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(ABSTRACT)

Production of fuel ethanol from renewable biomass sources has gained popularity in recent
years. Sweet sorghum is one of the crops identified as an efficient producer of the sugars needed
for ethanol production.

The juice in the sweet sorghum pith contains the greatest proportion of nonstructural carbo-
hydrates, the presumed fermentable material. Sugar cane milling procedures have previously been
used to extract the juices from the sweet sorghum plant material.

The research reported herein relates to a new method of juice extraction expected to provide
higher juice expression efficiencies than previous methods. The sweet sorghum stalks are chopped
and the sugar-laden pith fraction is separated from the fibrous rind-leaf. The pith portion only is
then fed through a screw press for juice extraction.

Several chopping and separating parameters were evaluated. A statistical Hﬁear regression
analysis was employed to evaluate the effects of feed rate, cutting interval, chopper knife speed, and
percent of whole stalk mass segregated into the pith category on juice yield.

The analysis revealed that the pith category had the most significant positive effect on juice
yield calculated as a percent of whole stalk mass. The highest pith categories provided optimization
of juice expression. Feed rate has a negative effect on juice yield, meaning that slower feed rates
were better, but this was the least significant parameter. The chopping interval had a positive effect,
meaning that the largest value used in the analysis provided for optimum juice yield. The cutting

speed parameter has no effect on juice yield.
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1.0 Introduction

Recent Environmental Protection Agency regulations limit the tetraethyl lead content of gas-
oline in order to reduce emissions of unburnt hydrocarbons and lead. These lead reduction regu-
lations have created a need for new octane enhancers for gasoline. Ethanol can be used to increase
the octane rating of fuel and also to extend fuel supplies in a manner that is not detrimental to the
environment (SERI, 1982).

Depletion of natural fuel reserves, and the fact that the majority of the fuel consumed in the
U.S. is imported from a relatively unstable world marketplace, has created an awareness of the need
to develop domestic renewable liquid fuel sources. Alcohol-based liquid fuels such as ethanol can
be produced from a variety of renewable agricultural biomass resources. Ethanol production in the
U.S. during the decade precedirig 1983 has more than doubled to approximately 500 million gallons
(Haggin and Krieger, 1983). During 1985, 625 million gallons of ethanol were produced by 74
commercial ethanol facilities (USDA Report #562).

The majority of the ethanol cunehtly produced in the U.S. depends upon corn as a feedstock
because of its availability and price. The starch in corn grain is broken down into sugar and
fermented. Any crop that produces fermentable sugar directly can also be used as a feedstock. An
advantage to using the starch from corn grain is that there is a great deal of protein, that is not
cénsumed in the ethanol production process, which can be used as a livestock feed. It is projected,
though, that an increase in ethanol production to a level of four billion gallons per year could create
significant increases in corn prices. (Long,1983).

The research reported herein is based on ethanol production in the Piedmont, a physiographic

region consisting of parts of 7 eastern states ranging from Pennsylvania to Alabama. The Piedmont



has acid soils which limit moisture availability, and consequently is not an important comn
producing region.

Experimentation conducted by Parrish et al. (1985) compared the total nonstructural carbo-
hydrate yields of several agricultural crops in the Piedmont. The total nonstructural carbohydrate
(TNC) was considered to be a measure of fermentable sugar. Sugar beets produced the highest
TNC yield (8965 kg/ha). Sweet sorghum (cv. Sugar Drip) produced a yield of 7468 kg/ha while
comn (cv. Dekalb XL71) produced 15 percent less.

In order to avoid future concerns for shifting corn production from feed to fuel needs, an
ethanol feedstock not currently used as food was suggested by Cundiff, et al.(1983). Sweet sorghum

appears to be the best candidate for the Piedmont based on the following reasons:
1. Sweet sorghum can be planted on lands that have limited alternative applications.

2. Carbohydrate yields from sweet sorghum can be expected to exceed those of corn while pro-
duction requirements are similar. ‘

3. Sweet sorghum is inherently drought tolerant and can therefore thrive in the droughtly
Piedmont.

4. Small acreages of sweet sorghum are presently grown in the Piedmont for molasses production;
therefore, it is not an unknown crop within the region.

5. By-products of ethanol production from sweet sorgham can be used as a feed for the livestock
industry located within the Piedmont.

A developing sweet sorghum based ethanol production industry in the Piedmont is envisioned
as follows. Sweet sorghum will be grown on small-scale (less than 100 hectare) farms and harvested
mechanically. The whole stalk material will then be stock piled and a mobile processor brought in
to extract the juice. This juice will then be shipped to a mill to be concentrated into syrup and
stored. In order to minimize transportation costs, the mills would most likely serve farms located
within a 10-mile radius. The processing by-products or bagasse would be ensiled on the farm and
used for cattle feed. The concentrated juice would be shipped via truck or rail to a central distillery
for ethanol production.

The advantages of this production scheme include minimal capital outlay for the sweet
sorghum producer, since there will be no need for on-farm processing. The farmer will also have

the benefit of a supply of livestock feed. The use of mobile processors would eliminate the need



to transport the bulky plant material for great distances. The concentration mills would most likely
be operated by farmers’ cooperatives, thereby enabling the local suppliers to have some control over
its operation. The high capital cost of distilling equipment would be assumed by the distillery
owner, most likely the petro-chemical industry, and not the farmer. Additionally, economy of scale
achieved with a large central plant would provide benefit to the industry as a whole.

The research project reported herein relates to the development, design and optimization of a
small-scale mill for expressing juice from the sweet sorghum stalk. The processing module would
be a model for the mobile processsors discussed in the envisioned processing system. This small-
scale mill will be demonstrated throughout Virginia in hopes of stimulating a sweet sorghum based
ethanol production industry.

The processing system developed and built at the Virginia Tech Agricultural Engineering De-
partment is based on a concept to reduce the fiber content of sweet sorghum, and thereby increase
the juice yield from a single pass through a screw press. The concept is to chop the whole stalk
sweet sorghum with the leaves attached in such a manner that the chopped material can then be
separated into pith and rind-leaf fractions, and the pith fraction only fed through a screw press for
juice extraction. A procedure patent has been obtained (Cundiff,1987) and it remains then to de-

termine which operational parameters will give the maximum juice yield.



2.0 Objectives

1.

The specific objectives of this project were :

To determine the system operating parameters required to separate the pith and rind-leaf
materials such that 50, 55, 60, 65, 70, and 75 percent of the fresh stalk weight was present in
the pith fraction.

To determine the screw press expression efficiency, defined as juice yield divided by the
amount of juice present in the stalk material, for each of the parameter settings.

To develop and employ a statistical response surface model for analysis of the following pa-

rameters : feed rate, chopping interval, chopping speed, and percent segregation.



3.0 Literature Review

3.1 Physiological Characteristics of Sweet Sorghum

Much is known about the physiological properties of the sweet sorghum plant and the re-
lationship of these properties to ethanol production. Sweet sorghum as a biomass crop can be ex-
pected to yield in the range of 40-45 metric tons pér hectare in the South, depending upon soil
conditions and length of the growing season (Bryan et al., 1981). Fermentable sugar yields of ap-
proximately 6 metric tons per hectare were reported. Stephenson (1983) reports that ethanol yields
as high as 5572 liters per hectare have been achieved. This conversion is based on 14 pounds of
fermentable sugars required to produce | gallon of ethanol. Meade and Chen (1985) report that
conversion rates of 90 percent of sugar to ethanol can be expected.

SERI (1981) reports that 8 to 10 percent of the stalk mass is fermentable sugar. Monroe and
Bryan (1983) report that the sweet sorghum stalk accounts for approximately 85 percent of the
plant mass, and contains approximately 94 percent of the available sugars, or TNC. McBee and
Miller (1982) state that the highest concentration of TNC exists within the stalk culm or inner pith
material of the stalk. Lipinsky (1978) noted that the pith material contained 85 percent of the plant
TNC and accounted for 75 percent of the stalk mass. The remainder of the available TNC being
located within the leaves and seedhead. Smith and Reeves (1979) also noted that up to 15 percent
of the TNC was present in the leaves and seedhead.

Bryan et al. (1985) noted that the fiber content of sweet sorghum stalks ranged from 9.6 to 17.4

percent of stalk mass depending upon variety. Cundiff et al.(1984) found that the rind-leaf, the



portion of the stalk not considered to be pith material, contained approximately 80 percent of the
stalk fiber, and less than 20 percent of the stalk TNC.

Lamb et.al. (1982) state that most of the sugar present in the pith fraction can be extracted as
juice. The juice can be directly fermented, while other grains require enzymatic conversions of
starch to sugars. Yeast fermentation of the simple sugars present within the juice produces an
aqueous solution requiring distillation to concentrate the ethanol. Bryan et al. (1985) state that the
sugar concentration of the sweet sorghum juice can be determined by a refractometer and expressed
as Brix. Although Brix is actually the percent solids present in the juice, an approximate value of
the sugar content can be determined and used as a relative value for comparison purposes since the

solids in the juice are composed mainly of sugars.

3.2 Sugarcane Milling Procedures

Previously, sugarcane milling techniques have been used to extract juice from sweet sorghum
stalks. Typically, stalks are fed into 2 or 3 roll mills operating under high pressures which force the
juice from the plant material. Meade and Chen (1985) state that the fiber content of the material
passing through the roller mill has a large effect on juice expression effectiveness. Bryan et al.
(1985) explain that the amount of juice retained in the bagasse is directly correlated to the fiber
content of the bagasse. Higher fiber content material retains more of the juice. Monroe et al.
(1981) have proved that the maximum expectation for juice expression from a 3-roll mill is ap-
proximately 47 percent of the stripped stalk weight. This value is low considering the fact that stalk
moisture content ranges from 75 to 85 percent on a wet basis. Lamb et al. (1982) experimented
with grooved rolls and achieved juice yields of 46 percent of stalk weight with a two-roll mull.
Monroe et al. (1981) found no improvement in juice expression when using grooved rollers in a
3-roll mill. Lamb et al. (1982) did note an increase to 58 percent of stalk weight, though, when

stripping the leaves from the stalk. They hypothesized that the leaves absorbed some of the juice



being expressed from the stalks. Riedenbach and Coble (1982) reported juice yields of 55 percent
of stalk weight with a laboratory roller mill.

Stephenson (1983) experimented with a similar system consisting of a set of 4 rollers. The first
set crushed the stalks while the second set of rollers provided the pressure for the juice extraction.
Juice yields of 35 percent of stripped and headed stalk mass were reported. Further experimentation
with split stalks increased juice yield to 41 percent.

Monroe and Bryan (1983) reported juice yields of S0 percent of material weight when passing
chopped sorghum stalks through a modified 3-roll mill. Although the increase in juice yield was
insignificant, they did note a drastic increase in the rate at which the material could be fed into the
mill. A 25 percent increase in the feed rate was noted for chopped versus whole stalks. Also noted
was the fact that maximum juice expression occurred at the maximum feed rate of 1500 kg/h.

Meade and Chen (1985) reported increased juice yields from sugar cane by using countercur-
rent extraction. Several mills are used in tandem with water being added to the bagasse between
milling stations. Sugar yields from sugar cane as high as 95 percent of expressable sugars have been
achieved by this method. The additional costs of adding the water and dehydrating the juice would
not be feasible in sweet sorghum juice extraction.

Lamb et al. (1982) designed and built a field harvester employing roller mills to express the
sweet sorghum juice in the field. The experimentation proved unsuccessful since only 25 percent
of the stalk weight was expressed as juice. The operating and initial costs of this machine, and the

low expression efficiency contribute to its impracticality.

