time by about two days. 

They pointed out in the second cuttinq, however, showers occurred after 

the conditioned hay had been baled and while the control was still in the 

windrow, thus increasing the diFference in curing time to four days. 

They also reported that field losses due to conditioning exceeded those 

without conditi?ning by an average of 1.1 percent of the crop with the 

crusher and 3.6 percent of the crop with the crimper. 

By applying different treatm~nts to the alfalfa plant, Pedersen and 
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Bucheie (1960) concluded that faster drying was obtained when the stems 

were hard crushed or when the stems were penetrated several places per 

inch of length. Lower rates were recorded when the stems were twisted, 

crushed, or cut in pieces of 2 inches in length. They also reported 

that as hard crushing was applied, the stem dried faster than the leaves. 

It is thus evident that a complete breakup of the cuticle causes the 

stems to dry faster than the leaves. 

A laboratory experiment was conducted by inserting a vapor barrier 

between the hay and the soil. Results indicated that the effects of 

evaporation from wet soil was eliminated and the time necessary to dry 

the hay to storable conditions was reduced. They also pointed out that 

hay mowed before 10:00 a.m., crushed, and placed on black polyethylene 

sheets, dried to a storable moisture content of 20 percent (wet basis) 

before 4:00p.m., and was .harvested the same day as cut. 

Fairbanks and Thierstein (1966) reported that crushing the alfalfa 

probably increases the rate of carotene losses during field curing; how­

ever, because of the increased rate of drying and reduced drying time, 

the carote~e c6nte~t of the crushed hay at time of storage will be equal 

to or higher than that resulting from other conditioning treatments. 

They also indicated that alfalfa may be cut, conditioned by crusher, and 

baled the same day in eastern Kansas when weather conditions are satis­

factory. 

Geographic location appeared to have an effect on the flail mower 

treatment. Hall,working in Ohio (1964), found hay with that treatment 

dried quicker than crushed hay. However, Kurtz and Bilanski (1968) found 

dissimilar restilts in Canada. They reported that the quickest drying 



rate was demonstrated by the alfalfa hay which was treated by the mow­

crushed process. 
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Hellwig (1965) indicated that the rotary mower severely altered the 

physical form of~bermudagrass and gave a more rapid rate of drying than 

the crusher or crimper. However, the loss of one-half or more of the 

yield made this method undesirable for making hay. 

Single stem samples were scraped with a sharp knife (Bagnall et al., 

1970) and dried to determine the effect of removal of the surface layer 

of cells on drying rate. Light scraping removed the translucent epider­

mis and heavy scraping removed the bright green cortex. The drying rate 

for 1 ightly scraped samples was significantly higher than that for con­

trols, and the drying rate for heavily scraped samples was higher than 

for the lightly scraped samples and controls. He concluded that princi­

pal restriction to stem drying is in the epidermis and cortex, and that 

complete removal of these can substantially increase the drying rate. 

Barrington and Bruhn (1970) investigated the effect of existing 

mechanical forage harvesting devices on field curing rate and relative 

harv~sting losses, and reported that roll-type crushers were highly suc­

cessful in increasing the field drying rate of both alfalfa and hybrid 

sorghum sudangrass. Harvest losses resulting from use of these machines 

were relatively small. They also indicated that conditioning a forage 

crop with flai 1 .mower-type equipment can result in a high drying rate, 

but usually al$0 results in a high harvest loss. 

Under laboratory conditions, four sets of different types of crush­

ing rolls were evaluated by Straub and Bruhn. (1975). They concluded 

while increased pressure tends to increase drying rate when both rolls 

are driven, it may tend to have a negative effect if only one roll is 
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driven. They also reported that conventional rolls (spiral steel bar 

roll against a ti-cord roll) did poorest at lmv roll pressure. However, 

as roll pressure was increased, both the conventional rolls and ti-cord 

rolls produced a treatment which gave faster drying rates than the rub­

ber-coated intermeshing rolls. 

The objective to increase drying rate and digestibility of coastal 

bermudagrass was achieved by a tandem roll mower crusher (Hellwig et .al., 

1977). They indicated that in the southeastern United States, one day 

saving in drying time may be the difference between recovering 90 per­

cent of the hay and losing all of it. 

The effect of five different types of forage conditioning rolls, 

two levels of treatment (one or two passes of material), andthree levels 

of feed rateonthe drying rate of alfalfa hay were investigated under 

laboratory conditions (Aviki and Batchelder, 1979). The results indi­

cated that: 

I. The most effective type of roll was the steel crimper roll that 

on the average dried hay about 1.75 hours faster than plastic cord roll 

treated hay. 

2. Alfalfa hay treated twice dried about 0.5 hours faster than 

that treated only once. 

3. An increase in feed rate generally resulted in an increase in 

drying time required for all rolls except for the plastic cord rolls. 

4. Under simulated conditions harvesting alfalfa in one day, even 

for the best treatment, was not possible. 

Chemical Treatment 

Tullberg (1965) investigated the use of a chemical agent to keep 
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the stomata open and studied the effects of this treatment on drying 

rate. Alfalfa samples were treated with sodium azide 0.0005 in tnrtrilte 

buffer 0.01 m, pH 4.5, both by i~nersion and spraying. It was found 

that this treatment kept stomata open to an average width of 4 ~ at 40 

percent moisture content, while untreated samples had closed stomata at 

60 percent moisture content. ~/hitney et al. (1969) found that leaves 

with stomata open to any extent dried significantly faster than did 

those with completely closed stomata. 

By use of sodium azide as an agent to promote the drying rate of 

alfalfa, Mears and Roberts (1970) found that in low temperature tests 

all drying rates were increased with the treatment and increases became 

more pronounced at higher moisture contents. It must be pointed out, 

however, that sodium azide is toxic and the residual material in the 

drying alfalfa may be dangerous. 

A chemical treatment was applied by dipping the cut alfalfa into an 

analytic reagent grade of carbon tetrachloride for a few seconds (Priepke 

and Bruhn, 1970). The solvent seemed to have an effect on the fatty 

acid esters which are the basic component of cutin. This allowed more 

water to be removed from the alfalfa in the first drying period when com­

pared to the untreated samples. The drying rate was also increased due 

to the lower resistance of exposed surface to water movement. They re­

ported that the drying rate of alfalfa, crushed and then dipped in a car­

bon tetrachloride solution for a few seconds, was much greater than that 

obtained when each treatment was applied individually. 

Tullberg (1976) treated lucerne by rapid immersion in potassium car­

bonate solution under laboratory conditions. Results indicated that the 

maximum drying rate occurs at concentration in the order of 0.18 m. 
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Increased potassium carbonate concentration did not result in further in­

creases in drying rate using this treatment method. In fielrl experiments 

done by Tullberg again, the results have supported the laboratory re­

sults. He found that hay treated with heavy application (300 liters per 

hectare) of 0.18 m potassium solution wi 11 dry more rapidly than that 

subjected to severe mechanical conditioning. At lower application rates 

(200 I iters per hectare) the potassium carbonate treated hay was signifi­

cantly drier than untreated material, and also appeared to be substan­

tially drier than hay cut by mower-conditioner. 

Furthermore, chemicals have been applied to reduce the field curing 

time by increasing the maximum allowable moisture content for safe stor­

age. Alfalfa hay baled at 32 percent moisture content (wet basis) was 

treated with anhydrous ammonia at one percent level of the weight of the 

hay and lost 5.2 percent Jess dry matter than did untreated alfalfa 

( Kn a p p e t a I. , I 9 7 5 ) . 

Hanby and Shepperson (1975) applied propionic acid at a two percent 

level by weight and concluded that if it can be uniformly distributed, 

it will inhibit mold development on hay having up to 35 percent moisture 

content. 

Similar results have been reported by Bush (1977). He indicated 

that an application of 70 percent propionic acid plus 30 percent forma­

l ion at a rate of one percent of the weight of the hay and with the hay 

stored at 30 percent moisture content wil 1 result in a quality approxi­

mately equal to that of any baled hay under ideal conditions. 

Heat and Steam Application 

Alfalfa stems were subjected to heat blanching by Thompson (1952). 
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The results showed that heat blanching of green alfalfa speeds the sun 

drying rate by increasing the rate of water loss, and preserves carotene. 

It also gives a product in which carotene is more stable than in ordin­

arily dried material and probably preserves nutrients ordinarily lost by 

respiration after cutting. 

In a study conducted by Byers and Routley (1966), the alfalfa sam­

ples were crimped or steamed-crimped immediately after cutting. The re­

sults indicated that steaming speeds the movement of water from alfalfa. 

Crimping plus steaming further increases the initial drying rate, while 

after a limited time drying rate increases. This indicates that the dry­

ing rate is 1 imited to the decreasing permeability of the cell wall cyto­

plasmic membranes and stomata action. 

Preliminary tests were conducted to determine the effectiveness of 

applying an open flame to alfalfa on field drying time (Person and Soren­

son, 1970). Application of a flame to standing plants or to plants after 

they had been cut resulted in a significant reduction in drying time. 

Similar work has been carried on by Priepke and Bruhn (1970). They 

reported that for the heated plants, because of initial water evapora­

tion, the initial drying rate was higher than untreated samples. They 

also pointed out that the improvement of drying rate can be attributed 

mostly to surface alteration. 

Heated rolls were used to crush the alfalfa at 182°C and 138°C 

(Priepke and Bruhn, 1970). The results showed that about 18 percent of 

the water was evaporated during. the treatment by the heat from crushing 

apparatus. The main effect of this treatment was the crushing, but indi­

cation at the 182°C level was that the drying was improved by the heat 

affecting the alfalfa's physical structure. They concluded that the 
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heat may have had the effect of melting the cutin to expose some of the 

stem surface which has less drying resistance. 

A report by Priepke and Bruhn (1970) evaluated the effect of micro­

wave treatment on drying rate of alfalfa. The samples were first crush­

ed and then placed in a commercial household microwave oven for five sec­

onds. The results indicated that the drying rate of alfalfa samples 

with thJs treatment was greater than that obtained when each crushing 

or microwave treatmerits were appl led individually. 

Hot Water Blanching 

ln ~study conducted by Ch~ncel lor (1964), chop~ed alfalfa was im­

mersed three seconds in boiling water and then the blanched material was 

placed between two flat plates and pressure applied. With this method 

he removed up to 83 percent of the water content from alfalfa while 

about 15 percent of the dry material was lost. 