3.3 Sweet Sorghum Juice Expression Techniques

The higher fiber content of sweet sorghum relative to sugar cane necessitates a different milling
process in order to efficiently extract the available sugars. Several alternatives to the roller mill have
been investigated. A twin screw press was employed by Shmulevich and Coble (1983) enabling

sugar yields of 63 percent of the extractable sugars. Bryan et al. (1983) reported juice yields of 63



to 70 percent of plant mass were achieved by passing the material through a screw press. The 15.2
cm (6 in) diameter screw press sustained a feed rate of 840 kg/h for whole stalk material.

Further investigations into increasing the effectiveness of a screw press were conducted by
Monroe et al.(1982). They developed a leaf stripper to remove the leaves from the stalk prior to
harvesting. The machine effectively removed 89 percent of the leaves. This experimentation was
based on their prior experimentation with a 3-roll mill. They had noted a 20 percent increase in
juice yield for stalks processed without leaves. An attempt by Wright et al. (1977) to pneumatically
remove the leaves from chopped material proved unsuccessful. Broadhead (1972) noted that ef-
fective separation of the leaves from the stalk material can be achieved by chopping the material
into short lengths. He also reported no appreciable loss in sugars when expressing juice from the
chopped stalk material less the separated leaves.

A machine developed by Tilby (1971) is used to split the sorghum stalk lengthwise and remove
the pith from the stalk halves. Kresovich (1982) employed this machine to separate the pith and
rind-leaf material of the sweet sorghum being processed. He found that up to 70 percent of the stalk
mass could be separated as pith. The inability of the Tilby machine to process more than a single
stalk at a time and the requirement of precise stalk orientation has limited commercial acceptance.

Stephenson (1983) noted the importance of separating the pith and rind-leaf portions of the
stalk material. His experimentation compared the juice yields for several methods of stalk material
preparation. Stalks were finely chopped by a cylinder-knife shredder. One method of juice ex-
traction was to employ a hydraulic cage press to express juice from the chopped material. This
method provided juice yields of 54 percent of stalk weight. He then separated the sugar-laden pith
material from the fibrous rind-leaf material, and expressed juice from the pith fraction only. An
increase in juice yield to 67 percent was noted when extracting juice from the pith only. These
findings support the notion that excess amounts of fibrous material present in the material being
expressed adversely affect the juice expression efficiency.

The improvement in juice extraction by expression of pith material only was the basis of re-
search conducted by Cundiff and Vaughan (1984). They built a single stalk chopper used to chop

the material in a manner such that the pith could be separated from the rind-leaf. Cutting intervals



of 0.5 and 1.0 cm, controlled by travel speed of the stalks into the chopper mechanism,_ were
evaluated. A cutter blade peripheral speed of 6 m/s was used. The chopped material was separated
by using a 1.2 cm square mesh screen which was shaken by hand to segregate the pith from the
rind-leaf fraction. The pith fraction accounted for 78 and 75 percent of the fresh stalk weight for
cutting intervals of 0.5 and 1.0 cm, respectively. The pith material was found to contain 80 to 90
percent of the whole stalk TNC.

Cundiff et al. (1984) conducted further investigations into the effect of cutting blade speed and
cutting interval on separation characteristics. An increase of the cutting interval to 1.5 cm provided
no benefits for the separator screen size used. Cutter knife speed was increased to 18 m/s and was
found to provide 85 percent of the plant weight segregated into the pith fraction when used in
combination with a cutting interval of 0.5 cm. This combination also yielded 84 percent of the
plant TNC present in the pith fraction, the highest percentage noted.

Bryan and Parrish (1982) compared the fermentation characteristics of chopped whole stalks
and expressed juice. Ethanol yields of 78 to 81 percent of theoretical were noted for the chopped
material and 72 to 73 percent for the expressed juice. They felt that these values were low due to
fermentation inhibitors present in the Wray variety of sweet sorghum. Riedenbach and Coble
(1982) conducted similar experiments comparing ethanol yields for chopped stalk matenal, juice
expressed by a 3-roll mill, and the pith material extracted by a Tilby single stalk separator. Potential
ethanol yield of the chopped material was found to be 100 L/t, 52 L/t for the juice, and 85 L/t for
the pith. Actual yields of 74 L/t for the chopped stalk material, 44 L/t for the juice, and 41.6 L/t
for the pith material were noted providing 74, 85 and 49 percent of the potential yield, respectively.
They noted that the pith matenal contained more of the total sugars, but poor fermentation limited
the yield when compared to the finely chopped whole stalk material.

Additional solid phase fermentation experimentation was conducted by Bryan and Caussanel
(1983). They shredded whole stalks into 30 cm length billets and used a 3-roll mill for juice ex-
traction. They also fermented whole stalk material that had been chopped with a forage harvester.
Actual ethanol yields were 68 to 72 percent of theoretical yield for juice expressed from the

fermented shredded material. This value includes the ethanol yield of the previously expressed juice



by direction fermentation. Yields of 64 to 73 percent of theoretical were reported for fermentation
of whole stalks chopped with a forage harvester.

The two major drawbacks of the solid phase fermentation systems are the requirements of
solids removal before distillation and the large quantities of water used during the process which
must be removed. Coble et al. (1983) showed that the removal of solids from the fermented whole
stalk material is required for conventional distillation systems. They conducted experimentation to
determine the effect of solids removal both before and after distillation. Stalks were chopped and
water added to cover the solids; a cage press was then employed to separate the liquids from the
material. A reduction in ethanol yield of 18 percent was noted for the material which had the solids
removal treatment after fermentation as compared to a control. The control treatment consisted
of chopped material fermented without solids removal. Ethanol yield was reduced by 23 percent
for material which was subjected to solids removal before fermentation.

Reidenbach and Coble (1982) noted a water requirement of 1500 L/t for accepiable solid phase
fermentation of sweet sorghum. This water is later removed during the distillation process at an
additional cost. They concluded that juice extraction and fermentation of the juice only was the

most feasible processing option.

3.4 Storage of Juice

Juice storage is a difficult problem to overcome in the production of ethanol from sweet
sorghum. Daeschel et al. (1981) report that freshly expressed sweet sorghum juice contains ap-
proximately 10® microorganisms per milliliter, which cause spoilage of the juice within a 5 to 12
hour period at ambient temperatures. A drop in pH from 4.9 to 4.5 was noted within this
timeframe. They also noted that the juice could be stored for 14 days at 4°C if promptly refriger-
ated. Hansen and Ferraris (1985) state that the initial spoilage of the juice does not have an adverse
effect on ethanol potential, but does render the juice useless for sugar production for human con-

sumption. Rein et al. (1928) repoted that microbial inhibition of sugar conversion to alcohol during

10



fermentation could be limited by heating the sweet sorghum juice prior to fermentation. They
noted an increase in alcohol conversion efficiency of 75 percent when the juice was heated to
60-85°C prior to the fermentation process. This method though adds considerable cost to the
process.

The Audubon Sugar Institute (1984) concluded that sweet sorghum juice could be readily
concentrated into molasses by an ultrafiltration process. The molasses can be easily stored and
transported, if the sugar concentration is at least 70 percent. It was noted that the 70 percent
molasses will yield 0.6 L of ethanol per L. Concentration of fruit juices by a reverse-osmosis
filtration procedure has been reported by Paulson (1984). It is possible that this procedure could
also be applied to sweet sorghum juice. Concentration of the sweet sorghum greatly enhances its

storability, reduces transportation costs, and will allow year-round distillery operation.

3.5 Storage of Sweet Sorghum Stalks

The storage of sweet sorghum stalks prior to processing is a concern due to microbial activity
within the stalks. Osuji and King (1983) report a spoilage of sugar cane stalks after 41 days of
storage in the open. They also noted a decrease in sugar content and moisture content of both the
pith and rind-leaf material.

Eiland et al. (1983) reported rapid losses of fermentable sugars for chopped sweet sorghum
stalks. Whole stalk sweet sorghum was‘ stored up to 1 week without a significant decrease in
ethanol production potential. Broadhead (1972) noted that sweet sorghum stalks could be stored
up to 48 hours without noteable decrease in sugar content. Cundiff et al. (1983) reported
fermentable sugar content losses of less than S percent for sweet sorghum stalks stored in an open
shed for 30 days. It is hypothesized that the differences in spoilage rates for sweet sorghum and
sugar cane are partially due to the sweet sorghum rind material inhibiting aerobic microbial activity.

Cundiff et al. (1985) dried sweet sorghum stalks at 40, 50, and 60 °C in order to investigate the

preservation of fermentables during storage of the stalks. They found that drying at 40 and 50° C



did not appreciably reduce the rate of TNC loss. Reduction of stalk moisture content from 76 to
34 percent at 60°C did appear to aid in fermentable preservation during long periods of storage.
They concluded though, that the energy consumed during the drying process was not justified by

the preserved fermentables.

3.6 Forage Potential of Bagasse

As previously noted, a successful sweet sorghum ethanol production industry in the Piedmont
will depend on economic benefit derived from the processing by-product, or bagasse. The high cost
of reducing the moisture content of the bagasse limits its feasibility as a burner fuel. The Audubon
Sugar Institute (1984) reports a heat value of 13.26 to 16.05 MJ/kg (5700-6900 BTU/Ib) of dry ash
free sweet sorghum fiber. They also noted that large quantities of natural gas were required to burn
undried bagasse.

Over 100 years ago, Collier (1884) noted the acceptability of sorghum bagasse as a livestock
feed. Several farmers reported that cattle readily accepted the bagasse as a feed and actually pre-
ferred it to corn silage.

If the rind-leaf and head material are to be used as a feed, a storage method must be incorpo-
rated that will prevent spoilage of the material. Linden et al. (1986) reported that chopped sweet
sorghum stalks did ensile in a satisfactory manner. Fermentation of the sweet sorghum bagasse
during ensiling is possible due to sugars remaining in the material. Coble and Egg (1986) reported
successful baling of sweet sorghum stalks with a round baler. It is conceivable that the bagasse
could be dried and baled with a conventional rectangular baler. Either of these methods might be
used by farmers in the Piedmont to store and preserve the bagasse material for future livestock

feeding needs.



3.7 Sweet Sorghum Production

Investigations into the production of sweet sorghum for edible molasses are plentiful.
Broadhead (1972) reports that sugar content of the sweet sorghum stalk increases with plant ma-
turity until the seeds are ripe, meaning they are in the soft dough stage. Lamb et al. (1982) noted
that a killing frost stops sugar production, and sugar content decreases thereafter. Brinkley (1984)
concluded that the length of the growing season is critical and that a suitable variety must be chosen
in order to achieve maximum TNC availability proir to a killing frost. Broadhead and Freeman
(1980) studied the effects of spacing on sweet sorghum yield, and concluded that 52.5 cm row
spacing provided for higher stalk weights, fermentable sugars, and ethanol yields per unit of land
area than did a 105 cm spacing. Broadhead et al. (1963) noted though that spacing within the rows
also affected yields. He reported that a spacing of 102.6 cm (4 in) of plants within the row provided
for optimum juice yields. He also noted though that lodging increased with a decrease in plant

spacing, and concluded that this was due to the smaller stalk size associated with the closer spacing.



4.0 Experimental Methods

4.1 Sweet Sorghum Production

Sweet sorghum [Sorghuwm bicolor (L.) Moench. cv. "M81E”] was planted according to recom-
mended practices (Freeman et al., 1973; McCart and Harrison, 1978) at the Virginia Tech
Agronomy research farm in Orange, Virginia on May 30, 1986. A controlled and completely ran-
domized experiment was planned to investigate the effects of plant spacing and density on lodging.
Unfortunately, severe drought conditions, occurring soon after the planting date and throughout the
growing season, rendered inconclusive results. The inherent drought tolerance of the sweet
sorghum though did result in sufficient crop growth to allow for the planned experimentation on
juice removal.