Bagnall et al. (1970) reported that immersion of stems of alfalfa 

for three to twenty seconds in water at 60 or 93°C increased the drying 

rate of the stem while other temperatures and exposure times h2d no sio­

nificant effect. They also indicated that hot-water blanching did not 

increase the drying rate sufficiently to justify the cost of time and 

equipment, especially when water absorbed during blanchinqw'lsconsidered. 

In another test, the blanching treatment was performed by dipping 

the cut alfalfa into boiling water for ten seconds (Priepke and Bruhn, 

1970). The results indicated that the samples took in 28 percent more 

water than was originally in the alfalfa during the treatment which 

greatly delayed the drying time even though it had a higher drying con­

stant. They pointed out that the hot water blanching may have softened 
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the surface, lowering its resistance to water movement, or the heat may 

have broken down proteins, lowering their water holding capacity. 

Crop Losses 

The loss of leaves while curing and hand! ing accounts for a consid­

erable loss of nutrient value of the final product. The amount of leaf 

loss is extremely variable. It is influenced by a number of factors, or 

combinations of factors, depending both on the machine used in hay mak­

ing and the climatic conditions while the h~y is being handled. The loss 

of leaves has been noted by many investigators. Salmon et al. (1925) 

found that in over seven seasons of cutting, including four stages of 

maturity in each of the subsequent crops, an average of 19 percent of 

the leaves was lost. This loss was found to vary from 2.3 percent to as 

much as 34 percent. In this study the leaves represented 51.1 percent 

of the crop at the one-tenth bloom stage. 

Zink (1936) observed the field drying rates of leaves and stems and 

concluded that as alfalfa hay approaches 30 percent moisture (wet basis), 

there is considerable danger of losing the leaves. He also indicated 

that leaf shattering occurs when they approach an air dry condition of 

approximately 10 percent moisture and apparently have a rather narrow 

range of moisture content when they are susceptible to separation from 

the main plant. 

Shepherd et al. (1947) calculated yield totals for different hay 

management systems at different times during the harvest system. They 

mowed the alfalfa at quarter bloom, it was rained on twice, and baled it 

at 20 percent moisture content. They indicated that 36 percent of dry 

matter was lost during this process. 
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Daum (1958) has shown that the strenqth of attachment of alfalfa 

leaves to the stem is influenced by the moisture content of the st<Jik, 

with the force necessary to remove the le.Jf from the stem decrcasinq 

rapidly below a stalk moisture content of approximately 40 percent (wet 

basis). 

An extensive review of losses is contained in Hall's book (1957). 

He reports losses in field cured hay ranging from 23 percent under the 

most favorable condition to 54 percent. According to the USDA (1954), 

the total loss of hay crop in the United States is 650 million dollars 

per year. 

Losses of 5 to 15 percent of the dry matter have been found to 

occur from respiration and enzyme act,ion during normal field curing 

(Pedersen and Buchele, 1960). 

Field losses were compared between the flai 1-cut and crushed por·­

tion of the field ()n second cutting alfalfa by Hall (1964). He reported 

that the losses for the flailed alfalfa amounted to 14.1 percent of the 

total yield and the loss for the crushed alfalfa was 11.6 percent of the 

total yield. 

A study was made by Vigiva Raghavan and Bilanski (1973) to find the 

effects of tension, bending, impact, and vibrat~oh on alfalfa leaf loss 

for different moisture contents at different stages of maturity. Overall 

results indicated an increase of leaf loss due to mechanical forces at 

low moistures and older stages of maturity of the plant. 

Dale et al. (1978) developed a computer simulation model (Hayloss) 

of alfalfa harvest losses incorporating the effects of climatic informa­

tion, plant species, and different machinery systems. Using the same 
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input data as Shepherd cl al. (19ll/), il,1yloss qavc a 34.2 rcrccnt total 

harvest loss as compared to 36 percent for Shepherd'~ data. 

Drying Mechanism 

The mechanism by whi~h moisture is moved from biological materials 

has been described by Barre (1938). Moisture wi 11 move as a vapor from 

regions of higher partial vapor pressure to regions of lower partial 

pressure. The rate of this movement is proportional to vapor pressure 

gradient and inversely proportional to the resistance to vapor movement. 

Thus, the process can be considered one of diffusion. To increase the 

drying rate, it is necessary to increase the vapor pressure gradient or 

decrease the res1stance to vapor movement. Heat and mass transfer prin-

ciples show that the shorter the distance through which the moisture dif-

fuses, t~e greater the moisture diffusion rate will be. In an alfalfa 

stalk, this distance is shortened by conditioning the stalk in such a way 

as to split the stalk longitudinally. Thus, more of the stalk is exposed 

to the drying medium and the distance through which the moisture must 

diffuse is reduced due to splitting of the stalk (Hall, 1964). 

Studies of the drying rate of biological materials have shown that 

the rate of drying is proportional to the differences between the final 

equilibrium moisture content and the instantaneous moisture content. 

Mathematically, this is given by: 

( 2 . 1 ) 

after separating variables and integrating within proper 1 imits, the 

solution is obtained as: 

MR ( mo i stu r e rat i o) = EX P ( - KO ) ( 2. 2a) 



and 

where 

MR 
(M - M ) 

e 
(M - M ) 

o e 

M instantaneous moisture content of material, dry basis; 

M equilibrium moisture content, dry basis; 
e 

M = initial moisture content, dry basis; 
0 

K drying constant; and 

8 =elapsed time, in hours(Hall, 1957). 

An alternative form of the equation often used is 
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(2.2b) 

M R = EX P (- KO n) ( 2 . 3) 

where both nand K are material constants (Hill et al., 1977). They 

used this equation to predict drying time of alfalfa and concluded, under 

conditions of steady vapor pressure deficit, the moisture ratio of dry-

ing alfalfa could be represented at any time 0 as 

MR = EXP (-Ke 0 · 8) (2.4a) 

where 

K 0.007 (VPD) + 0. I 164 (2.4b) 

and VPD is mean saturation vapor pressure deficit expressed in mi 11 ibars. 

A correct,ion factor "A" is usually incorporated in Equation (2.2a) 

for better agreement with drying data, and the equation of this simple 

model, as mentioned by Henderson and Perry (1966), becomes: 

MR =A EXP (-KG) (2. 5) 

where A and K are experimentally determined for particular applications. 

Based on the empirical observation, it is known that the moisture 
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content of a biological material asymptotically approaches its equili-

brium with a given environment. Henderson and Perry (1966) have used a 

general formula to relate the variables in the equilibrium moisture re-

lationship for a number of biological materials. The expression is: 

where 

1 - rh = EXP (-cTMn) (2.6) 
. e 

rh =equilibrium relative humidity, a decimal; 

T = temperature, 0 R; 

M =equilibrium moisture content, dry basis; and 
e 

c,n = constants which depend upon the material and the temperature. 

Hi 11 et al. (1977) determined the equilibrium moisture content for 

alfalfa at different relative humidities and from that calculated the 
-4 . 

values of constants c and n for alfalfa to be 0.851 x 10 and 1.013, 

respectively. 



CHAPTER I I I 

MATERIALS, EQUIPMENT, AND METHODS 

Fresh Hay Supply 

Alfalfa grown on the Oklahoma State University Agricultural Experi­

ment Station farm near Chickasha vJas harvested by a Jarri mower. The 

cut material was approximately 25 em long. An area of about 580 square 

meters of alfalfa was selected and divided into seven equal plots to sup­

ply fresh hay for seven days of experiments. This was a second cutting 

for this hay. 

In order to provide the same age alfalfa plant for repeated runs of 

ihe different treatments, each plot was harvested about 30 days prior to 

the test to provide alfalfa with the same growth period for each treat­

ment to be run. Harvest for conditioning tests was done when alfalfa 

was at about 1/10 bloom. 

For a typical day's run, a plot of alfalfa was mowed after the dew 

had evaporated. The harvested alfalfa was placed into a box and covered 

by plastic to prevent moisture losses during hand! ing from the field to 

the conditioning laboratory. 

Bonding Agents 

Numerous binders are available; two different bonding agents (Orzan 

G and Nutri-Binder) were used to hold all components of crushed alfalfa 

in this series of tests. Orzan G was previously determined to be among 
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the most effective of those bonding agents tested by Waelti and Dobie 

(1973). Dobi~ (1975) reported that most grasses cube reasonably well 

with addition of 5 percent of Orzan G, provided it is wei 1 distributed 

on the material. The more difficult-to-cube grasses may require 7.5 per-

cent of Orzan G to produce good cubes. 

Orzan G is a light brown powder, an organic spray-dried I ignin ex-

tract consisting chiefly of ammonium I ignin sulfonate, wood sugars, sul-

phur, and nitrogen in the form of ammonia. It is completely soluble in 

water and its solution does not settle upon standing. A typical composi-

tion of Orzan G used is shown in Table I. 

TABLE 

SOME PHYSICAL AND CHEMICAL PROPERTIES OF ORZAN G* 

Solids Content by Oven Drying, ~ 

pH, 25% Solution 

Bulk Density, kg/m3 

Base Displaced Ammonia, ~ NH 3 
Total Nitrogen, % N2 
Reducing Sugars, ~as Glucose 

Total Sulfur, % S 

Ash, % 

Sodium, % 

Calcium, % 

95.0 

5.0 

496.2 

5.3 
5.2 

8.0 

6.0 

2.0 

0.3 

>0 .1 

*Information adapted from product information bul­
letin, Crown-Zellerbach, Camas, Washington (1977). 
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Nutri-Binder is a product of Progressive Grain Processing Corpora­

tion made for animal feed manufacturers. It is a tan colored powder con­

taining principally grain products with 8 percent protein, 2 percent fat, 

and 3 percent crude fiber. 

Equipment and Faci 1 ities 

Conditioning System 

The existing conditioning system, designed by Batchelder et al. 

(1979), was modified by adding two pairs of feeding belts, a mixing de­

vice, bonding agents distributor, and eliminating the stainless steel 

conveyor chains. A brief description of the system is presented below. 