Whole stalks were harvested on October 15 and 16, 1986, although the crop had not yet ma-
tured and sugar content was probably not at its peak. A killing frost was predicted. The stalks were
hand-cut and laid into a wooden bale forming apparatus and bound into bales of approximately
0.5 m in diameter and weighing 140 to 200 kg. The bales were then transported to the Agricultural

Engineering Laboratory for processing.

4.2 Processing Procedure

Topped stalks of sweet sorghum approximately 2 m in length were placed into the bale un-

loader (Fig. 1).
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Figure 1. Schematic of bale unloader.

1S



The stalks were manually fed into a set of aggressive rollers which pulled them onto a short con-
veyor for alignment into the chopping mechanism. Another aggressive roller then pulled the stalks
over the shear bar and forced them into the path of the rotating blades (Fig. 2).
The blades struck the stalk, shattering the tough rind, and disgorging the sugar rich pith. Tolerance
between the blade and shear bar was set at 0.32 cm (0.125 in.). In most instances the rind was not
actually cut but simply fractured. A clean break in the fibrous rind generally occurred at the node
points of the stalk, thereby limiting the length of the rind-leaf material to roughly 40-50 cm. The
chopped material was then elevated with a belt conveyor and dropped onto a vibrating screen (Fig.
3) for fractionization.

The sugar-laden pith material fell into a hopper beneath the screen while the fibrous (rind-leaf)
material moved along the length of the screen and fell into a waste hopper. The weights of the two
fractions were then determined and their percentages of the whole stalk material were recorded.

These percentages were calculated as follows:

Py = My/(M + Mp)) x 100 (1]
P, = (Mp/(M, + Mp)) x 100 2]

where, P, = percentage of chopped material separated into the rind-leaf fraction

ge]
I

, = percentage of chopped material separated into the pith fraction

£
]

mass of rind-leaf fraction (kg)
M, = mass of pith fraction (kg).
The pith material was then fed into a screwpress (Vincent Processes, Model VP-6W-P2F) with
a 15.24 cm (6 in.) diameter screw, powered by a 3.7 kw (S hp) electric motor. The expressed juice
was collected in a container and weighed. The pith press-cake, or bagasse, was also collected and
weighed. The weight of the expressed juice was then calculated as a percentage of the pith fraction

as follows:

P; = (My/M,) x 100 3]
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where, P;-= juice expressed as a percentage of pith mass
M, = mass of juice (kg)
M, = mass of pith fraction (kg)

A Brix reading of the juice was taken and recorded for each bale sample. Additionally, samples
of the pith material were taken for analysis of maximum possible juice expression by a hydraulic
cage press. A 175 g sample was loaded into the cylinder of the hydraulic press, the piston inserted,
and a 20.7 Mpa (3000 psi) load was applied to the piston. The maximum possible mechanical juice

expression was then calculated as follows:
Pimax = (1 — (Mpe/Ms)) x 100 [4]

where, P;,,, = maximum possible juice expression by mechanical means as a percent of pith
sample mass
M,. = mass of pith press-cake after expression by the hydraulic press (kg)
M, = mass of pith sample (175 kg).

The percentage of juice expressed with this method was considered to be the maximum value
of juice extraction that could be mechanically obtained. The expressed material was then dried and
its moisture content determined. A hand-held refractometer was used to determine the precent Brix
of the hydraulically expressed juice as well as the juice extracted by the screw press. Brix values
were determined and recorded for the juice from each bale.

The Brix values provide an estimate of the amount of the total soluble solids in the juice
sample. In this case the assumption is that the Brix value indicates the quantity of soluble sugars
present in the juice.

Three stalks were drawn from each bale, chopped in a small chopper and then oven dried at
70 C to determine moisture content. These samples were then ground in a Wiley mill and analyzed
for total nonstructural carbohydrates (TNC) using the methods of Smith (1969) as modified by
Davis (1976) and Wolf (1975). Samples of the pith fraction were collected after the bale was

processed, and analyzed for TNC using the same procedure. Throughout this presentation the TNC
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is taken to be the percentage of the solids that can be converted to ethanocl with yeast fermentation.
The term “sugar” is applied to these solids, and to the solids measured with the Brix reading.
Efficiencies of the various system components, based on sugar yields, can be obtained through
the use of the Brix and TNC values determined for each bale. The term “bale” is used to refer to a
bundle of whole stalks with the seedheads removed. The mass of total soluble sugars in the pith

fraction is then calculated as follows:

TSS, = M, x MC,, x Brix [5]

where, TSS,= mass of total soluble sugars in the pith (kg)
M, = mass of pith fraction (kg)
MC, = moisture content of pith fraction (wet basis) (decimal)
Brix= Brix value of expressed juice (decimal)
Upon determination of the total soluble sugars present in the pith fraction one can readily
determine the sugar yield efficiency of the screw press. This efficiency is based on the amount of
sugar expressed within the juice relative to the amount of sugar present in the pith, and is calculated

as follows:
SYsp = [(Brix x Mj)/TSSp] x 100 [6]

where, SY = sugar yield efficiency of screw press (%)
M, = mass of expressed juice (kg)
A further measure of the system efficiency is the ratio of the sugar expressed in the juice relative
to the total sugar available within the whole stalk material. This value will indicate the overall

percent sugar yield as a function of total plant sugar, and is calculated as follows:
Y, = (S/Sy) x 100 U

where, Y,= overall sugar yield efficiency (%)

S;= M; x Brix = sugar present in juice (kg)

20



'S, = sugar present in bale (kg)
The amount of sugar available within the bale is determined by use of the bale TNC value as fol-

lows:
Sp = My x (1.0 = MCy) x TNC, [8]

where, M, = mass of bale (kg)
MC, = bale moisture content from 3-stalk sample (wet basis)
(decimal)
TNC, = total nonstructural carbohydrates in bale (decimal)
An indication of the separation efficiency can be determined by calculating the ratio of sugar

present in the pith fraction to the sugar present in the plant material. The calculation is as follows:
S = (TSS,/Sp) x 100 [9]

where, S,= sugar yield efficiency of the serarator (%)

4.3 Description of Processing System Components

4.3.1 Bale Unloader

The bale unloader (Fig. 1) consisted of a trough with a smooth floor. Several attempts to
mechanically unload the bales from the trough failed. The nature of the wax-like outer coating of
the stalk and the intertwining of the leaves within the bale prevented acceptable unloading by me-
chanical means. In order to control feed rate of the material into the chopping apparatus the stalks

were unloaded manually.
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The two variations of feed rate, fast and slow, were controlled by noting the time required to
feed the bale into the chopper. Additionally, the operator visually monitored and maintained the

rate at which he fed the stalks into the short conveyor.

4.3.2 Short Conveyor

The purpose of the short conveyor section (Fig. 1) located between the bale unloader and
chopper was to move the sorghum into the chopper at the desired speed. This speed, when coor-
dinated with the chopper peripheral speed, achieved the predetermined cutting intervals of 0.5 and
1 cm. The conveyor was powered by a dual-section constant-displacement hydraulic pump. The
first section supplied fluid to a constant displacement motor which in turn provided rotary motion
to the first set of aggressive rollers through a jack shaft and chain driven gear set. The second pump
section provided fluid for the constant displacement motor which powered the floating aggressive
roller and conveyor belt. Again a jack shaft and chain driven gear set provided the desired speeds.
The purpose of the floating aggressive roller was to move the stalks across the shear bar, and feed

them into the chopper perpendicular to the cutting blade motion.

4.3.3 Chopper

The chopping mechanism (Fig. 4) consisted of 15 steel blades mounted on a 0.3 m diameter
cylinder. The blades were mounted on the drum in a spiral fashion in order to evenly distribute the
cutting torque pulses on the drive system. The cylinder was driven by a 7.4 kw (10 hp) electric
motor through a variable speed belt drive, which allowed easy adjustment of the chopper knife
speed. A hopper coated with epoxy paint was mounted below the chopper drum to funnel the flow
of chopped material onto the inclined conveyor. The epoxy paint was needed to prevent the wet,

sticky pith from adhering to the sides of the hopper.
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Figure 4.

Chopper.
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4.3.4 Vibrating Screen

The purpose of the vibrating screen (Fig. 5) was to separate the pith from the rind-leaf mate-
rial. The smaller pith particles fell through the screen while the fibrous rind-leaf material moved
across the screen and fell into a waste hopper. The separated pith and rind-leaf are shown in Fig.
6. The oscillatory motion of the screen was provided via a crankshaft type mechanism driven by
a hydraulic motor. A variable displacement pump, powered by a 3.7 kw (5 hp) electric motor,
provided flow to the motor. Variations in oscillatory frequency needed to obtain the desired sepa-

ration of pith and rind-leaf were achieved by adjusting the pump displacement.

4.3.5 Screw Press

A screw press (Vincent Processes, Model VP-6W-P2F) was used to express juice from the pith
material (Fig. 7). The 15.2 cm diameter screw, housed in a cylindrical screen with 1.6 mm perfo-
rations, was driven by a 3.7 kw (5 hp) electric motor. The screw had a reduction of pitch along its
axis. Bars extending into the cylinder provided a resistance, and increased pressure on the material
as it moved through the press. A compression force was applied at the discharge end of the cylin-
drical housing by a rotating cone, maintained by a pneumatic cylinder under a pressure of 138 KPa
(20 psi).

As the material moved through the press, the pitch reduction, presence of the resistance bars,
and compression force at the discharge, forced the juice to be expressed from the pith materal.

The juice then flowed into a trough and from there into a collection container.
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Figure 5. Vibrating separator.
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Figure 6. Separated pith and rind-leaf fractions.
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Figure 7. Screw press used for juice extraction.
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4.4 Previous Experimentation with System Components

4.4.1 Unloader

As previously stated, attempts to mechanically remove the sorghum stalks from the unloader
trough have failed. Initially, a‘ﬂat rubber conveyor belt formed the floor of the trough. It was
powered by a hydraulic motor, and used to remove stalks from the bottom of the bale. The weight
of the bale and intertwining of the leaves prevented movement of the bottom layer of stalks. The
unloading trough was redesigned to the present configuration as described in the component de-
scription section. Additionally, a hydraulically powered overhead conveyor with serrated teeth that
combed through the bale was used to pull the stalks from the top of the bale. The conveyor was
pivoted about its drive axis and could be raised and lowered by a hydraulic cylinder (Fig. 8).

As stalks were removed from the top of the bale, the angle of inclination was decreased, and the
trough raised in order to maintain contact between the tines and the bale of stalks. This unloading
procedure also proved unsuccessful as the wax-like coating of the stalks and intertwining of the
leaves inhibited removal of the top layer of stalks. Notches cut into the tines in order to increase
their aggressiveness and a change in their angle of attack upon the stalks also proved unsuccessful.
It is the opinion of the author that this method would most likely prove successful if the leaves were
removed from the stalks prior to collection in the form of a bale. Removal of the leaves is me-
chanically possible but would add to the processing costs. Other methods of mechanically un-

loading the stalks need to be investigated in order to eliminate the need to manually unload the bale

and feed the stalks into the chopper.
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Figure 8. Schematic of automated bale unloader.
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4.4.2 Vibrating Screen

Preliminary tests were conducted with several separator screen configurations. The initial
screen was a steel plate punched with 12.7 cm holes providing an open area of 42 percent. This
screen provided unsatisfactory separation due to the small hole diameter and lack of open area.

A round wire screen with 12.7 x 12.7 cm mesh material was then evaluated. The 88 percent
open area provided improved separation, but a visual inspection of the rind-leaf material hopper
revealed the presence of pith particles larger than 12.7 cm.

Results of separation using a 25.4 cmm x 25.4 cm  wire mesh screen provided superior sepa-
ration. The hole size of 25.4 cm? and 95 percent open area allowed pith particles to fall through
the screen, while rind-leaf material moved across the screen in a desirable manner. This screen was
chosen for use in the final system.

Investigations into the effect of screen angle of inclination were also conducted. Initially, the
inclination angle was set at 20° from horizontal. A screen oscillatory frequency of 1.75 Hz provided
separation of 64 percent of stalk weight into the pith fraction. The matenial in the rind-leaf hopper,
though, did contain pith particles, indicating that the angle of inclination was too steep and the
chopped material was not being agitated for a sufficient time to allow complete separation. De-
creasing the angle to 10° with respect to horizontal did not provide adequate movement of the
material along the screen. The material accumulated on the screen and very little separation oc-
curred. Changing the angle to 15° provided for collection of 73 percent of the fresh stalk mass in
the pith category using an oscillatory frequency of 1.75 Hz. It was concluded that the 15° inclina-
tion angle and the 25.4 cm square mesh screen provided the most satisfactory separation at any of
the possible operating frequencies; consequently, this combination was chosen for the 1986

parametric study.
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4.4.3 Screw Press

The screw press operational parameters evaluated during the preliminary testing included screw
speed and driving motor power. A 3.7 kw (5 hp) electric motor operating the screw at 36 rpm
provided the highest rate of material flow through the screw press without clogging, 558 kg/h (1230
Ib/hr). A 2.2 kw (3 hp) motor would operate the screw at 24 rpm without clogging, providing a
capacity of 385 kg/h (850 1b/hr).
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5.0 Experimental Design

The processing system developed and built at the Virginia Tech Agricultural Engineering De-
partment evolved to take advantage of some of the research noted in the literature review. The
concept is to remove the seed heads and chop the whole stalk sweet sorghum with the leaves at-
tached. The chopped material is then separated into pith and rind-leaf portions, and the pith frac-

tion only is fed through a screw press for juice extraction.

5.1 Preliminary Experimentation During 1985

The system was operated during 1985 in order to determine feasible levels of the operational
parameters and to finalize developmental activities. The results showed that chopper knife speeds
of 12 and 18 meters per second, and cutting intervals of 0.5 and 1.0 cm provided satisfactory system
operation. These values allowed segregation of the pith and rind-leaf material into the desired
proportions. It was decided that these cutting interval and knife speed values would be used as the
two levels for these parameters for the statistical analysis in 1986. Two other parameters evaluated
were feed rate of the whole stalk material into the chopper and percentage of weight segregated into
the pith fraction. No feed rate values were recorded during the 1985 processing season; therefore,
general values, defined as “high feed rate” and “low feed rate”, were assigned for the 1986 exper-
iments. The “high feed rate” was obtained by processing the bale within 5 minutes or less while the
“low feed rate” required 8 to 12 minutes of processing time. The 1985 processing runs showed that

values ranging from 50 to 85 percent of whole stalk mass could be readily segregated into the pith
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fraction. Analysis of the limited data obtained, indicated that there was an increase in juice ex-
pression when evaluating pith fractions ranging from 50 to 80 percent. For values above 80 percent,
the juice expression decreased (Fig. 9). A summary of the data collected and analyzed during the
1985 processing season is shown in Appendix A.

Increasing the percentage in the pith fraction increases fiber. Meade and Chen (1985) con-
cluded that fibrous material inhibits expression of juice from the stalk material, therefore a decrease
in the juice is expected when the percentage in the pith fraction is increased beyond some level.
Values of 65, 70, 75, 80 and 85 percent of fresh stalk mass were chosen as targét levels for separation

into the pith category for the 1986 parameter evaluation.

5.2 Statistical Model

Myers (1976) defined response surface methodology as a set of mathematical and statistical
methods used to evaluate the effect of a number of independent variables on some continuous
system feature. The feature to be evaluated is known as the response. Generally, a response surface
analysis model is employed to define the set of independent system operating parameters required
to optimize the response. In this case, the response is juice yield and the operating parameters in-
volved are feed rate, chopping interval, chopper blade peripheral speed, and percentage of mass
separated into the pith category. It should be noted that the response surface model allows for a
variability in the values chosen for the target levels. In other words, all repetitions of the 70 percent
pith category parameter, when evaluated with all other parameters held constant, need not fall ex-
actly on 70 percent. An allowable range of values from 68 to 72 percent is acceptable. This al-
lowance was very important in the study since it was virtually impossible to achieve the target level
consistently. The model also allowed for differences in the number of repetitions at each opera-
tional setting. The maximum number of repetitions, however, is desired in the predicted area of

optimization. It was hypothesized that juice expression would be optimized when 70 to 80 percent
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Figure 9. Juice expression as influenced by pith category, 1985 data.
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of the chopped material was present in the pith category. Therefore, replications of the data were
specified for this range.

The experiment was designed to analyze 64 samples with combinations of all levels as follows:

e  Chopping Interval = 0.5, 1.0 cm (2 levels)
e  Chopper Knife Peripheral Speed = 12, 18 m/s (2 levels)
e Feedrate = fast, slow (2 levels)

e  Pith Category = 65, 70, 75, 80, 85 (5 levels)

There were two replications planned for the 70, 75, and 80 percent pith categories for each level of
the other parameter values.

The response surface model was developed to study the effects of the four processing param-
eters on a single response, the percentage of total plant juice extracted during the processing pro-

cedure. The calculation of this response is shown as follows:
n = mje/mjb [lOl

where, r, = response

m;, mass of juice expressed (kg)

m;, = mass of juice present in the bale (kg, based on wet basis moisture content of 3-stalk

sample from the bale)

5.3 Required Changes to the Experimental Design Plan

Early during the 1986 processing period, it was noted that it was virtually impossible to achieve
the 80 and 85 percent pith category levels. In order to achieve these values, the rind-leaf material
had to be rerun over the screen one or more times, with the expectation that more of the pith

particles would be removed from the rind leaf. Actually, though, fibrous rind-leaf material was
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being added to the pith fraction. A visual inspection of the rind-leaf material revealed that very few
pith particles were present when 75 percent or higher was separated in the pith fraction. This value
is confirmed by the findings of Lipinsky (1978) who reported that 75 percent of the plant material
is pith. It was felt that the 70 percent pith category in 1986 provided separation equivalent to that
of the 80 percent pith category in 1985. The difference in the percentage point values is explained
by the fact that the 1986 material was fresh when processed, being stored for not more 8 days, while
the 1985 material had been stored for up to 3 months before processing. Since the 1985 material
had been in storage for a lengthy time period, it had experienced considerable moisture loss of the
rind-leaf. This material then accounted for a lower percentage of the total stalk mass, and the wet
pith fraction constituted a higher percentage.

With these thoughts and observations in mind, new target levels of 50, 55, 60, 65, 70, and 75
percent were assigned for the pith category parameter. It was felt that these values were similar to

the 65 to 85 percent range previously chosen based upon the 1985 results.
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6.0 Results and Discussion

The 65 bales of sweet sorghum were processed in the Agricultural Engineering Laboratory on
October 16-24, 1987, according to the experimental design plan explained previously. The results
were compiled and the statistical analysis employed to determine the optimum operating parame-

ters.

6.1 Response Surface Model

The model was used to indicate the parameter settings required to maximize the response.
Analysis of the data with the response surface model could not be conducted as planned because
none of the parameters had quadratic effects, and there were no interaction effects between the pa-
rameters. Since the effects proved to be linear a multiple linear regression approach was employed

to further analyze the data.

6.2 Multiple Linear Regression Model

The Statistical Analysis Subroutine SAS program developed by SAS Institute was employed
to analyze the effects of the processing parameters on the response. As for the response surface

model, the response chosen was the percentage of juice expressed as a percentage of the total plant

juice.
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The specific subroutine within the SAS program chosen for the analysis was the “"MAXR”
procedure. Myers (1986) states that “MAXR” can be used to evaluate the data and determine a
suitable regression model based on the stepwise addition and deletion of regressors; the processing
parameters in this case. The subroutine will determine the best 1, 2, 3,...k (where k = maximum
no. of regressors) regressor model based on maximization of the R? statistic. The R? statistic,
otherwise referred to as the coefficient of determination, is an indication of the proportion of the
response variance that is explained by the particular model. A high R? value would indicate that
the model adequately predicts the response. He further explains, though, that the use of the R?
statistic alone as a tool for model choice is not desirable. A model that is underfitted, or ignores
important variables, can be biased on the importance of the regression coefficients and the esti-
mation of the total error variance. An overfitted model, or one that has too many regressors, can
cause large variances of the regression coefficients and the models prediction. ‘As a compromise,
the Cp statistic, or Mallow’s statistic, is useful for detection of under- and overspecification of a
model. It is a function of error variance; therefore, a small Cp value is desirable. Values of equal
to or less than the number of regressors in the model are desirable..

In addition to using the R? and Cp statistics, the mean squared error (MSE) can be a useful
tool for discrimination of multi-variate models. Reduction of the MSE is desirable. A model with
a smaller MSE has more of the variability described by the regression model itself. One can more
easily compare the MSE values of several models by using the MSE to determine the coefficient
of variation for the models. The coefficient of variation is defined as the standard deviation, or the
square root of the MSE, divided by the mean of the response. The coefficient of variation indicates
the relative error of the model as a percentage, and can be used as a comparison for several models.

The regression analysis “"MAXR” procedure indicated that a single variable model provided the

best balance of the R?, Cp, and MSE rating criterion. The model is of the form:

n=>0by+b xp,*teg (11]
where, r, = response as previously defined
b, = 10.5933 = intercept estimate
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b,

.7097 = regression coefficient estimate

Pp percentage value for pith category

e, = random error
The model as shown indicates that the fraction of weight segregated into the pith fraction is the only
parameter of the four evaluated that has an effect on the response as calculated. The remainder of
the operating parameters were insignificant in this evaluation.

As can be noted in Table 1, thg model has an R? value of .756, meaning that this model ex-
plains 75.6 percent of the response variability. The model also indicated that the pith fraction effect
was linear, thereby negating the notion that juice expression efficiency decreases with higher values
of pith category percentage as had occurred during the 1985 testing. Complete results of the statis-
tical analysis are given in Appendix B.

The stalk material used in 1985 had been in storage for several months and some drying had
occurred. The material used in 1986 was fresh, therefore the outer rind-leaf fraction had not had
an opportunity to dry. It is felt that since the rind material was at a higher moisture content, it did
not tend to absorb the juice from the pith portion as it had in 1985, but probably helped improve
juice expression. It should also l;e noted here that the highest achievable pith fraction for the fresh
material was 75 percent, while at least 85 percent was achieved for the drier material. Visual in-
spection indicated that the 75 percent pith fraction was suitably separated, and it was felt that this
was equivalent to the 85 percent separation attained with the drier material processed in 1985.

A subtle point to note is the fact that the model indicates an increase in juice yield will occur
with increased percentage of weight present in the pith fraction. This prediction only relates to the
values of the parameters evaluated in the analysis; therefore, extrapolation to pith fractions higher
than 75 percent is not acceptable.

Another point worthy of note is that the analysis was broken into two models, one for each
feed rate. The data previously presented represents the model for the “fast” feed rate; results of the

“slow” feed rate model are very similar and are also shown in Appendix B.
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Table 1. Statistical Criterion of Initial Response
With a Fast Feed Rate.

R2 C(P) MSE F test PROB > F

.7566 .7656 5.499 93.28 .0001

6.3 Changes to Regression Equation

It was felt that two models were not acceptable as the true effect of the feed rate variable was
not shown,; therefore, actual feed rate values were entered. Several other variables or covariates were
added to the model in an attempt to improve its prediction capabilities. The covariates added in-
cluded TNC percentage, moisture content, and field treatment. The TNC and moisture content
values were obtained from the 3-stalk sample pulled from each bale of sweet sorghum. It is the
opinion of the author that the TNC percentage could have an effect on the response due to the fact
that an increasing TNC present in the stalk material may cause an increase in the juicc expressed.
.It is also felt that higher moisture content values could affect the response similarly. For example,
a greater proportion of the juice could possibly be expressed for stalk material with a higher initial
moisture content. The field treatment covariate was assigned a number from 1 to 15 based on the
field plot from which the bale of sweet sorghum was obtained. Table 2 shows the field treatments
corresponding to these values. This data was initially planned for use in the study of density and
spacing on lodging.