The conditioning system consisted of a pair of conditioning roll 

stands (Figures 1 and 2). A pair of smooth steel rolls 20 em india­

meter by 45 em long were mounted in each stand in such a manner that 

material could be fed horizontally. The lower rol 1 position was fixed, 

while the upper roll was mounted on pivoted members which allowed it to 

float. Loading was applied by the top roll. Roll pressure was applied 

by attaching weights to the pivoted upper support. Two 22.6 kg moveable 

lead weights for each of the roll stands were used. The pipe frame to 

which the weights were attached could also be moved longitudinally to 

change the moment which affected the pressure on the upper roll. The 

roll pressure is expressed in force per unit length of the rol 1 and 

could be varied from zero to approximately 16 kg per em of roll length. 

An adjustable stop was provided to limit the downward movement of the 

upper rol 1 in relation to the lower roll. 

Since the moveable lead weights could not be applied directly above 
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Figure 1. Schematic Diagram of the Forage Conditioning System 
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Figure 2. The Forage Conditioning System 
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the 1 ine of contact of the crushing rolls, it was necessary to calibrate 

the conditioning system to provide different rol 1 pressures. In order 

to accomplish this, a special lifting frame was designed and attached to 

the upper roll to determine the forces applied. This frame consisted of 

a yoke which was hung at its center of gravity from a load cell. The 

other end of the load cell was attached to a rigid frame. A digital 

force indicator (Revere, R-100) was used for this calibration measure-

ment. The lotation of the weight on the pipe frame was marked for dif-

ferent roll pressures so that it was easy to set up the system for de-

sired roll pressure during application of the treatments. 

Roll pressures of 12, 14, and 16 kg per 1 inear centimeter of roll 

length for the first set of rolls (crushing rolls) were applied. The 

second set of rolls (batting rolls) served to put all components of the 

crushed alfalfa and the binder together to make a more stable hay bat-

ting. The roll pressures for the second set of rolls were 3.5 and 5.0 

kg per 1 inear em. The peripheral velocity of the rolls was 1.3 m/sec. 

A positive drive for each roll provided for proper matching of rolls at 

all times and thus did not require that the drive forces for one of the 

rolls be applied by friction forces through the forage material being 

fed through the rolls. 

The conveying system consisted of five conveyors: 

1. Charging belt (A, Figure 1). Forage was arranged on this belt 

as desired for orientation, quantity, and depth. An air-operated clutch 

connected the charging belt to the second conveyor chain drive. 

2. Feeding belts (Band F, Figure I) are essentially identical in 

size and function. Each roll stand has two endless belts which assist in 
_/ 

feeding forage through the crushing rolls and prevent losses of crushed 



material, especially leaves and small stems. The hay went between the 

two belts. 
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3. First catching belt (E, Figure 1). This ~as used for catching 

the samples after the first crushing rolls as well as for feeding mate­

rial through the mixing device after a bonding agent was applied. 

4. Final catching belt (H, Figure 1). This conveyor served for 

receiving the material from the second set of rolls and was stopped for 

taking samples from the conditioned hay. 

The conditioning system is hydraulically driven. A hydraulic power 

supply unit of 3 liters per second at 10 MPa is shown in Figure 3. An 

electric motor of approximately 45 kW powered the hydraulic system. The 

control panel (Figure 4) has switches to turn on, in sequence, the appro­

priate solenoid-operated valves. These valves supply oil to variable 

(pressure compensated) flow control valves which in turn control either 

the conveyor or roll drive hydraulic motors. Four hydraulic motors were 

used to drive conveyors and rolls. 

Shaker 

The asci llating screen box (Figure 5) presently used in this study 

was similar to the system designed by Finner et al. (1978). The screen 

was a standard 5 em mesh poultry netting mounted on a 80 em x 56 em x 

3.5 em wooden frame. A three-phase electric motor attached to a variable 

speed drive was used to drive the system. This enabled the speed of 

oscillation to be varied over a range of 30 to 140 rpm. The shaker 

served to determine the amounts of crop losses after being crushed at 

different levels of roll pressure. A tray was placed in the screen box 

to collect the material passing through the screen. 



Figure 3. The Hydraulic Power Unit Used to 
Drive the Conditioning System 

Figure 4. The Hydraulic Control Panel for the 
Conditioning System 
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Figure 5. The Oscillating Screen Box to Test 
Clipping Losses 

Figure 6. The Drying System: Aminco~Aire Unit 
(Left), Sim~lated Ambient Drying 
Chamber (Midd l e), and Iso lation 
Entrance Cabinet (Right) 
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Controlled Environments 

Two controlled environments were used in this expe.riment. A drying 

chamber was designed to dry 40 samples of alfalfa of 150 grams each, under 

controlled temperature and relative humidity conditions. A 28.3 cubic 

meter per minute Aminco-Aire unit for supplying air at controlled temper­

ature and humidity levels was available for the present research work, 

and it was connected with an insulated environment chamber (Figure 6). 

The drying chamber had a capacity of 8.6 cubic meters with an overall 

dimension of 1.93 x 2.44 x 1.83 meters. With the Aminco-Aire unit, the 

humidity and temperature control is obtained by control 1 ing the water 

temperature and the air temperature (dry-bulb temperature). To achieve 

control, air is drawn from the drying chamber through a massive spray of 

fine water droplets. The water temperature is controlled by a refriqera­

tion heat exchange system. Heat and water vapor are exchanged between 

the water droplets and the stream of drying chamber air. This continued 

rapidly until equilibrium is reached and the dew point of air has been 

fixed. The air is then heated to the desired dry-bulb temperature in an­

other section, and returns to the drying chamber. 

The inlet air duct was mounted on the top of the drying chamber and 

an air diffuser was used to distribute the conditioned air uniformly in­

side the chamber. The return duct from the drying chamber was connected 

to the Aminco-Aire unit; thus, the conditioned air was constantly circu­

lated. The rate of airflow was 28.3 cubic meters per minute. 

The air and water temperature was controlled by setting the adjust­

able knobs for air and water on the control panel. Selection of the re­

quired water temperature for a desired relative humidity at a given dry­

bulb temperature was made using Figure 7. 



Q) 

0::: 

30 40 50 60 
Dry Bulb Temperature (°C) 

Figure 7. Water and Air Temperature Vs. Relative Humidity 
for the Aminco-Aire Unit 
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The loss of conditioned air each time the enviro~ment chamber was 

opened for transferring samples into the chamber was minimized by attach­

ing an isolation cabinet to the front side of the chamber, so that the 

samples were first carried into the cabinet and then after closing the 

cabinet door were moved into the drying chamber. 

The drying chamber was developed to simulate uniform field drying 

conditions. The air temperature was adjusted to maintain a mean dry­

bulb temperature of 35°C and the water temperature was adjusted to cool 

the water to about ll°C. This corresponds to a relative humidity of 30 

percent, which simulates a good field drying condition typical for 

Ok 1 ahoma. 

Drying conditions were kept the same for all treatments so that the 

relative response, the drying rate, could be determined for each treat­

ment combination. 

The temperature and relative humidity level inside the drying cham­

ber were continuously monitored with a pre-calibrated hygro-thermograph 

in addition to a thermometer installed in the chamber. The controlling 

mechanism described above could normally maintain temperature levels 

within ±l°C of the set point, and the relative humidity within ±2.5 per­

cent of the desired level. Any deviation from these limits of tempera­

ture and humidity variation was recorded on the hygro-thermograph, and 

appropriate corrections were made to avoid experimental errors. 

For another portion of the study, an air-conditioner and a humidi­

fier were installed in a laboratory room to maintain the air temperature 

and relative humidity of the room at the desired level. This controlled 

environment served to store the hay samples taken for a batting durability 
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test and to maintain the samples' equilibrium moisture content at a de­

s i red 1 eve 1 . 

Weighing and Recording System 

The weighing and recording system consisted of a chain conveyor 

with 30 sprockets mounted on a horizontal frame located in the drying 

chamb~r to carry the samples to and from the weighing system (Figure 8). 

A three-phase electric motor drove th'is endless chain conveyor. Forty­

two L-shaped carriers, nade of 0.3 em x 2.5 em steel flat bar, were 

welded to the chain conveyor 1 inks 30 em apart from each othe~ (Figure 

9). Special moveable hooks were designed to carry the hay samples. The 

base of the hook was made of aluminum in order to reduce its weight and 

two small cylindrical magnets were embedded in the base of each hook 

(Figure 10). The magnets served to hold the hook and sample on the car­

rier during the transfer of the hay samples to the bottom weighing scale. 

The ~hain conveyor was run with a constant chain speed of 42.5 em 

per minute. It took half an hour to complete each cycle. The weighing 

system consisted of a catcher (Figures 10 and 11) which was hung from an 

electronic bottom (and top) loading balance. The motion of the catcher 

during the tr,ansferring of the hook and hay sample from the carrier was 

1 imited by four adjustable screws which were mounted on a fixed frame. 

The weighing sensor (Scientech, Inc. model 222-003) was connected 

to a control which provides power to operate the weighing sensor and has 

a digital presentation of weight showing large numbers, easily visible, 

reading to 1999.9 gr maximum. Full 2 kg tare is instantly available by 

pushing the tare button on the control. 

A calculator interface (Scientech, Inc. Series 202), designed 



Figure 8. The Chain Conveyor of the Weighing 
System in the Drying Chamber 

Figure 9. The Sample Carrier, a Component of the 
Chain Conveyor Weighing System 
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Figure 10. The Hook to Hold the Drying Sample 
and the Catcher-Weight Holding 
Unit 

Figure 11. The Catcher-Weight Holding Unit and 
the Electronic Weighing Sensor 

38 
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specifically for use with the Hewlitt Packard HP97 programmable printing 

calculator, served as a data receiver which operated directly from up to 

six full digits of parallel Binary Coded Decimal (BCD) output of the bal­

ance (Figure 12). Data may be entered by use of the 11enter 11 button on 

the Scientech calculator interface. Remote data entry is done by a re­

mote switch which is operated mechanically by a small lever welded to one 

of the sprockets (Figure 13). The lever pushes the remote microswitch 

after the hay samples have transferred to the catcher; at this time the 

HP97 calculator prints the sample weight and a sample identification. 

The carrier then proceeds to pick the hook and the hay sample back up. 

The sample continues to rotate for another half hour before it is weighed 

again. 

Durability Test Device 

The durability test device consisted of a hay baler pickup unit and 

a belt conveyor. The unit was mounted on a frame with adjustable height 

with respect to the belt conveyor (Figure 14). A variable speed sy~tem 

was used to drive the baler pickup cylinder. A 20-centimeter-wide con­

veyor belt, running at constant speed of 2.2 meters per second was used 

to carry the h~y batting samples to the pickup unit. A 20-centimeter­

wide, Astro-turf sheet was glued to the belt surface to simulate the 

field condition. In order to control the belt and pickup cylinder speeds 

independently of each other, a different electric motor was used to drive 

the conveyor belt. The peripheral speed of the pickup cylinder was 

slightly faster than the conveyor belt speed. A floating cross-conveyor 

auger served to move the hay from the pickup unit into a box. That por­

tion of the sample which was not picked up from the belt by the pickup 



Figure 12. The Weight Recording System 

Figure 13. The Remote Control Micro~Switch and 
Cam Lever on the Sprocket Used to 
Actuate Weight Recording System 
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Figure 14. The Batting Durability Test Device 
Consisting of Pickup Unit of Hay 
Baler 
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unit was collected in a tray, weighed, and the losses were recorded. 

Batt durabi 1 ity was related to these losses. 

Other Equipment and Facilities 
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Two single pnn balances were used for weight measurements. One of 

these had a sensitivity of 0.01 gram and it was used for checking the 

sample weights for all moisture content determination tests. The other 

balance with sensitivity of 2.0 grams was used to weigh the amount of 

freshly cut hay to be run through the conditioning system. 

Three drying ovens with heater controls for maintaining a set tem­

perature were used for determining moisture content of all the experimen­

tal samples. The control of the oven was set to maintain a temperature 

of 103 ±2°C for moisture content determinations. 

After running the hay sample through the conditioning system, a 

nylon net cloth with two spring clips was used for wrapping each sample. 

The nylon nets and clamps were carefully prepared to have equal weights. 

Aluminum pans, 30.0 em x 14.3 em x 8.3 em, were used for the 11 bone 11 dry 

processing of each sample. 

About 200 trays were used to catch the hay batting samples for dura­

bility tests. The tray was made of a 90.0 em x 50.0 em x 2.5 em wooden 

frame and the bottom screen was made from nylon mosquito netting (Figure 

15). 

Experimental Plan and Procedures 

Plan of Experiments 

The experiments were conducted in three groups in the following se­

quences: 



Figure 15. Hay Batting Samples in 
"Controlled Environ­
ment Laboratory Room 
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1. Drying rate tests 

a. Determination of drying rate of alfalfa for four levels of 

roll pressure (0, 12, 14, and 16 kg per em of roll length) 

at constant temperature of 35°C and constant humidity of 

30 percent. No binders were used in these tests. 

b. Determination of drying rate of hay batting for three levels 

of crushing roll pressure, first set of rolls (12, 14, and 

16 kg per em of roll length), two binders with three levels 

of each binder (4, 6, and 3 percent), and two levels of bat­

ting roll pressure, second set of rolls (3.5 and 5.0 kg per 

em of roll length). The drying conditions were the same as 

mentioned in l.aabove. 

2. Clipping losses test: Determination of .Jmounts of crop losses 

affected by crushing roll pressure. Four levels of pressure, as mention­

ed in part l.a above were used (no binder). 

3. Durability test: Determination of durability of hay batting 

affected by crushing roll pressure, binder type, and batting roll pres­

sure. Three levels of crushing roll pressure, two binders with three 

levels of each binder, and two levels of batting rol 1 pressure, as men­

tioned in part l.babove, were used. 

The experiments were conducted in a randomized complete block design 

with five replications. 

For a typical day 1 s run, the drying chamber air temperature andre­

lative humidity was checked. The weighing and recording system was cali­

brated by hanging known weights on the carriers, running the system, and 

recording the results. The HP97 calculator was programmed to subtract 

the weights of net cloth, spring clips and hook from the total weight and 
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therefore to record only the net weight of the hay sample and its identi­

fication. 

The randomization for each day was provided to every one of the 

working team. Labels for identification of samples also were provided. 

A plot of alfalfa was mowed in the morning after the dew had evaporated. 

The harvested alfalfa was placed into a box and covered by plastic to 

prevent moisture losses during handling from field to laboratory. Mea­

surements were made for the proper conveyor feed rate, and the same sam­

ple weights of the crop were used for all treatments. 

Drying Rate of Crushed Alfalfa 

According to the randomization, the forage conditioning system ad­

justments for each specific treatment were made. Freshly cut alfalfa 

was spread over the charging belt at a density to simulate 2800 kg of 

dry matter per hectare. This represents an av~rage yield for Oklahoma 

(Caddel and Taliaferre, 1979). This also would represent a feed rate 

condition for a windrower having conditioning rolls that would extend 

full width of the cutter bar. The conveying speed would be equivalent 

to a forward speed of 8 km per hour for the windrower. All treatments 

received this same weight and feed rate to provide a standardized basis 

of comparison for all treatments. The weight of material used, based on 

an assumed moisture content of the forage of 80 percent (wet basis), was 

600 grams per treatment. The arrangement of hay on the charging belt 

was such that the alfalfa plants were fed with the stem end first and 

perpendicular to the roll's axis. The treated hay was stopped on the 

first catching belt and a sample of 150 grams was taken for a drying 

test. The sample was encased in a nylon net cloth, the end clamped with 
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spring clips and placed temporarily under a plastic cover to reduce mois­

ture losses until four treatments had been collected. AI I samples were 

then moved to drying chambers and hung from the hooks which were placed 

on the carriers (Figure 16). The chain conveyor was turned on and 

weight recording was done as samples were placed in the drying chamber 

to determine the samples' initial weight as soon as possible. 

Drying condition~ were kept the same for all treatments so that the 

relative respon~e and the drying rate could be determined for each level 

of treatment. Conditions in the drying chamber were maintained at a 

mean dry-bulb of 35°C and relative humidity of 30 percent. These condi­

tions were similar to good field drying weather. 

The variable characteristics of the alfalfa could only be controlled 

within ranges. Each plot of alfalfa was harvested about 30 days prior to 

the test to provide alfalfa with the same age for each treatment to be 

run. The plants were chosen from the same plot so that characteristics 

such as initial moisture content, chemical analysis, and growth progress 

would be similar. Other parameters such as feed rate, conveyor speed, 

and drying chamber air velocity were held constant for all treatments. 

Every effort was made to distribute the temperature and humidity­

controlled air uniformly inside the drying chamber and minimize the tem­

perature gradient. The chain conveyor was running constantly during the 

test, therefore moving the samples continuously inside the chamber helped 

to eliminate the effects of a temperature gradient. 

The chain conveyor completed a cycle in one-half hour; thus the 

weight and subsequent change in weight of each sample is recorded auto­

matically with respect to time at 30-minute intervals on the HP97 calcu­

lator output. 



Figure 16. Treated Samples on Carriers 
in Drying Chamber 
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Equilibrium moisture contents of all samples were determined after 

they attained equilibrium with air inside the drying chamber. Attainment 

of hygroscopic equilibrium with air inside the chamber was indicated when 

the samples ceased to change weight. The weighing process in the drying 

chamber was continued until the next morning. The samples then were re­

moved from the drying thamber and placed into the aluminum pans for sub­

sequent drying to a ''bone" dry condition. The accuracy of the weighing 

and recording system was checked by weighing each sample with a scale 

sensitive to 0.01 grams. The samples were then transferred to a forced 

air oven maintained at a temperature level of l03°C. The samples usually 

reached minimum weight within a 12~hour period, but 22 hours of oven dry­

ing time was allowed to all samples before recording the dry weight data. 

Drying Rate of Hay Batting 

The drying rate for the hay batting samples was determined in a 

method similar to the one described before for finding the drying rate of 

crushed alfalfa. The same amounts of alfalfa were spread over the charg­

ing belt and according to randomization, the crushing roll pressure, 

binder type and its level of concentration, ~nd batting roll pressure 

were checked. The samples were stopped on the first catching belt to 

apply a measured quantity of binder and to mix conditioned alfalfa with 

the binder. There was no quantitative measure of the uniformity of this 

mixture. The material stopped on the second catch belt and a 150 gram 

sample was taken for a drying test . 

. The sample was encased in a nylon net cloth and the ends clamped 

with spring clips, as described earlier. The samples then were trans­

ferred to the drying chamber at the beginning of each new cycle of the 
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.chain conveyor to record the samples' initial weight as soon as possible. 

About ten samples were transferred to the drying chamber every 30 min­

utes. The loss of conditioned air each time the drying chamber was open­

ed for transferring the samples into the chamber was minimized by the 

attached isolation chamber on the front side of the chamber. 

The temperature and relative humidity of air inside the drying cham­

ber were monitored during the experiment. 

Thirty-six samples were prepared for the batting drying test every 

day and they were partially dried in the drying chamber, with weights re­

corded each one-half hour. These samples then were dried in the air 

oven, as described earlier, at 100°C for a period of 22 hours. 

Clipping Loss Tests 

To determine the effects of the degree of crushing of alfalfa as cut 

(at high moisture) on separation of leaves and small stems, a duplicate 

sample was caught right after the first set of rolls (crushing rolls). 

The clipping loss tests were without binders. These samples (about 200 

grams) were placed on the screen of the shaker and were shaken to sepa­

rate all components less than 6 em in length. These separated components 

included leaves, petioles, and stem tips, and were considered to be a 

potential clipping loss. This method was found to give essentially the 

same fractions as picking out by hand al 1 of the long stems (Bruhn, 1955). 

The stroke and speed of oscillation were 5 em and 120 rpm, respectively. 

The clipping loss fractions and the remaining treated fractions were 

then separately oven-dried to determine their bone dry weight, so that in 

determining the clipping loss, both the clipped fraction and the gross 

sample would be at the same moisture content at the time of loss 
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determination. The percent of separation and that lost was calculated 

on the 20 percent moisture content (wet basis). The weight of s~mples 

at 20 percent moisture content is equal to 1.25 times the bone dry 

weight. 

Durability Test 

The durabi 1 ity of the batt was determined by taking an alfalfa sam-

ple (about 300 grams) immediately after the sample for batting drying 

rate study was collected. The samples were caught on a tray, as describ-

ed earlier, and transferred to the controlled environment laboratory 

room and were allowed to establish hygroscopic equilibrium with air at 

desired temperature and humidity levels (Figure 15). The temperature 

and relative humidity of the room were set at 26.5°C and 70 percent, re-

spectively. Under this condition, using the following equation by 

Henderson and Perry (1960); 

1 - rh = EXP (-cTMn) 
e 

the equilibrium moisture content of the samples (M) would be 25 percent 
e 

dry basis (20 percent wet basis). In this equation, rh is relative 

humidity of the alr inside the room; T is the temperature in °R; c and n 

-4 are material constant having values of c = 0.351 x 10 ; and n = 1.013 

for alfalfa (Hill et al., 1977). 