In order to use moisture content as a covariate, one final change to the model was required.

The initial response, juice expressed as a function of total plant juice, had to be modified in order
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Table 2. Description of Field Plots,

Numeric Value Description Number of Bales
Assigned to Plot of Plot Harvested

25 ES
30 ES
35 ES
25 H 30
30 H 30
35 H 30
25-30
30-30
35-30
R1 edge of plot
R2 edge of plot
R3 edge of plot
R4 edge of plot
unknown
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25 ES - 25,000 plants/ac, equal spacing of 16 inches between
rows and plants
30 ES - 30,000 plants/ac, 14.5 inches between rows and plants
35 ES - 35,000 plants/ac, 13 inches between rows and plants
25 H 30 - 25,000 plants/ac, 3 plants per hill, 30 inch rows,
25 inches between hills
30 H 30 - 30,000 plants/ac, 30 inch rows, 21 inches between
hills
35 H 30 - 35,000 plants/ac, 30 inch rows, 18 inches between
hills
25-30 - 25,000 plants/ac, 30 inch rows, 8.5 inches between
plants
30-30 - 30,000 plants/ac, 30 inch rows, 7 inches between
plants
35-30 - 35,000 plants/ac, 30 inch rows, 6 inches between
plants



to avoid an obvious dependency between the response and the new moisture content covariate.
(Total plant juice is a function of moisture content.) The response chosen was juice yield as a

percentage of total stalk weight, and was calculated as follows:
I = mje/mg [12]

where, r, = modified response
m,, = mass of juice expressed (kg)
m, = mass of fresh stalk material (kg)

The response as such would be independent of any of the variables.

6.4 Final Regression Analysis

A single model was used for the final analysis. Included were the initial processing parameters,
with the feed rate variable given actual values, and the 3 covariates previously described. An initial
analysis of variance procedure indicated that the TNC covariates had no effect on the response. It
was, therefore, withdrawn from the model in order to avoid unnecessary inflation of the mean
square error. The "MAXR” routine was then employed to analyze the model without the TNC
covariate. The results of this analysis are shown in full in Appendix C. A summation of the model
selection criterion for each significant model analyzed is shown in Table 3. It can be inferred from
the data shown in Table 3 that a 5 variable model containing moisture content (MC), field treat-
ment (FT), cutting interval (CI), pith percentage category (P), and actual feed rate (FR) provides
the best fit to the experimenta.l' data. The Cp statistic is minimized and the R? and MSE statistics
are very near their respective maximum and minimum values. Additionally, the coefficient of var-
iation, derived from the MSE, for this model is approximately 3.4 percent. The 6 variable model
containing all of the variables of the S variable model plus the cutting speed variable seems to
provide the best fit if you look at the R? and MSE statistics alone. A closer inspection of the results

indicates that the Cp statistic is higher than that of the 5 variable model, a possible indication of
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Table 3. Statistical Criterion for Final Response Including All

Significant Models.

Model parameters R2 C(P) MSE
MC,FT,CI,P,FR 0.8742 5.6336 2.0220
MC,FT,CI,P,FR,CS 0.8767 6.4741 2.0161
MC,FT,CI,P,P2,FR,CS 0.8777 8.0000 2.0346
FT,CI,P 0.8497 13.0562 2.3367
MC,FT,CI,P 0.8673 6.8428 2.0971
MC,CI,P 0.8490 13.4140 2.3486
MC,P 0.8349 17.9649 2.8584
MC moisture content of stalk material (%)

FT = field treatment

CI = cutting interval (cm)
P = pith category (%)

PZ = pith category squared
FR = feed rate (kg/hr)

CS = cutting speed (m/s)
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too many variables in the model. Addition f variables to a model in most instances increases the
R? value and decreases the MSE, thereby accounting for the changes in these statistics due to the
addition of the cutting speed variable. Another statistic of interest is the value of the partial F-test,
indicating parameter significance, which in this case indicates that the effect due to cutting speed is
insignificant. All possible interactions between the variables were evaluated and found to be insig-
nificant. It was with these facts in mind that the 5 variable model was chosen. This model has the

following form:

r2=b0+b1XMC+b2XFT+b3XCI+b4><P+b5xFR+ei [13]

where, r, = response, juice yield as % of total stalk mass

b, = -11.4308 = intercept coefficient

b, = 0.1831 = moisture content coefficient

MC = moisture content value from 3 stalk sample
b, = -0.1630 = field treatment coefficient

FT = numeric value assigned to field

by = 4.3375 = cutting interval coefficient

CI = cutting interval value (cm)

b,

0.6163 = pith category coefficient
P = pith category percentage value

bs = -0.0002 = feed rate coefficient

FR = actual feed rate value (kg/h)
e; = random error
Shown in Tabie 4 is a summation of important values for the model including regressor coef-
ficient values, partial F-test values, and the level of significance for each regressor. The negative
coefficient values for the field treatment and actual feed rate variables indicate that the lower values
of these parameters optimize the juice yield response. The positive coefficients for the other pa-

rameters and covariates indicate that the higher values of these parameters optimize the juice yield.

44



Table 4. Statistical Criterion for Final Model Parameters.

Regressor Level
Regressor Coefficient F-test of Significance
Pith 0.6163 345.21 0.0001
Cutting Interval 4.3375 17.68 0.0001
Moisture Content 0.1831 9.33 0.0034
Field Treatment -0.1630 8.75 0.0044
Feed Rate -0.0002 3.23 0.0775
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It can be noted from the F-test and significance levels shown in Table 4 that the pith category
parameter is by far the most significant, meaning that it has the highest influence on the response
or juice yield. Following pith category are cutting interval, moisture content, field treatment, and
actual feed rate, in their order of significance. From the results, it can be inferred that the 75 percent
pith category, obtained with a slow feed rate and cutting interval of 1.0 cm, will provide the highest
juice yield for these values evaluated in this study. Additionally, the sweet sorghum should be
harvested at the time of its highest moisture content from one of the lower numbered field treat-
ments shown in Table 2.

The only safe conclusion that can be made from the field treatment coefficient and the data
in Table 2 is the fact that material from the edge of the field adversely affected the juice yield. It
is suspected that this material was less mature than that obtained from the center of the field, i.e.,
plots 1 through 9. Any other conclusions from this data would not be based on valid evidence due

to the poor growing conditions occurring during 1986.

6.4 Separation Efficiency

The parameter values analyzed in this study all provided acceptable levels of separation of the
pith and rind-leaf fractions and compare to the separation achieved by Cundiff and Vaughan (1984).
The separator screen frequencies required to accomplish the desired segregation for a cutting inter-
val of 1.0 cm with a chopper knife speed fo 18 m/s for the fast and slow feed rates are shown in
Table 5. These values were obtained using a simple linear regression procedure, and only those pith
categories obtained by a single pass of the material over the screen were considered. The cutting
interval of 1.0 cm was chosen since the regression model indicates that this value provided for op-
timum juice expression. The model indicated that chopper knife speed had no effect on juice yield
therefore the higher value of 18 m/s was chosen since it provided for increased system capacity.
As can be noted from Table § an increase in screen oscillatory frequency resulted in a linear increase

in percentage of weight segregated into the pith fraction. Although the higher pith categories could

46



Table 5. Screen Frequency Required to Achieve Separation Into
the Pith Category for 18 m/s Knife Speed and 1.0 cm
Cutting Interval.

Screen Frequency Pith Fraction (% of whole stalk mass)
(Hz) m=m—meee- Feed Rate-~—------
Slow Fast
2.1 50 45
2.25 53.5 50
2.3 55 52
2.4 57 55

2.5 60 60




not be achieved with one pass of the chopped material over the screen, it is felt that a wider and
longer screen would provide the desired separation. The regression equations developed for the two

feed rates are of the form:

where, r, = response, percent pith category

by

intercept coefficient

]

b, = screen frequency coefficient
F = separator screen frequency (Hz)
e, = random error

A summary of the coefficient values for all cutting interval and cutting speed combinations is
shown in Table 6. As can be noted from these data not all combinations provide a relationship
as obvious as that for the 1.0 cm and 18 m/s combination. It is felt that these discrepancies are due
to inadequate sizing of the screen and the learning process involved in obtaining satisfactory sepa-
rator operation. Additionally, differences in the maturity of the stalk material from bale to bale
may have contributed to these differences.

As earlier described, Equation [9] can be employed to evaluate the separation efficiency based
on the amount of total available sugar separated into the pith fraction. The sugar not present in the
pith fraction is lost to the rind-leaf portion. Table 7 gives the mean values of sugar present in the
pith as a percentage of total plant sugar for all bales separated with a given percentage in the pith
fraction. As can be noted in Table 7, the amount of sugar separated into the pith fraction increases
as the percentage of whole stalk material present in the pith fraction increases. This trend is intuitive
since there is some sugar present in the rind-leaf material and as more of this material is accumu-
lated with the pith, the total sugar yield increases. The value in Table 7 for the 70 percent pith
fraction is obviously erroneous, as it is impossible to have more sugar present in the pith fraction
than is present in the plant. These sugar yield values may be somewhat inflated due to the fact that

the juice was not filtered prior to the Brix reading. Suspended solids, not soluble sugars in the juice,

increased the Brix value. These solids could have been removed via filtering, giving a more accurate
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Table 6. Regressor Coefficients for Pith Category as a
Function of Shaker Frequency.

System Parameter BO B1
Settings Intercept Frequency Coefficient

CI=1.0, Cs=18

FR=Fast -31.08 36.0

FR=Slow 6.39 20.9
CI=1.0, CS=12

FR=Fast 64.3809 -8.7301
. FR=Slow 55.0850 -2.1276
CT=0.5, CsS=12

FR=Fast ~-0.4426 25.5737

FR=Slow -23.5000 36.4285
CI=0.5, Cs=18

FR=Fast 11.7826 20.4347

FR=Slow -16.6923 33.8461

CI Chopping Interval (cm)

Cs
FR

Chopper Knife Speed (m/s)
Feed Rate



indication of sugars. The important fact to note is the percentage of the whole plant sugar that is
accumulated in the pith as a function of pith percentage. Only a 2 percent increase in potential
sugar yield is achieved with a S percent increase in the pith fraction from 60 to 65 percent. The
pith fraction increase from 55 to 60 percent gave a 13 percent increase in potential sugar yield. The
75 percent pith category should be neglected since only two bales were processed at this levél, giving

a low level of confidence in this value.

6.5 Screw Press Efficiencies

6.5.1 Screw Press Capacity

The ability of the screw press to accept and process the pith material was related to the amount
of fiber or rind-leaf material present in the pith fraction. As the percentage of green weight in the
pith category increased, the fiber present also increased, and prevented maximum feed rates through
the screw press from being attained. An average feed rate of 463 kg/h (1020 Ib/h) was achieved
with a 50 percent pith fraction sample obtained with a cutting interval of 1.0 cm and a cutting speed
of 18 m/s. When the pith fraction was increased to 70 percent, the maximum achievable feed rate
dropped to 400 kg/h (882 1b/h). Averages of the screw press capacity-pith fraction relationship are
given in Table 8. Table 9 presents this relationship for the other cutting speed and cutting interval
combinations. Again the repetitions of the pith fraction and feed rate combinations were averaged.
The differences in the relationships are due to several factors, mainly though they can be attributed
to differences in the rate at which the screw press operators fed the material into the press. The
other factor contributing to the differences was an increased tendency for clogging of the screw press
when the 70 to 75 percent pith material was processed.

It is felt that the data represented in Table 8 for the 1.0 cm cutting interval and 18 m/s chopper

knife speed are an accurate representation of the screw press capacity-pith fraction relationship.
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Table 7. Sugar Present in the Pith Fraction as a Percent of
Sugar Available in the Bale.

Pith Fraction Percentage of Plant Sugar
(% of whole stalk mass) Separated into Pith Fraction
50 75.6
55 79.2
60 92.4
65 94.3
70 105.5

75 91.6




Table 8. Screw Press Capacity as Affected by Pith Category for
a Cutting Speed of 18 m/s and a Cutting Interval of

1.0 cm.

Pith Category
(% of whole stalk mass)

Screw Press
Capacity (kgsh)

Decrease in
Performance (%)

50

55

60

65

70

463

454

423

421

400

13.5

52



Table 9. Screw Press Capacity as Affected by Pith Category for the
Remaining Parameter Combinations.

Pith Category Cutting Interval Cutting Speed Screw Press
(% of whole (cm) (m/s) Capacity

stalk mass) (kg/h)

50 0.5 18 1605

1.0 12 1132

55 0.5 18 1208

0.5 12 1419

1.0 12 1020

60 0.5 18 1057

0.5 12 1029

1.0 12 958

65 0.5 18 1096

0.5 12 938

1.0 12 835

70 0.5 18 1019

0.5 12 1063

1.0 12 840




These trials were the last to be completed, therefore the operator learning curve was at its maximum
for the 1986 tests. This particular relationship was found to be comparable with the relationships

found during the 1985 studies.

6.5.2 Juice Expression Efficiency

It was evident that juice expression as a percentage of pith mass, decreased as fiber content
increased. This decrease in juice extraction as a percentage of pith mass is shown in Table 10. The
values presented are based on averages of juice extraction of the various pith categories for all 65
bales of sweet sorghum. Sugar yield as a percentage of sugar available in the pith fraction is also
shown in Table 10. The corresponding increase of sugar expression with the increase in juice yield
is expected. One would assume though that the numeric values of these juice and sugar yields would
be similar. The difference is due to the fact that the juice yield is a percentage of the pith mass
which includes both juice and fiber, whﬂ¢ the sugar yield is a percentage of only the sugar available
in the pith. A point worthy of note is the minimal variance of the juice and sugar yields in Table
10. It can be assumed then that the screw press juice and sugar expression as a percent of that
available in the pith is realtively constant for the pith categories evaluated in this study. Juice ex-
pression as a percentage of total plant mass is given in Table 11, also shown is the sugar yield as a
percent of the sugar available in the plant material. The important thing to note in Table 11 is that
the sugar yield rises rapidly with each increase in the pith fraction up to 60 percent. There is little
increase from 60 to 65 to 70, and a decrease at 75 percent. this decrease is due to the drier fiber
material absorbing and retaining some of the sugar.

It appears the trend of the mean values in Table 11 are contradictory to those in Table 10.
The difference is due to the fact that more plant material-was actually being processed through the
screw press for the higher pith categories. Higher percentages of green weight in the pith fraction
tended to decrease the overall ability of the screw press to express juice and sugar. This fact is a

result of the drier fiber material absorbing and retaining some of the juices that would normally be
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Table 10. Juice Extraction as a Percentage of Pith Mass,
and Sugar Yield as a Percent of Pith Sugar.

Pith Category
(% of whole stalk mass)

Juice Extraction
(% of pith mass)

Sugar Yield in Juice

(% of pith sugar)

50

55

60

65

70

75

67.2

69.5

68.8

67.1

65.7

65.3

-76.2

76.6

76.7

73.7

74.5

74.5




Table 11. Juice Expression as a Percent of Stalk Mass, and Sugar
Yield as a Percent of Available Stalk Sugar.

Pith Category
(% of stalk mass)

Juice Extraction
(% of stalk mass)

Sugar Yield
(% of stalk sugar)

50

55

60

65

70

75

34.17
37.89
41.45
43.32
45.49

48.44

57.67

60.65

72.24

69.70

74.40

68.23
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expressed if the fiber was not present. Lower percentages of weight in the pith fraction provided
for a more efficient expression of juice, but the total amount of juice expressed was less, due to the
loss of some pith particles into the rind-leaf fraction. The 1985 studies showed that a maximum
juice extraction of 46 percent of green stalk weight could be obtained for 80 percent pith. This
maximization of juice expression as a percentage of total stalk mass though was not noted for the
1986 results. A continual increase in juice expression was achieved with each increase in percentage
of material actually processed in the screw press (Fig. 10). A significant variance in the yields is
noted, indicating that higher values of pith category definitely provide for maximum juice and sugar
yields. A maximum juice expression of 48.4 percent of fresh stalk weight was noted for a pith
fraction of 75 percent, and is similar to the maximum 1985 value. These values are similar to the
47 and 46 percent extraction rates obtained by Monroe and Nichols (1981) and Lamb et al. (1982)
respectively, using 2- and 3-roll mills. The expression values though are much lower than the 67
percent juice extraction rate obtained by Stephenson (1983) through the use of a hydraulic cage
press. The significant difference can be attributed to the fact that the sweet sorghum used in this
study was immature. Also, Bryan, et al (1985) noted increased expression efficiencies for hydraulic
cage presses over roller mills, and they felt that the efficiency of the cage press also exceeds that of
a SCIew press.

Cage press tests were also conducted in our experimentation. Results of the cage press trials
are shown in Table 12, and are assumed to be the maximum juice expression by mechanical means.
The comparison shown in Table 12 reveals a very similar juice expression for both the screw press
and cage press indicating that the screw press did efficiently express the juice from the pith material.
Ignoring the 75 percent pith category, because only two bales were processed, the maximum im-
provement in juice expression by using the cage press was only 2.93 percentage points.

One can conclude that the low juice expression of the screw press relative to those of previous
researchers can be directly attributed to the immaturity of the crop. The immaturity is evident from
the Brix values noted in Table 13. Average Brix values range from 1.1 to 12.9 for juice extracted
by the screw press, and Broadhead (1972) reported Brix values as high as 18.7 for a mature crop.

The Brix values of the cage press juice was somewhat lower than those of the Brix values of the
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PITH FRACTION - JUICE EXPRESSION RELATIONSHIP
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Figure 10. Juice expression as influenced by pith category, 1986 data.
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Table 12.

Comparison of Cage Press and Screw Press Juice Extraction
as a Percent of Whole Stalk Mass.

Pith Screw Press Mean Cage Press Mean Percentage
Category Juice Extraction Juice Extraction Point Improvement
with Cage Press

50 34.17 37.10 2.93

55 37.89 39.40 1.51

60 41.45 42.61 1.16

65 43.32 46 .24 2.92

70 45.49 47.75 2.26

75 48.44 53.17 4.73
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Table 13. Mean Brix Values of Expressed Juice.

Pith Category

Screw Press Juice

Cage Press Juice

50

55

60

65

70

75

12.8

1.1

12.9

12.8

12.8

12.3

11.7

10.0

12.4

11.6

11.7

11.5
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juice expressed by the screw press. This result is probably due to the fact that the cage press juice
was expressed approximately 24 to 48 hours after the material was chopped, and fermentation may

have converted some of the soluble solids.

6.6 Overall System Sugar Expression Efficiency

The overall system efficiency can be determined by calculating the amount of sugar removed
in the juice divided by the sugar available in the bale. This result is shown in Table 10. The sugar
yield efficiency increases up to a maximum in the range of 74 to 75 percent for the 60 to 70 percent
pith categories. Although the sugar yield is slightly inflated, due to the use of Brix as an indication
of sugar in the juice, the values obtained were considerably greater than the 48 percent sugar re-
covery reported by Monroe and Bryan (1983). They obtained this recovery rate with a 3-roll mill
and also used Brix to calculate juice sugars.

A breakdown of the location of the sugars in the various system products is shown in Fig. 11
for the 50, 60, and 65 percent pith categories. The figure illustrates a continual increase in the sugar
yield as a percent of whole stalk sugars. A decrease in the percentage of sugar or TNC lost to the
rind-leaf portion is noted for increasing pith categories. The sugars present in the pith presscake,
or bagasse, are not expressed with the juice but are not a system loss because some sugar is required
for this material to ensile. The sugar in the rind-leaf is a loss that is not recovered.

It can be concluded from the overall sugar yield efficiency that operation of the system to
produce 60 to 70 percent of the whole stalk mass in the pith category is most desirable. Separation
of 30 to 40 percent of the whole stalk mass in the rind-leaf fraction resulted in a loss of only 6

percent of the total sugar.
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Juice
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50%: PITH CATECCRY

Whole Stalk

319 kg. TNC
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6.7 kg. Sugar
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Whole Stalk

9.33 kg. TNC

65°% PITH CATEGORY Juice

6.35kg. Sugar
. (69.7%)

Whole Stalk
917 kg. TNC

Figure 11. Breakdown of sugar distribution throughout system.

62



6.7 Chopper and Separator Feed Rates

Identification of the optimum feed rates for the various process system components was ad-
dressed in this research. Table 14 shows the average of the unloader and chopper feed rates, or
throughput, obtained for the various parameters. The increase in throughput with an increase in
cutting interval and knife velocity is due to the faster forward speed of the stalks. The conveyor
speeds and its required gear ratios necessary to achieve the proper stalk speeds are shown in Ap-
pendix D.

The highest average chopper throughput was 2083 kg/h (4594 Ib/hr) while the maximum single
throughput was 3340 kg/h (7365 Ib/hr). The chopper easily accommodated this maximum feed
rate, but would probably be limited to approximately 2100 kg/h for continuous service, unless a
means of continually loading the chopper is developed.

The separator screen also accommodated the maximum feed rate, but was unable to provide
the 70 and 75 percent pith fractions without passing the chopped material over the screen one or
more times.

A summary of all of the data collected and analyzed during the 1986 study is shown in Ap-
pendix E.

6.8 System Operation

Several visual observations concerning overall system operation were noted during the exper-
imentation. Firstly, the highest feed rates of material through the chopping apparatus provided for
best operation of this part of the module. Very little clogging of the short conveyor and aggressive
feed mechanism occurred at the higher feed rates. Clogging did occur with almost each bale at the
lowest feed rates. The lower speeds of the short conveyor and aggressive rollers seemed to cause

accumulation of the leaves in the area of the shear bar creating a blockage through which the stalks
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Table 14.

Mean Throughput Capacities for Unloader and

Chopper.
Cutting Cutting Feed Rate (kg/h)
Interval Speed Fast Slow
(cm) (m/s) '
0.5 12 1032 635
0.5 18 1073 610
1.0 12 1750 921
1.0 18 2083 777
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could not pass. The rollers did continue to pull the stalks into the area, the stalks in turn broke
and created further clogging. In addition to clogging in this area the funnel beneath the chopper
drum sometimes became clogged with chopped material. The sticky material caught in the corners
of the funnel and did not fall onto the conveyor. It is felt that this problem could easily be elimi-
nated by sizing the conveyor width to be equal to the width of the chopper drum. This design
would eliminate the need for the funnel and decrease accumulation of the chopped material. Some
type of shield would still be required to cause the material to be deposited directly onto the con-
veyor but a decrease in size would not be required.

Another problem with the present system configuration was the fact that the highest percent-
ages of separation could not always be achieved without passing the chopped material over the
separator screen one or more times, especially at the highest feed rates. This problem could be
solved by enlarging the area of the screen and also widening the conveyor. These changes would
allow for dispersion of the chopped material over a larger area of the screen allowing for greater
separation efficiency.

Screw press clogging was also a factor inhibiting satisfactory system operation. Material from
pith categories of 70 percent and higher had to be carefully fed into the screw press in order to avoid
clogging. It is expected that a more powerfﬁl power unit would be required to process the fibrous
pith fractions containing more than 70 percent of the fresh stalk mass. A larger screw diameter

would also enable the screw press capacity to match that of the other system components.