For the durability test, the samples were weighed and then placed 

on the batting test device conveyor to carry them to the pickup cylinder. 

That portion of the sample which was not picked up from the belt by the 

pickup unit was caught in a metal tray and was considered as the amount 

lost. 
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The durability of batting was defined as: 

Durability 

where Wb is weight of sample at 20 percent n~isture content (wet basis); 

and W£ is weight of lost material or the portion of the hay which is not 

picked up by the pickup unit. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Drying Rate of Crushed Alfalfa (Without Binder) 

The drying curves of crushed alfalfa at different levels of crushing 

roll pressure are shown in Figure 17. It is apparent from these curves 

that hard crushing significantly speeds the movement of water from alfal­

fa. This could be the result of crushing the stem in such a way as to 

split it longitudinally. Thus, more of the stem is exposed to drying and 

the distance through which the moisture must diffuse is reduced due to 

splitting of the stem. For all the cases treated or untreated, in the 

first region of curves, high rates of evaporation of water was noted. 

About half of the water in the alfalfa was removed in this region for 

crushed samples. For the drying condition prevailing in this work, the 

duration of this region was typic~lly two hours for the crushed samples. 

For the non-crushed samples, the first drying region was influenced most­

ly by the stomatal opening where water was quite free to evaporate. After 

this period, the drying rate decreased considerably and stayed nearly 

constant until equilibrium with the surrounding air was obtained. This 

part of the drying curves was essentially a diffusion process. After 

about eight hours, the drying rate for the untreated samples decreased 

even more. This region of slower drying was probably the result of the 

water being tightly bound and would require extra energy above the normal 

diffusion process to remove it. 
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The degree of crushing influenced the drying time. Figure 18 shows 

the time required for different levels of crushing roll pressure to 

cause hay to reach a 25 percent moisture content dry basis (20 percent 

wet basis) which was considered as a safe storage moisture level. 

The results indicated that with hard crushing it would be possible 

to dry the hay to a storable moisture content within the same day as the 

hay was cut. This moisture level was reached after 6.2 hours of drying 

for the hardest crushed samples, and after 6.7 hours and 7.0 hours for 

second and third levels of crushing roll pressure, respectively. On the 

average, ~on-crushed samples did not reach 25 percent moisture content 

( d . b . ) i n 1 e s s t han 2 9 . 3 ho u r s . 

Since hard crushing caused some juice to appear on the alfalfa stem, 

it had some effect on initial moisture content (Figure 17). To overcome 

the difficulties of analysis due to varying initial moisture content, a 

method of comparing the drying rate data from a common initial basis had 

to be found. 

One way of describing a phenomenon depending on various factors was 

to express the relationship of the factors in a mathematical model. A 

simple and useful mathematical model describing the drying process of the 

biological materials may be recalled from the review of 1 iterature (Hall, 

1957). The model was: 

MR = EXP (-KA) (2.2a) 

where. 

(M - M ) 
e 

MR = (M - M ) 
o e 

(2.2b) 

The above model reduced the moisture content data, M, to a non-dimensional 
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moisture rat lo, MR, nnd cl irnin<Jlcd thf' ini l i,,l moisture, M , .1nd the fin.:tl 
0 

equilibrium moisture, M, in the proce•,·,, The dependent variable MR was 
e 

expressed as a function of a single characteristic parameter K and the 

time 8. ·The parameter K, called the drying constant or drying index, 

could describe the rate of moisture removal from alfalfa in terms of the 

rate of approach towards equilibrium. The data of moisture content shown 

in Appendix A were successfully fitted to the above model by using a sim-

ple transformation for utilizing linear regression techniques, so that: 

Ln (MR) = -KO (2. 2c) 

The linear regression analysis for fitting the transformed data to the 

linear model showed a generally high correlation coefficient (R2 :::.0.970). 

The null hypothesis of K = 0 could be rejected in each case at a confi-

dence level of 99.9 percent (i.e., a::: 0.001), and the coefficient of 

variation of the data points were generally in the range of 5 to 20 per-

cent. 

After the computation of the value of K for a set of data, the re-

gression 1 ine representing the data set was established, and the mathe-

matical model of Equation (2.2c) was then re-transformed to the exponen-

tial form of Equation (2.2a). This re-transformation made it possible to 

plot a prediction 1 ine for the moisture content data from the regression 

coefficient K and from the known values of the initial and equi 1 ibrium 

moisture contents of a particular sample of alfalfa. Figure 19 shows an 

example of regression line and moisture prediction curve for the drying 

experiment of alfalfa. The agreement between the moisture content data 

points and the corresponding points from the fitted curve were similarly 

close in all cases. The high correlation of the regression lines and 
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the close agreement between the data and the fitted exponential 1 ines 

were indicative of the appropriateness of the mathematical model chosen 

for describin~ the time dependent moisture content value of a thin layer 

of alfalfa subjected to a constant temperature, relative humidity, and 

airflow rate. 

The values of the drying constant, K, obtained from the crushing 

experiments of alfalfa are shown in Table I I. An analysis of variance 

was performed on the K values to test the statistical significance of 

variation due to the different levels of crushing rol 1 pressure. The 

analysis is shown in Table I I I. The very high statistical significance 

of roll pressure on drying rate confirmed, with the known characteristic 

of alfalfa, that the drying rate is a function of the degree of crushing. 

Duncan's test was performed to compare each treatment mean with every 

other treatment mean. The results showed a significant difference be­

tween the crushed and uncrushed samples' drying rate. Although there was 

no significant difference between dryin!l rates of crushed samples at the 

95 percent confidence level (i.e., n = 0.05), the average values of K 

shown in Table I I indicated that the drying rate was a function of the 

degree of c~ushing. The average K values ~nd the corresponding straight 

lines illustrating the drying model Ln (MR) = -KO for this experiment 

were plotted in Figure 20 to show the effect of roll pressure on drying 

rate of alfalfa. The lower K values indicated a slower rate of approach 

towards equilibrium. 

The equilibrium moist~re contents of the samples were determined 

after they had attained equilibrium with air inside the drying chamber. 

Attainment of hygroscopic' equilibrium with air inside the chamber was 

indicated when the samples ceased to change weight. For the non-crushed 



C r us h i n g Ro 1 1 

TABLE I I 

EXPERIMENTAL VALUES OF THE DRYING CONSTANT K 
FOR THE CRUSHED ALFALFA 

Values of K (hour-1) 
Pressure (kg/em) for Five Replications* 

0.0 0.092 0. 111 0.097 0.099 0. 100 

12.0 0.585 0.379 0.620 0.395 0.336 

14.0 0.593 0.465 0.421 0.636 0.399 

16.0 0.493 0.566 0. 491 0.694 0.480 
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Average K 
(hour -l) 

0.099 

0.436 

0.502 

0.545 

*Values of K found from statistical fitting of experimental data to 
the model MR = EXP (-K8). 

Source 

TABLE I I I 

ANALYSIS OF VARIANCE OF THE DRYING CONSTANT K 
FOR THE CRUSHED ALFALFA 

Degree of Sum of 
Freedom Squares F Ratio 

Corrected Total 19 0.55892 

Crushing Ro 11 
Pressure 3 0.111266 15.05 

Error 16 0. 14626 

Significance 
Leve 1 ,., 

0.0001 

*Probability of error in rejecting a null hypothesis of significance 
of the source of variation. 
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samples, this did not happen within 24 hours. Therefore, a separate test 

was conducted to determine the <!qui 1 ibrium moisture content of the un­

treated alfalfa and these data <Jre included in Table 11. For this test 

the weighing process in the drying chamber continued for 72 hours. The 

equilibrium moisture was determined and compared with similar work done 

by Hill et al. (1977). The results showed relatively good agreement be-

tween the data found for the tvm experiments. 

·Drying Rate of Hay Batting (With Binder) 

All K values obtained from this experiment are shown in Table IV 

and Table XI, Appendix B. The ~nalysis of variance of the values of K 

for hay batting experiments is ;hown in Table V. The significances of 

the crushing roll pressure, batting roll pressure, binder type, and 

interaction of these three facturs were tested. The null hypothesis of 

no effect could not be rejected for either cru~hing rol 1 pressure or bat-

ting roll pressure. But in the case of the binder alone, the null hypo-

thesis could be rejected at a vny high confidence level (a 0.0001). 

Interactions between the factor·, were not found significant except for 

interaction of batting roll pre·.sure and binder, which was found signifi­

cant at a = 0.05 .. 

Since the crushing roll pressure, batting roll pressure, and their 

interaction were not found significant, averages over all crushing roll 

pressures and batting roll pres·.ure at each binder level could be com-

puted. The average K values anti the corresponding moisture ratio lines 

are shown in Figure 21. Since !he F ratio in Table V was found signifi-

cant for the binder type factor. Duncan's test was performed to compare 

each binder level mean with eve,-y other binder level mean. The results 
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TABLE IV 

CAtCULATED VALUES OF THE DRYING CONSTANT K 
FOR HAY BATTING (WITH BINDER)* 

Crushing Batting Percent Average K (hour-1) 
Ro 11 Ro 11 Binder 

Pressure Pressure level Nutri-
kg/em kg/em Used Binder Orzan 

12 3.5 4 0.439 0.366 
6 0.365 0.333 
8 0.404 0.319 

12 5.0 4 0.563 0.304 
6 0.512 0.350 
8 0.462 0.340 

14 3.5 4 0.506 0.344 
6 0.485 0.315 
8 0.484 0.379 

14 5.0 4 0.512 0.327 
6 0.483 0.319 
8 0.533 0.346 

16 3.5 4 0.465 0.383 
6 0.463 0.323 
8 0.526 0.307 

16 5.0 4 0.490 0.318 
6 0.590 0.295 
8 0.447 0.336 

*Values of K found from statistical fitting of experimental 
data to the model MR = EXP (-Ke). 
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showed a significant difference between Orzan and Nutri-Binder effect on 

the drying rate of alfalfa. There was no significant difference among 

the levels of each binder even at the 90 percent confidence level (a = 

O.l). 