7.0 Summary and Conclusions

The previously reported results and statistical analysis revealed the following:

1. Cutting speed has no effect on juice yield calculated as a percentage of total plant mass. The
18 m/s speed is chosen since it provides best system operation.

2. Cutting interval has a positive effect on juice yield therefore the larger cutting interval of those
evaluated, 1.0 should be chosen for juice expression optimization.

3. The feed rate of material into the chopping apparatus has a negative effect on the juice yield
therefore a lower feed rate value should be chosen. The feed rate variable though is the most
insignificant parameter of those that had any effect on juice yield.

4. Pith category had a positive effect on the juice yield and was by far the most significant factor.
The pith category chosen for juice optimization should be as high as po§sible, or 75 percent,
for those values evaluated.

5. Stalk moisture content, a significant covariate, although not directly controllable has a signif-
icant positive effect on juice yield. It is recommended that the stalks are harvested when they
have achieved maximum moisture content at maturity in order to help achieve optimization
of juice yields.

6. The field treatment covariate was found to have a negative effect on juice yield. This result
indicates that stalks from the center of the field are more uniform in composition and provide
higher juice yields. No conclusions concerning the effects of plant density and row spacing can

be drawn from this data though due to plant immaturity caused by a poor growing season.
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The relationship between pith category and screw press capacity though can not be ignored
when making parameter selections. As previously noted screw press capacity decreases as fiber
present in the material being processed increases. A compromise between screw press capacity and
optimization of juice yield must be made. The 65 percent pith category has a 9 percent decrease
in capacity relative to the 50 percent pith fraction. It is felt that this decrease in capacity can be
tolerated for several reasons. The screw press operates satisfactorily at this pith category without
serious clogging. The separator screen is able to achieve this percentage fractionization without
undergoing serious sizing changes. Additionally maximum sugar yield for the system occurs in the
60 to 70 percent pith category range. It is therefore felt that the 65 percent pith fraction is the best
compromise for the current system. In the future if a system is developed that could process higher
levels of the pith category in a satisfactory manner, use of the 70 and 75 percent pith categories
should be considered.

The other factor to consider is the chopper feed rate, although the statistical analysis indicated
slower feed rates provided for optimization, a fast feed rate is recommended in order to decrease
clogging of the chopper. The fastest feed rates provide superior system operation.

In summary the objectives previously set forth have been accomplished. The statistical anal-
ysis led to choices of the 1.0 cm cutting interval and the 65 percent pith fraction. The fast feed rate
and 1.8 m/s cutting knife speed were chosen based on superior system operation. Juice yields for
each of the parameters settings were determined and used to determine screw press efficiency. The
system operating parameters required to segregate the pith and rind-leaf fractions were demon-
strated and recorded.

Further studies may be required in order to quantity the required shaker sizing in order to

eliminate the need to rerun material over the screen to achieve the desired separation.
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A = DATE OF PROCESSING
B = BALE NUMBER
C = CUTTING INTERVAL (CM)
D = CUTTING_SPEED (M/S)
E = SCREEN INCLINATION ANGLE ( DEGREES FROM HORIZONTAL )
F = SCREEN FREQUENCY (HZ)
G = PITH CATEGORY
H = JUICE EXPRESSION E % OF PITH MASS )
I = JUICE EXPRESSION ( % OF STALK MASS )
J = SCREW PRESS CAPACITY ( KG/H )
K = NOTES
A B C D EF G H I J K
11/1 1 0.5 6 20 54.6 57.3 S-PRESS 2CM, SEE 1
11/1 2 0.5 6 20 54.4 55.9 4cM, ¢
11/1 3 0.5 6 20 58.4 56.4 6CcM,
1i/8 4 0.5 6 20 54.1 " SEE12&3
11/8 5 0.5 6 20 44,5 " N
11/8 6 0.5 6 20 65.0 " "
11/8 7 0.5 6 20 58.1 " "
11/8 8 0.5 6 20 39.2 " "
11/8 9 0.5 6 20 42.0 57.6 " *
11/19 10 0.5 18 20 55.6
11/19 11 0.5 18 20 66. 2
11/19 12 0.5 18 20 59.2
12/9 13 0.5 18 20 1.75 64.3
12/9 14 0.5 18 20 1.75 75.7 324 S-PRESS 30 RPM, 2.2 KW
12/10 15 0.5 18 20 1.60 66.7 62.0 41.4 351 24 RPM "
12/10 16 0.5 18 10 1.77 83.1 55.3 45.9 289 " "
12/10 17 0.5 18 15 1.77 72.5 56.3 40.8 378 * "
12/10 18 0.5 18 15 1.60 57.4 57.5 33.1 352 " "
12/13 19 0.5 18 15 1.50 55.0 64.5 35.5 359 " " 35 % IP
12/13 20 0.5 18 15 1.60 60.0 63.0 37.8 369 " " 42
12/13 21 0.5 18 15 1.70 65.0 59.2 38.5 386 " " 62 "
12/19 22 0.5 18 15 1.80 78.5 57.3 44.9 298 " "* FROZEN
12/19 23 0.5 18 15 1.73 80.0 56.8 45.5 296 " " 71 % IP
12/19 24 0.5 18 15 1.85 84.5 51.9 43.4 258 " v
12/19 25 0.5 18 15 1.65 70.0 57.8 40.5 268 ! " 57 % IP
1/10 26 0.5 18 15 1.74 60.0 54.5 32.7 DRY STALKS
i/10 27 0.5 18 15 1.65 52.0 55.1 28.7 "
1/10 28 0.5 18 15 1.70 70.0 53.5 37.5 "
1/10 29 0.5 18 15 1.66 62.2 51.7 32.1 "
1/10 30 0.5 18 15 1.88 85.0 54.5 46.3
1/16 31 0.5 18 15 1.78 74.3 57.4 42.6
1/24 32 0.5 18 15 1.60 60.5 59.3 35.9 DRY STALKS
1/24 33 0.5 18 15 1.55 54.5 60.7 33.1 "
1/24 34 0.5 18 15 1.80 78.1 53.6 41.8 " 73 % IP
3/6 35 0.5 18 15 1.70 73.3 51.6 37.8 298 3.7KW 24 RPM S-PRESS
3/6 36 0.5 18 15 1.85 74.1 53.6 39.7 317 " "
3/6 37 0.5 18 15 1.70 61.0 54.9 33.5 557 " 36 RPM
3/7 38 0.5 18 15 1.80 73.8 46.5 34.3 434 " 40 RPM CONE NOT EXTND
3/7 39 0.5 18 15 1.60 59.0 57.4 33.9 376 " "
3/7 40 0.5 18 15 1.80 74.3 51.8 38.3 408 " 24 RPM

ADDITIONAL NOTES:

1.

SCREW PRESS OPERATED WITHOUT PRESSURE CONE FULLY EXTENDED AND UNDER
CONSTANT PRESSURE.

IMPROPER SETTING ON CRANKSHAFT MECHANISM OF SEPARATOR, PROVIDING
INADEQUATE SEPARATION.

PITH FROM BALES 4 THROUGH 9 WAS COMBINED FOR JUICE EXPRESSION,
YIELDING 57.6 % OF PITH MASS.

= INITIAL PITH CATEGORY OBTAINED BEFORE RERUNS.
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FEED RATE (1sFAST, 2=SLOW)=l
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE Y1

STEP 1 VARIABLE PITH ENTERED R SQUARE = 0.75665599 C(P) = 0.76561733

DF SUM OF SQUARES MEAN SQUARE F PROB>F
REGRESSION 1 513.00617918 513.00617918 93.28 6.0001
ERROR 30 164.98511770 5.49950392
TOTAL 31 677.99129687

B VALUE STD ERROR TYPE II SS F PROB>F

INTERCEPT 10.59338816
PITH 0.70976388 0.07348765 513.00617918 93.28 0.0001
BOUNDS ON CONDITION NUMBER: 1, 1

THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. =
STEP 2 VARIABLE INTERVAL ENTERED R SQUARE = 0.7684315¢ .  C(P) = 1.36772351

DF SUM OF SQUARES MEAN SQUARE F PROB>F
REGRESSION 2 521.02379525 260.51189762 48.13 0.0001
ERROR 29 156.96750163 5.41267247
TOTAL 31 677.99129687 .

B VALUE STD ERROR TYPE II SS F PROB>F

INTERCEPT 6.71788901
INTERVAL 2.16299577 1.77721069 8.01761607 1.48 0.2334
PITH 0.764603172 0.07876015 485.63871712 89.72 0.0001
BOUNDS ON CONDITION NUMBER: 1.167068, 4.668271

THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND.

STEP 3 VARIABLE SPEED ENTERED R SQUARE = 0.77153119 C(P) = 3.00722482
DF SUM OF SQUARES MEAN SQUARE F PROB>F
REGRESSION 3 523.09143443 1764.36381149 31.52 0.0001
ERROR 28 1564.89986239 5.53213794
«TOTAL 31 677.99129687
B VALUE STD ERROR TYPE II SS F PROB>F
INTERCEPT 5.88073317
INTERVAL 2.10754360 1.79900451 7.592444564 1.37 0.2513
SPEED 0.08548168 0.139826415 2.06763924% 0.37 0.5459
PITH 0.73953659 0.08033024 468.37190323 864.75 0.0001
“SBOUNDS ON CONDITION NUMBER: 1.187845, 10.12707

THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND.

STEP 4 VARIABLE PITHSQ FNTERED R SQUARE = 0.77159231 c(P) = 5.00000000
DF SUM OF SQUARES MEAN SQUARE F PROB>F
4 523.13287243 130.78321811 22.80 0.0001
ggggSSSION 27 156.8586426444% 5.73549720
TOTAL 31 677.99129687
B VALUE STD ERROR TYPE II SS F PROB>F
INTERCEPT 1.60457529 o 14
2.10237796 1.83277932 7.54696452 1.32 .26
ggE§SVAL 0.08754418 0.146642389 2.10740275 0.37 g.g:zg
PITH 0.87778736 1.62855495 1.66626810 0.%2 8.3943
PITHSQ -0.00111522 0.01312035 0.06163j?5 0. .
BOUNDS ON CONDITION NUMBER: 472.2639, 3781.45

THE ABOVE MODEL IS THE BEST & VARIABLE MODEL FOUND.
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DEP VARIABLE:

VARIABLE

INTERCEP
INTERVAL
SPEED
PITH

DF

et et s

PARAMETER
ESTIMATE

5.88078317
2.10754360
0.08548168

FEED RATE (1=FAST, 2=SLOW)=1

Yl % JUICE OF TOTAL PLANT MOISTURE
ANALYSIS OF VARIANCE
SUM OF MEAN
SOURCE DF SQUARES SQUARE F VALUE
MODEL 3 523.09143 174.36381 31.518
ERROR 28 1564.89986 5.53213794
C TOTAL 31 677.99130
ROOT MSE 2.35205 R-SQUARE 0.7715
DEP MEAN 56.68969 ADJ R-SQ 0.7471
c.v. 4.300719
PARAMETER ESTIMATES
STANDARD T _FOR HO: VARIANCE
ERROR PARAMETER=0 PROB > |TI| INFLATION
5.77754752 1.018 0.3175 0
1.79900451 1.172 0.2513 1.170064213
0.13982415 0.611 0.5459 1.01780327
0.08033024 9.206 0.0001 1.18784540

0.73953659

Appendix B. Statistical Results for Model with Pith Category as the Variable

PROB>F
0.0001

VARIABLE
LABEL

INTERCEPT

CUTTING INTERVAL (CM.)
CUTTING SPEED (MPS)

% PITH CATAGORY ACTUAL
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suonBUIqUIO)) J[TLIBA [[E YIA [9POJAl [BUL] 10j SYNSIY [eINISHEIS D xipuaddy