TABLE V 

ANALYSIS OF VARIANCE OF THE DRYING CONSTANT 
K FOR THE HAY BATTING 

Source 

Corrected Total 

C r us h i n g Ro 1 1 
Pressure (A) 

Batt i ng Ro 1 1 
Pressure (B) 

Binder Type 

AxB 

Ax Binder Type 

B x Binder Type 

Ax B x Binder Type 

Block 

Error 

Degree of 
Freedom 

179 

2 

5 

2 

10 

5 
10 

4 

140 

Sum of 
Squares 

2.38891 

0.00822 

0.00773 

I. 10568 

0.13506 

0.05966 

0.09516 

0.06976 

0.07901 

0.95015 

F Patio 

0.61 

I. 14 

32.58 

I. 00 

0.83 

2.80 

I. 03 

2.91 

Significance 
Leve I,., 

0. 54 72 

0.2875 

0.0001 

0.3723 

0.5544 
0.0191 

0. 4232 

0.0238 

'''Probability of error in rt•jecting a null hypothesis of signifi­
cance of the source of variation. 

Figure 22 shows the effect of adding a binding agent to hard crushed 

alfalfa on the drying rate of the crop. The lower K values indicated a 

slower rate of approach towards equilibrium. The value of K was affected 
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by both types of the binding agents. The binders caused a reduction in 

the value of K, as shown in Figure 22, implying a reduced rate of mois­

ture transfer. The reduction in the values of K for Orzan was more than 

for Nutri-Binder. The slower drying rate seems to be a result of the 

adhesion effect due to binding agents which stuck the material together 

and made it less fluffy. Thus, less air tould flow through the hay sam­

ple. Orzan had more adhesion effect than did Nutri-Binder, and even with 

small amounts of juice on the alfalfa stems, caused by hard crushing, it 

made very strong glue. There was more reduction in the value of K for 

the hardest crushed samples. This seems to be a result of more juice 

appearing on the alfalfa, due to hard crushing which absorbed more binder 

and made for less fluffy material with Orzan. Although the binders caus­

ed a reduction in the drying rate, it was apparent from the data in Appen­

dix A that binders also caused a reduction in the initial moisture content 

of the samples. This reduction for Orzan again was more than that for 

Nutri-Binder. So, even with a lower value of K, for some combinations of 

factors, the hay batting (with binder) moisture content reached the stor­

able moisture content in less time than did the crushed (without binder) 

samples. The reduction in initial moisture content was in direct rela­

tion to the percent of binder added to the samples. 

The time required for the hay batting to reach 25 percent moisture 

content (dry basis) for different levels of bonding agents is shown in 

Figure 23. The graph indicates that samples treated with Nutri-Binder 

required less drying time than those treated with Orzan. For both agents 

at the highest level (8 percent), the samples required slightly less dry­

ing time than at the 4 and 6 percent levels of binders. However, these 

differences were not statistically different within a binder type. As 
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mentioned earlier, this could be the result of a greater reduction in 

initial moisture content due to higher amounts of binder. The samples 

treated at the highest level of Nutri-Binder approached a safe storage 

level after 6 hours and 15 minutes of drying time, while the samples with 

Orzan at the same level of binder requi~ed 7 hours and 45 minutes. The 

maximum variation in time to reach 25 percent moisture (d.b.) based upon 

average values due to the different levels of each binder was about 15 

minutes, that is, within a binder type. 

The data in Table IV indicated that the maximum value of K (averaged 

over five replications) was related to samples which were treated at 16 

kg/em crushing roll pressure, 5,0 kg/em batting roll pressure, and 6 per­

cent of Nutri~Binder .. This value of K, as shown in Table IV, was 0.590. 

Under this condition, the samples reached a safe storage level after 5 

hours and 36 minutes. 

There was no significant difference between the effect of two levels 

of the batting roll pressure on the drying rate of hay batting. But 

values of K averaged over all other factors showed that the drying rate 

at a higher level of pressure was slightly higher than that at a lower 

level. This is in agreement with the previous results that drying rate 

is a function 6f the degree of crushing. 

Potential Clipping Losses (No Binder) 

The cl ippin~ losses of crushed alfalfa were measured by the shaker 

system described under research equipment. The separated components were 

mostly leaves, petioles, and stem tips which may have been caused from 

excessive crushing pressure. 

The clipping loss results are shown in Figure 24. It can be seen 
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from the graph that the percent of separation of leaves and small stems 

<lre in direct reli1tion to the• dcqrr·t~ of cru..,hinq. Lookinq at the datil 

in Table II and Figure 20, it was apparent that the increased drying 

rate, as well as the increased losses of leaves and small stems were in 

direct relation to the degree of crushing. 

More than 27 percent of the hay was separated by the shaker system 

as leaves and small stems at the 16 kg/em roll pressure. It is to be 

expected that the loss components wil 1 include leaves and clipped stems 

possibly 5 em in length or less. While not all the components less than 

5 em in length will be lost during the pickup of the cured crop, it is 

logical to believe that the losses wi 11 be essentially in proportion to 

these components. 

Pickup Losses for Crushed Alfalfa (No Binder) 

The calculated values of losses from the pickup unit, described 

under research equipment earlier, for crushed alfalfa are shown in Table 

VI. It may be recalled from the description of the experimental system 

that the hay samples contained 25 percent moisture (d.b.) during these 

evaluations. For these experiments the samples were prepared in the same 

manner as were the hay batting. 

An analysis of variance was performed on the pickup loss data to 

test for statistical significance of variation due to the different levels 

of crushing roll pressure. The analysis is shown in Table VI 1. The very 

high statistical significance of roll pressure on the pickup losses was 

in agreement with a previous statement that loss is a function of the de­

gree of crushing. Duncan 1 s test was performed to compare each treatment 



T/\BLE VI 

EXPERIMENTAL VALUES UF THE DRY MATTER LOSSES 
FOR THE CRUSHED ALFALFA (NO BINDER) 

Crushing Ro 11 
Pressure (kg/em) 

0.0 

12.0 

14.0 

16.0 

Values of Dry Matter Losses 
for Five Replications* 

2.0 2. 1 3.0 1. 2 

14. 1 15.5 14.6 15.0 

15.6 17.4 19.9 15.8 

20.1 20.9 21.3 22.8 

(%) 

1. 7 

14. 3 

17.6 

21.9 

71 

Average 
(%) 

2.0 

14.7 

17.3 

21.4 

*Values of dry matter losses found from pickup unit experiment for 
crushed alfalfa. 

Source 

TABLE VII 

ANALYSIS OF VARIANCE OF THE DRY MATTER LOSSES 
FOR THE CRUSHED ALFALFA (NO BINDER) 

Degree of 
Freedom 

Sum of 
·SQuares 

F 
Ratio 

Corrected Total 19 1068.028 

Crushing Roll 
Pressure 3 1048.876 292.08 

Error 16 19. 152 

Significance 
Leve I,., 

0.0001 

*Probability of error in rejecting a null hypothesis of signifi­
cance of the source variation. 



mean with every other treatment mean. The results sho.-~ed significant 

differences between all levels of crushing roll pressure. 

72 

The percent of losses averaged over five replications are shown for 

different levels of roll pressure in Figure 25. For uncrushed samples, 

2 perceni pickup losses were noted. While it may not happen in actual 

field operation, it is an interesting point of consideration. The maxi­

mum amount of pickup loss was about 21 percent and was associated with 

the hardest crushed material. This is about 6 percentage points less 

than that obtained from the clipping loss test which indicated that not 

all small components of the crushed hay will be lost during pickup of 

the tured crop. The amount of loss for roll pressures at 12 and 14 kg/em 

levels were 14 percent and 17 percent, respectively. These amounts also 

were considerably less than those obtained from clipping loss tests. 

Pickup Losses for Hay Batting (With Binder) 

All measured values of pickup losses for the hay batting are shown 

in Table VI I I as percent of original weight. Analyses of variance were 

performed to test for statistical significance of variation due to dif­

ferent factors involved in making hay batting. The analysis is shown in 

Table IX. The significance of the crushing rol 1 pressure, batting rol 1 

pres~ure, binder type, and interactions of these three factors were test-

'ed. The null hypothesis of no effect could not be rejected for batting 

roll pressure. But in the case of the binder type, crushing roll pres­

sure, and their interaction, the null hypothesis couJd be rejected at a 

very high confidence level (a< 0.001). From the data in Table VIII, it 

was apparent that the batting rol 1 pressure level affected losses in a 

slightly different magnitude at the different crushing roll pressure 
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TABLE VIII 

DRY MATTER LOSS FOR HAY BATTING (WITH BINDER)* 

Crushing Batting Pe reen t Pe reen t Loss of Dry Matter 
Ro 11 Ro 11 Binder 

Pressure Pressure Leve 1 Nutri-
kg/em kg/ern Used Binder Or zan 

12 3.5 4 8.4 5.2 
6 8.5 4.5 
8 8.3 4.4 

12 5.0 4 7.9 5.2 
6 12.8 4.2 
8 7.2 4.9 

14 3.5 4 10.3 7.3 
6 9.4 5.0 
8 11.9 4.4 

14 5.0 4 11.0 6. 1 
6 9.9 5.9 
8 11.4 5.2 

16 3.5 4 10.2 7.0 
6 10.8 5.4 
8 11. 1 5.5 

16 5.0 4 7.2 6.5 
6 9.7 5.6 
8 9.8 5.0 

:':Va 1 ues of dry matter losses found from pickup unit experiment for 
hay batting. 



TABLE IX 

ANALYSIS OF VARIANCE OF THE DRY MATTER LOSSES 
FOR THE HAY BATTING (WITH BINDER) 

Source 

Corrected Total 

Crushing Roll 
Pressure (A) · 

Ba t t i n g Ro 1 1 · 
Pressure (B) 

Binder Type 

AxB 

AxBinder Type 

B x Binder Type 

AxBxBinder Type 

Block 

Error 

Degree of 
Freedom 

179 

2 

5 

2 

10 

5 

10 

4 

140 

Sum of 
Squares 

1485.2331 

58.9184 

0.4302 

907.1791 

19.5447 

84.4085 

29.8704 

43.3265 

14.4981 

327.0578 

F 
P,at io 

12.61 

0. 18 

77.67 

4. 18 

3.61 

2.56 

1. 85 

1. 55 

75 

Significance 
Level,., 

0.0001 

0.6685 

0.0001 

0.0172 

0.0003 

0.0299 

0.0566 

0. 1907 

*Probability of error in rejecting a null hypothesis of signifi­
cance of the source of variation. 
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levels. The computed significance level of the crushing roll pressure x 

batting roll pressure interaction (a= 0.017) was lower than the signifi­

cance level of the crushing roll pressure factor alone (a= 0.0001), and 

the apparent intera6tion might be due to the random error occurring dur­

ing the experiments. 

Sin6e the F ratio in Table IX was found to be significant for the 

crushing roll pressure factor, a Duncan's test was performed to compare 

each pressure level mean with every other pressure mean. The results 

showed no significant difference between the effect of crushing at 14 

kg/em and 16 kg/em on the amount of dry matter losses. But the effect 

of crushing at 12 kg/em resulted in significantly lower losses than that 

of the two other crushing levels. Figure 26 shows the effect of degree 

of crushing on the amounts of the pickup dry matter losses for crushed­

only alfalfa and also hay batting with binder. It is apparent from 

Figure 26 that adding a bonding agent to crushed alfalfa reduced the 

pickup losses. For the hardest crushed samples (16 kg/em), the amount 

of the dry matter loss was about 14 percent points less for the hay bat­

ting with binder. The reductions for other levels of crushing rol 1 pres­

sure were about 8.0 and 9.5 percentage roints per 12 kg/em and 14 kg/em 

roll pressure, respectively. 

Hard crushing caused plant juice to appear on the alfalfa stems and 

this activated the Nutri-Binder and Orzan binder to make a strong glue. 

The binder, in combination with batting roll pressure, bonded all compo­

nents of the treated crop together, that is, the separated leaves and 

small stems were stuck to the main alfalfa stem. That portion of the 

crop which was not picked up by the pickup test unit was collected and 

analyzed to determine the fraction of leaves and other separated 
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components in the combination. For the hay batting, leaves made a small 

percentage of the total loss and the separated component included mainly 

small stems. However, for crushed material without a bonding agent add­

ed, by observatiorl it appeared that the leaves made a very high percent­

age of the total ·losses (Figure 27). 

Batting roll pressure (the second set of rolls) did not have a sig­

nificant effect on the amount of dry matter loss. However, the mean 

values of dry matter loss due to batting roll pressure, averaged over all 

the other factors, showed a trend toward slightly less loss for the high­

er level of the pressure (5.0 kg/em). This possibly was a result of bet­

ter bonding of the material together with higher rol 1 pressure (which 

tends to make a better hay bat). 

The Duncan test was performed to compare the effect of different 

binders and their different application levels on the amount of pickup 

losses. For Orzan, the maximum amount of dry matter loss in the pickup 

test occurred at the 4 percent level. There was a significant difference 

between the effect of the 4 percent level and the two other levels of 

Orzan. The minimum los~ was related to the 8 percent level of Orzan. 

However, there was no significant difference between the 6 and 3 percent 

levels. Figure 28 shows the effect of different levels of the binders on 

the amount of dry matter loss. It is apparent from Figure 28 that the in­

creased rat0 of Orzan reduced losses. 

There was a significant difference between effect of the Orzan and 

Nutri-Binder on the amount of crop losses. In all cases, losses with 

Nutri-Binder were more than that from Orzan. As previously stated, this 

is due to the better adhesion of the Orzan which made a stronger hay bat­

ting than did Nutri-Binder. Figure 28 shows slightly different results 



Figure 27. Pickup Losses of Dry Hatter for Hay 
Batting With Binder (Right), and 
Crushed Only Alfalfa (Left) 

79 



~· Orzon 
[J Nutri-Binder 

10 

e;e. 
... 

"' C1) 
(/) 
(/) 

0 
...J 
,_, 
Q) --0 

5 :e 
~ ,_, 

0 

o~----~~------~~~----~~~--
4 6 8 

Binder Levels, 0/o 
Figure 28. Effect of Levels of Binder on Pickup Losses 

for Hay Batting; Data Averaged Over Five 
Replications 

80 



81 

for Nutri-Binder as compared to that for Orzan. The minimum loss for 

Nutri-Binder wns related to the samples treated at the 4 percent level 

of binder. The Duncan test showed a significant difference between the 

effect of the 4 percent level and the two higher levels of Nutri-Binder. 

However, there was no significant difference between the effect of 6 

and 8 percent levels. 

The an~lysis of losses of dry matter in the pickup test for hay bat­

ting with Nutri-Bi'nder showed that lcisses included some amount of dry 

binder itself for samples which were treated at hiqher levels of Nutri­

Binder. This increased the amount of losses and could be a result of 

the poorer adhesion effect of the Nutri~Binder. Orzan apparently was 

activated with lower amounts of plant juice. The juice caused by hard 

crushing was not sufficient for the higher amount of Nutri-Binder (more 

th~n 4 percent) to make a good bonding. This tends to explain the dif­

ferences between the results obtained from Nutri-Binder and those ob­

tained from Orzan. 

The minimum dry matter loss, averaged over al 1 other factors, was 

at the 8 percent level of Orzan with a numerical value of 4.9 percent. 

With a special combination of treatments, even less dry matter loss can 

be achieved. The data in Table VI I I indicated that the minimum value of 

loss, averaged over five replications, was related to samples which were 

treated at 12 kg/em crushing rol 1 pressure, 5.0 kg/em batting rol 1 pres­

sure, ~nd 6 percent of Orzan. This value of loss, as shown in Table 

VI I I, was 4.2 percent. 

Durab i 1 ity of Hay Batting (With Binder) 

The durabi 1 ity of each individual hay batting was determined from 
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the previously defined equation: 

Durabi 1 ity index= 100 (Wb - W~)/Wb 

where 

wb = weight of sample at 20 percent moisture. content, wet basis, 

prior to running it through the pickup unit; and 

\-1 Q, = weight of lost material (the portion of the hay which was not 

picked up by the pickup unit) . 

The durability index was used to determine how well the hay batting would 

withstand handling. All values of the durabi 1 ity index, averaged over 

five replications, are shown in Table X for the different treatment com­

binations. Although the above equation does not establish levels for hay 

batting quality, a durability index rating of 90 to 95 should be consi~­

ered "good," and 95 or above "very good." 

Figure 29 shows the effect of adding a binder to hard crushed alfal­

fa on the durability of resultant hay batting. Al 1 additives were effec­

tive in increasing hay batting durability as compared to no binder. 

Nutri-Binder had less effect on batting durabi 1 ity than did Orzan. The 

samples with no binder added did not produce acceptable hay batting dura­

bility. The binders caused an increase in the value of the durabi 1 ity 

index, as shown in Figure 29, implying an increased stability of the hay 

batting. As previously stated, the increased values of the durability 

index due to Orzan seems to be a result of the better adhesion effect of 

this binder which made for a very stable hay batting. Figure 30 shows a 

hay batting sample made by adding Orzan. In most cases these battings 

maintained their original form even after passing through the pickup 

unit. 
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TABU. X· 

DURABILITY INDEX OF THE HAY BfiTTINGS 

Crushing Batting Percent Percent Durability Index 
Ro 11 Ro 11 Binder 

Pressure Pressure Leve 1 Nutri-
kg/em kg/em Used Binder Orzan 

12 3.5 I~ 91.6 94.8 
6 91.5 95.5 
8 91.7 95.6 

12 5.0 4 92.2 94.8 
6 87.2 95.8 
8 92.8 95.2 

14 3.5 4 89.8 92.8 
6 90.7 95.0 
8 88. 1 95.6 

14 5.0 4 89.0 93.9 
6 90. 1 9ll. 1 
8 83.6 94.8 

16 '3. 5 4 89.8 9 3. 1 
6 89.3 94.7 
8 88.9 94.5 

' 16 5.0 4 92.8 93.6 
6 90.4 94.5 
8 90.2 95.0 
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Figure 30. View of Hay Batting Made 
of Crushed Alfalfa and 
Orzan After Durability 
Tests (Supported Verti­
cally by Hand) 
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Orzan produced a very good hay batting index of 95 or more percent 

durability with additive levels of 6 to 8 percent. Figure 31 shows the 

effect of different levels of binders on the durability of hay batting. 

For ~11 levels of binder, Orzan had a higher durability than did Nutri­

Binder. It is apparent from Figure 31 that the increased rate of Orzan 

increa5ed the durability of hay batting. 

The results fbr Nutri-Binder were slightly different. Unlike the 

Orzan, the 4 percent additi.ve level of Nutri-Binder produced a more 

stable hay batting than did the 6 and 8 percent levels. The Duncan test 

showed a significant difference between the effect of the 4 percent level 

and the two higher levels of Nutri-Binder. However, there was no signi­

ficant difference between effect of the 6 and 8 percent levels. The 

juice on the alfalfa stem caused by hard crushing was not sufficient to 

make a good bond at the higher levels of Nutri-Binder. It may be that 

an excess of Nutri-Binder prevented close contact between the crushed hay 

particles and thus prevented better bonding for the higher levels of 

Nut ri-B i nder. 

The most stable hay batting was produced for a combination of treat­

ments of 12 kg/em crushing roll pressure, 5.0 kg/em batting roll pres­

sure, and 6 percent of Orzan. This value of the durability index, as 

shown in Table X, was 95.8 percent. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Summary 

The effects of different degrees of crushing of alfalfa on the dry­

ing rate of the ~rop and the amounts of separation of leaves and small 

stems were investigated. Four levels of crushing roll pressure (0, 12, 

14, and 16 kg/em) were used (no binders were used in these tests). 

In another test, 36 treatment combinations involving three levels of 

crushing roll pressure, two levels of butting rol 1 pressure, and two 

·binders each at three levels were evaluated as to the effect of these 

treatments on producing a hay batting. The drying rate of the hay bat­

tings and their durability were also investigated. The three crushing 

roll pressure levels were 12, 14, and 16 kg/em and two batting roll pres­

sure levels were 3.5 and 5.0 kg/em. Two types of bonding agents (Nutri­

Binder and Orzan) each used at three levels (4, 6, and 8 percent by 

weight), were also a part of the 36 treatments. The data for the loss of 

moisture in alfalfa samples while in the drying oven were fitted to an 

exponential model and drying constants (K) were determined. The data 

from the pickup losses were used to calculate the hay batting durability 

index. This index was used to determine how wel 1 the hay batting would 

withstand harvesting. 
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Conclusions 

Hard crushing of alfalfa significantly increased the drying rate of 

the crop as compared to no crushing (no binder used). There was no sta­

tis.tically significant difference among drying rates of the crushed sam­

ples at the a= 0.1 level. However, the values of K, averaged over all 

other factors, indicated that the drying rate was in direct relation to 

the degree of crushing for these no-binder tests. 