LL

STEP 1 VARIABLZ PITH ZINTZRZID R SQUARE = 0.81020749 () = 2753796943
OF SUM 0F SQUARES MEAN SQUARE = ©303>F
REGRESSICN 1 758.75310101 768.75316161 263.9% C.3301
IRROR 33 190.0%152454 2.85843690
TOoTAL 0% 548.834635615
8 valut STD £RRCC TYPE TII 3§ < PRI3>F
INTERCEPT 5.45115831 ) ”
PITH G.582323982 0.03536950 763.753106161 263.94 2.3301
30UNDS ON CONDITION NUMBER: 1, 1 .
THE ABOVE MODEL IS THE BEST 1 VARIASLZ MODEL FOUND. ;
5TEP 2 VARTABLE MC ENTERED R SQUARE = 0.83496C77 c(P) = 17.9¢c«00007
JF SUM OF SQUARES MZAN SCUARE ’ ¢ PRI5>F
REGRESSION g 732,23974208 395.1198713¢ 152.83 2.3
ZRROR 62 156.594946347 52572489
TITAL 64 948.83468615
3 VALUE STD ERROR TYPE II SS R PIC3>F
INTERCEPT -3.7301913¢
9C 0.19788753 0.064%9255 23.48658107 .30 2.7032«
2ITn J.57465980 0.03401021 721.08919317 285.53 2.3001
SO0UNDS ON CONDITION NUMBER: ~~  1.017445, ___5.099728 ________________________________________
THE A4BOVE MODEL IS THE 3EST 2 VvARIASLES MODEL FOUND.
STEP 3 VARIABLE INTERVAL ENTZRED R SQUARE = 0.3490u747 cep) = 13.41604995
OF SUM OF SQUARES MEAN SQUARE £ 2]03>F
REGRESSION 3 235.56773872 26%.5225795? 114,33 .00C1
ERROR ol 143.26694743 343538438
TOTAL ¢4 48.83668615
8 VALUE STD ZRROR TYPE IT SS N 23C3>F
INTERCEPT =9.50935392 -
MC 0.16388459 0.26418458 15.311953%1 2.52 2.2132
INTERVAL 1.98327303 0.83234611 13.32799404 5.67 C.02G3
PIT ) 1.60665C75 0.03543925 6388.21561928 293.03 J.3001
30UNDS ON CONDITION NUMBER: 1.178%406, 10.3712

MAXIMUM R-SQUARE IMPROVEMENT FOR QOEPINCEINT

VARIASLE V3
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Appendix C. Statistical Results for Final Model with all Variable Combinations

PROB>F

TYPE II SS

36.83164

STO ERROR

2.137999, e e e e e e e e e i,

5 VARIABLE MODEL FOUND.

8 VALUE

BOUNDS ON CONDITION NUMBER
THE A30VE MODEL IS THE BEST
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DEP VARIABLE: Y3

VARIABLE DF

INTERCEP
INTERVAL
PITH

ACTFEED
FIELDTRT

1
1
1
1
1
1

PARAMETER
ESTIMATE

-11.43088220
0.18316180
4.33755208
0.61635912

-0.000281896
-0.16305929

PERCENT JUICE

SOURCE DF

MODEL 5
ERROR 59
C TOTAL 64

ROOT MSE
DEP MEAN

V.

STANDARD
ERROR

ANALYSIS OF VARIANCE

SUM OF MEAN
SQUARES SQUARE F VALUE PROB>F
829.53657  165.90731 82.051 0.0001
119.29812 2.02200195
948.83469
1.421971 R-SQUARE 0.8743
41.86954 ADJ R-SQ 0.8636
3.396195 N
PARAMETER ESTIMATES
T FOR HO: VARIANCE  VARIABLE
PARAMETER=0 PROB > IT| INFLATION LABEL
-2.481 0.0160 0 INTERCEPT
3.054 © 0.0034 1.08534427  MC OF THREE STALK SAMPLE
§.204 :0.0001 2.13799908 CUTTING INTERVAL (CM.)
18.580 © 0.0001 1.20915748 % PITH CATAGORY ACTUAL
-1.797 0.0775 1.30562393 FEED RATE (LB/HR ACTUAL)
-2.958 0.0044 1.62820301  FIELD TREATMENT
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Chopper Parameters

KNIFE VELOCITY: 6 M/s CHOPPER RPM: 229
CHOPPING CONVEYOR CONVEYOR
INTERVAL (cm) SPEED (cM/MIN) RPM
0.5 343,5 8.6
1.0 687 17.2
1.5 1,030.5 25.8
KNIFE VELOCITY: 12 m/s CHOPPER RPM: 458
CHOPPING CONVEYOR CONVEYOR
INTERVAL (cm) SPEED (cM/MIN) RPM
0.5 687 17.2
1.0 1,374 34.4
1.5 2,061 51.7
KNIFE VELOCITY: 18 M/s CHOPPER RPM: 87
CHOPPING CONVEYOR CONVEYOR
INTERVAL (cm) SPEED (cM/MIN) RPM
0.5 1,032 25.8
1.0 2,064 51.7
1.5 3,076 77.6
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Unloader Drive

NUMBER OF TEETH ON SPROCKETS

DESIRED

CONVEYOR HYDRAULIC JACKSHAFT JACKSHAFT CONVEYOR
RPM MOTOR INPUT OUTPUT ROLLER
17.2 1 44 16 20
25.8 11 4y 22 20
34.4 11 22 15 20
51.7 11 19 : 19 20
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Short Conveyor Drive

DESIRED NUMEER OF TEETH ON SPROCKETS
CONVEYOR HYDRAULIC JACKSHAFT JACKSHAFT CONVEYOR
RPM MOTOR INPUT OUTPUT ~ ROLLER
17.2 15 o0 - 11 20
25.8 15 40 16 20
34,4 15 27 18 ' 20
51.7 15 27 21 20
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COL # 1 = BALE N
2 = CUTTING INTERVAL (CM )
3 = CUTTING SPEED 2M4s
4 = FEED RATE 2-SLOW)~
5 = FEED RATE LBéHR AcTu
6 = % PITH CATAGORY GOAL
7 = % PITH CATAGORY ACTUAL
8 = RESPONSE 1 - % JUICE EXTRACTION AS % OF TOTAL PLANT MOISTURE
9 = % JUICE EXTRACTION AS % OF PITH MOISTURE
10 = % TNC FROM 3 STALK SAMPLE
11 = MOISTURE CONTENT OF 3 STALK SAMPLE
12 = FIELD TREATMENT
13 = RESPONSE 2 - % JUICE AS % OF TOTAL STALK MASS
1 273 4 35 6 10 11 12 13
65 .5 18. 2 2324. 50. 48.8 40.13 70.44 28.5 76.8 15 30.82
9 .5 18. 1 2290. 55. 57.6 51.97 77.45 28.9 77.5 & 40.28
6 .5 18. 2 1280. 55. 53.0 47.79 73.77 33.8 72.7 2 34.74
10 .5 18. 1 1706. 60. 62.0 53.61 76.95 30.1 79.6 7 42.67
8 .5 18. 2 1094. 60. 61.5 53.99 76.18 30.6 77.6 5 41.90
16 .5 18. 1 1385. 60. 57.7 54.08 72.72 36.1 69.6 9 37.64
13 .5 18. 2 1221. 60. 58.5 52.84 76.24 31.8 75.0 5 39.63
15 .5 18. 1 2932. 65. 66.0 55.97 73.82 33.8 78.1 3 43.71
7 .5 18. 2 1233. 65. 65.9 61.82 75.97 33.8 70.8 & 43.77
4 .5 18. 1 2594. 65. 66.8 56.30 71.41 36.2 71.9 3 40.98
2 .5 18. 2 1615. 65. 64.5 58.01 74.75 37.8 72.9 1 42.29
12 .5 18. 1 2842. 70. 68.0 61.67 76.74 32.7 74.7 1 46.07
11 .5 18. 2 895. 70. 69.5 61.73 75.94 30.3 76.7 6 47.35
3.5 18. 1 2966. 70. 72.0 60.17 74.42 31.8 77.6 5 46.69
14 .5 18. 2 1153. 70. 68.8 60.54 78.65 35.2 76.1 3 46.07
5 .5 18. 1 2200. 75. 72.1 62.25 75.10 29.4 77.8 8 48.60
1.5 18. 2 1290. 75. 75.3 66.40 74.04 35.4 72.7 15 48.27
17 .5 12. 1 2373. 55. 54.3 47.86 72.87 31.9 71.5 3 34.22
18 .5 12. 2 1203. 55. 56.7 58.07 76.91 27.6 66.3 6 38.50
21 .5 12. 1 2744. 60. 60.6 50.04 73.28 35.0 77.3 5 38.68
22 .5 12. 2 1612. 60. 61.6 53.77 74.77 36.4 76.6 9 &41.19
25 .5 12. 1 2430. 60. 58.0 47.90 79.62 36.3 82.4 7 39.47
26 .5 12. 2 1517. 60. 62.7 55.62 78.58 36.6 76.7 1 42.66
24 .5 12. 1 1788. 65. 67.3 58.91 75.31 33.0 74.0 7 43.59
20 .5 12. 2 1203. 65. 67.2 65.63 72.32 35.4 66.6 9 43.71
32 .5 12. 1 1873. 65. 63.4 55.37 74.62 34.3 76.9 -8 42.58
31 .5 12. 2 1185. 65. 64.5 56.38 75.93 32.0 78.6 9 44.47
27 .5 12. 1 2476, 65. 64.5 53.94 74.74 33.0 79.4 9 42.83
29 .5 12. 2 1298. 65. 65.4 57.17 78.05 30.3 77.8 1 44.48
28 .5 12. 1 2130. 70. 68.0 58.51 75.68 30.3 77.7 5 45.46
30 .5 12. 2 1470. 70. 67.3 59.64 74.93 35.4 76.6 2 46.28
19 .5 12. 1 2390. 70. 69.9 63.31 78.13 31.7 73.8 & 46.72
23 .5 12. 2 1708. 70. 70.1 59.58 79.46 34.2 78.8 4 46.95
33 1. 12. 1 4880. 50. 52.2 52.54 79.14 32.1 72.4 2 38.04
34 1. 12. 2 1528. 50. 52.5 49.76 77.28 32.5 74.6 2 37.12
33 1. 12. 1 3468. 55. 56.5 47.64 72.66 38.2 75.0 - 15 35.73
38 1. 12. 2 2170. 55. 55.8 54.05 77.67 34.2 73.1 6 39.40
44 1. 12. 1 2705. 55. 57.3 53.62 78.99 35.5 78.0 11 41.83
45 1. 12. 2 1626. 55. 58.0 52.42 76.85 28.8 76.5 10 40.09
35 1. 12. 1 5020. 60. 58.2 52.54 77.09 30.1 77.9 8 40.93
40 1. 12. 2 3000. 60. 62.4 53.78 79.06 33.2 81.3 10 43.71
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41 1. 12. 1 4575.
42 1. 12. 2 1630.
46 1. 12. 1 2668.
£3 1. 12. 2 2250.
47 1. 12. 1 3333.
36 1. 12. 2 2113.
37 1. 12. 1 4222.
48 1. 12. 2 1927.
61 1. 18. 1 7365.
50 1. 18. 2 2593
51 1. 18. 1 3407
56 1. 18. 2 1257
54 1. 18. 1 3680.
59 1. 18. 2 1226.
53 1. 18. 1 3125.
55 1. 18. 2 1560.
63 1. 18. 1 5592
57 1. 18. 2 1490.
49 1. 18. 1 5143.
64 1. 18. 2 1295.
60 1. 18. 1 4716.
62 1. 18. 2 1772.
58 1. 18. 1 3696
52 1. 18. 2 2509
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