The drying rate of hay batting treated with a binder was found to 

be affected by the type of binder used. An analysis of variance of the 

computed values of K showed that the differences in binder type was high­

ly significant (a= 0.0001). The binders caused a reduction in the 

value of K, implying a reduced rate of moisture transfer. The reduction 

in drying rate for Orzan was more than for Nutri-Binder. However, bind­

ers also caused a reduction in the initial moisture content of the alfal­

fa and this was related to the percent of binder added to the samples. 

The effects of the crushing roll pressure and batting roll pressure 

on drying rate were not statistically different for the samples using 

binder. However, the average values of K indicated that drying rate of 

alfalfa with binder was a function of the degree of crushing. 

The maximum value of K for the hay batting, averaged over five 

rep! ications, was related to samples treated at 16 kg/em crushing roll 

pressure, 5.0 kg/em batting roll pressure, and 6 percent of Nutri-Binder. 

Under these conditions, samples reached a safe storage level of 20 per­

cent moisture (wet basis) after 5 hours and 36 minutes of drying time. 

The separated components, caused from excessive crushing pressure, 

were mostly leaves, petioles, and stem tips. Clipping losses were in 

direct relation to the degree of crushing and the more than 27 percent 
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clipping losses were associat~d with the highest level of crushing roll 

pressure. 

Pickup losses for crushed alfalfa (no binder) were less than clip­

ping losses (from the freshly cut alfalfa in the shaker test) at all 

levels of crushing roll pressure. The losses frwm the pickup test were 

a function of the degree of crushing. Binders significantly reduced the 

amount of pickup losses. Orzan was more effective than Nutri-Binder and 

increased rates of Orzan reduced losses. 

Both additives were effective in increasing hay batting durability 

as compared to no binder. Nutri-Binder had less effect on durability 

than did Orzan. The samples with no binder added did not produce accep­

table hay batting durability. Orzan produced a very good hay batting 

index of 95 or more percent durability. The increased rate of Orzan in­

creased the durability. 

Recommendations for Future Wwrk 

The mechanism for mechanically applying the binders to crushed 

alfalfa should be designed and developed. Orzan GL-50, the liquid form 

of the Orzan G, could be sprayed directly on a standing plaot of alfalfa 

in the field a few days before harvesting. This method of harvesting 

should be investigated. However, since Orzan absorbs moisture from the 

surrounding air very rapidly, the effect of overnight humid air and dew 

on the performance of this binder should be evaluated. 

The nutrient contents of the hay batting after baling should be 

determined for a better understanding of the effect of binders. Feeding 

trials with dairy cows or other ruminants should also be considered. 

Crushing factors should be found for more levels of roll pressure to 
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compare the effect of hard cru.shing with those roll pressure which are 

acceptabl.e in field operation on the drying rate and losses of alfalfa. 

Since the batting roll pressure was not a significant factor, the drying 

rate and durability of the hay batting should be evaluated without using 

the second set rolls, that Is, the batting rolls. 
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EXPERIMENTAL VALUES OF THE DRYING CONSTANT AND DRY 

MATTER LOSS FOR HAY BATTING (WITH BINDER) 
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TABLE XI 

EXPERIMENTAL VALUES OF THE DRYING CONSTANT K FOR HAY BATTING 

Crushing Roll Bat t i n g Ro 1 1 Nut r i Binder Orzan -1 Values of K (Hour · ) Average K 
Pressure (kg/em) Pressure (kg/em) (%) (%) For Five Replications* . (Hour -l) 

12 3.5 0 4 0. 427' 0.319 0.419 0.345 0.321 0.366 
0 6 0.356 0.383 0.362 0.275 0.293 0.333 
0 8 0.370 0.348 0.315 0. 276 0.288 0.319 
4 0 . 0. 381 0.578 0.339 0.386 0. 511 0.439 
6 0 0.420 0.382 0.374 0.320 0.333 0.365 
8 0 0.458 0.400 0.486 0.445 0.627 0.404 

5.0 0 4 0.307 0.293 0.335 0. 302 0.283 0.304 
0 6 0.340 0. 351 . 0.388 0.327 0.344 0.350 
0 8 0.399 0.278 0. 376 0.367 0.281 0.340 
4 0 0. 364 0. 611 0.709 0.530 0.603 0.563 
6 0 0.569 0.380 0.750 0.297 0.568 0.512 
8 0 0.500 0.474 0.425 0.437 0.477 . 0.462 

14 3.5 0 4 0.369 0.315 0.315 0.367 0.357 0.344 
0 6 0.358 0.341 0.306 0.294 0. 2 78 0.315 
0 8 0.595 0.275 0.399 0.332 0.294 0.379 
4 0 0.484 0.491 0.513 0.579 0.464 0.506 
6 0 0.489 0.345 0.630 0.516 0.446 0.485 
8 0 0.597 0.335 0.557 0.501 0;432 0.484 

5.0 0 4 0.299 0.336 0.337 0.330 0.332 0.327 
0 6 0.346 0.345 0.320 0. 2 71 0.314 0.319 
0 8 0.513 0.296 0.265 0.331 0.326 0.346 

V1 



TABLE XI (Continued) 

. -1 
Crushing Roll Batting Roll Nutri Binder Orzan Values of K (Hour ) Average K 

Pressure (kg/em) Pressure (kg/em) (%) (%) For Five Replications* (Hour - 1) 

4 0 . 0. 549 0.421 0.368 0.585 0.640 0.512 
6 0 0.447 0. 577 0.465 0.397 0.532 0.483 
8 0 0.515 0.374 0.492 0.676. 0. 611 0.533 

16 3.5 0 4 0.452 0.428 0.410 0.289 0.338 0.383 
0 6 0.313 0.332 0.381 0.299 0.291 0.323 
0 8 0.398 0.288 0. 273 0.306 0.274 0.307 
4 0 0.345 0.398 0.719 0.438 0.426 0.465 
6 0 0.541 0. 376 0.380 0.614 0.407 0.463 
8 0 0.600 0.614 0.555 0.484 0.378 . 0. 526 

5.0 0 4 0.321 0.254 0.353 0.374 0.289 0.318 
0 6 0.308 0.230 0.376 0. 276 0.289 0.295 
0 8 0.379 0.290 0.284 0.360 0.370 0.336 
4 0 0.637 0.421 0.630 0.389 0.376 0.490 
6 0 0.618 0.513 0.677 0.636 0.508 0.590 
8 0 0.393 0.439 0.377 0.373 0.653 0.447 

*Values of K found from statistical fitting of experimental data to the model HR = EXP (-Ke). 



TABLE XII 

DRY MATTER LOSS FOR HAY BATTING (WITH BINDER) 

Crushing Roll Batting Roll Nutri Binder Orzan Values of Dry Matter Losses (%) Average 
Pressure (kg/em) Pressure (kg/em) (%) (%) For Five Repl ieations* (%) 

12 3.5 0 4 5.2 4.2 7.3 5.2 4. 1 5.2 
0 6 4.5 5.4 4.6 2.8 5.3 4.5 
0 8 5. 1 4.4 5.0 2.5 5.0 4.4 
4 0 9. l 7.4 8.4 8.7 8.4 8.4 
6 0 9.4 10.2 6. 1 6.8 10.0 8.5 
8 0 8.5 8.7 7.6 8.6 8. 1 8.3 

5.0 0 4 4.8 5.3 4.9 6.4 4.6 5.2 
0 6 5.8 3.0 3.5 4.0 4.9 4.2 
0 8 5.0 4.6 4.7 6.5 3.6 4.9 
4 0 7.7 9.0 8.6 6. I 7.9 7.9 
6 0 13.3 12.5 12.4 12.7 13.5 12.8 
8 0 8.2 5.8 8.3 5.5 8.4 7.2 

14 3.5 0 4 6.5 8.9 5.9 6.7 8.3 7.3 
0 6 5.4 6.9 5.4 2.7 4.6 5.0 
0 8 2.3 5.4 3.3 4.8 6.2 4.4 
4 0 9.5 II. 5 9.0 11.9 9.4 10.3 
6 0 6.2 6.7 11.4 9.9 12.6 9.4 
8 0 12.4 9.6 9.5 13.4 14.7 11.9 

5.0 0 4 7.0 8.3 3.6 5.7 6.0 6. l 
0 6 6.8 5.3 6.0 6.0 5.6 5.9 
0 8 4.7 5.2 7. 1 3.2 5.8 5.2. 
4 0 10.0 12.0 11.3 11.3 10.4 11 . c 
6 0 11.7 1 0. 1 8.7 9.0 10.2 9.9 
8 0 10.8 11.2 11.8 12.0 11.0 11.4 -.....! 



TABLE XI I (Continued) 

C rush i n g Ro 1 1 Batting Roll Nutri Binder Or zan Values of Dry Matter Losses ( %) Average 
Pressure (kg/em) Pressure (kg/em) (%) (%) For Five Replicat1ons* (%) 

16 3.5 0 4 9.7 7. 1 6.0 8.2 3.8 7.0 
0 6 7.5 5.4 7.3 3.4 3.2 5.4 
0 8 3.7 7.8 5.5 5.2 5.4 5.5 
4 0 7.5 8.5 11.0 11.6 12.5 10.2 
6 0 10.6 11.0 12.2 ll. 4 8.7 10.8 
8 0 10.8 9.8 11.9 11.2 11.8 11. I 

5.0 0 4 6.7 6.5 5.5 4.6 9.0 6.5 
0 6 7.3 5.6 6.4 3.9 4.7 5.6 
0 8 7.7 7.2 2.8 2.6 4.7 5.0 
4 0 9.2 10.8 6. 1 4.7 5.2 7.2 
6 0 12.6 1 0. 1 6.9 10.0 9.4 9.7 
8 0 10.9 I 1. I 8.0 9.2 9.8 9.8 

'"Values of dry matter losses found from pickup unit experiment for hay batting. 
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