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MECHANICAL OIL EXPRESSION F'ROM SELECTED OILSEEDS
UNDER UNIAXIAL COMPRESSION

Mechanical pressing of soybean is highly desirable as it provides wn-contaminated,
protein-rich, low-fkt soyflour at low cost which can be f h h e r processed into nutritious &iIe
foods. Unfortunately, mechanical pressing of a low-fat oilseed (<20%) yields only 50-70% of the
available oil, in contrast to the solvent extraction method which recoven over 98% of the oiL The
main focus of the study was to maximize the oil recovery f b m soybean using mechanical oil

expression by applying two pretreatments, enzymatic hydrolysis and extrusion cooking of
soybeans,

and by varying the pressing conditions including three applied pressures (20, 40 and 60

MPa), three pressing temperatures (22,60 and 90°C) and two sample sizes (10 and 20 g).
To characterize the material properties affecting mechanical oil expression from soybean a
mathematical simulation of uniaxial compression was developed incorporating the time dependent

variation of soybean properties. The mathematical simulation was based on the Terzaghi's theory
of consolidation for soils and was solved using measured values of the coefficients of
permeability, volume change and consolidation. A compression-permeability test cell was

specifically developed for these measurements. For validation of the model in addition to

extruded soy, sunflower seeds (oil content ca 45%) were also compressed under same pressing
conditions.
The ~ r o v e m e n t sin oil recovery kom enzymatic pretreatment of soybean were small
while the extrusion pretreatment increased the oil recovery 6om only a trace for raw soybean to
90.6%. Such a high oil recovery using mechanical pressing of soybean has not been reported in

the past. The measured values of oil recovery, coefficients of permeability, volume change and
comlidation for soybean and sunflower seeds were found to vary significantly (pcO.05) with
time of pressing, applied pressure, pressing temperature and the size of the sample.

For extruded soy samples, the developed model predicted the values of oil recovery over
time of pressing with an average error of 15%, while for sunflower seed samples the error in
prediction was 40%. The high error values were attriibuted to the presence of hulls in the
sunflower seed samples a s well as error during measurement of the coefficient of permeability.
The coefficient of consolidation was found to have the greatest influence on the oil recovery

values. The incorporation of time dependent material properties in the developed simulation was

demonstrated to give more accurate and consistent prediction m trends of ol recovery when

compared with the conventional approach of using only constant values.

The correlationship developed between the oilseed material properties and the oil recovery
obtained h m uniaxially compressed oilseeds would help researchers and the designers to better
evaluate the mechanical oil expression equipment and system. To the extent that the developed
model predicted oil recoveries fkom both d o w e r and soybean oilseeds, the model could be
applicable to other oilseeds as welL
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Mechanical pressing of soybean is highly desirable as it provides, at low cost, noncontaminated, protein-rich, low-fat soyflour which can be fhther processed into nutritious
edible foods. Unfortunately, mechanical pressing of this low-fat oilseed (<200/0) yields only
50-70% of the available oil, in contrast to the solvent extraction method which recovers

over 98% of the oil. The main focus of the study was to maximize the oil recovery £?om
soybean using mechanical oil expression by applying two pretreatments, enzymatic
hydrolysis and extrusion cooking of soybeans, and by varying the pressing conditions
including three applied pressures (20,40 and 60 MPa), three pressing temperatures (22,
60 and 90°C) and two sample sizes (10 and 20 g).

To characterize the material properties affecting mechanical oil expression fkom
soybean a mathematical simulation of uniaxial compression was developed which
incorporated the time dependent variation of soybean properties. The mathematical
simulation was based on Tenaglu's theory of consolidation for soils and was solved using
measured values of the coefficients of permeability, volume change and consolidation. A
compression-permeability test cell was specScally developed for these measurements. For
validation of the model in addition to extruded soy, sunflower seeds (oil content ca. 45%)
were also compressed under the same pressing conditions.
Improvements in oil recovery due to enzymatic pretreatment of soybean were

small, while the extrusion pretreatment increased the oil recovery fiom only a trace for
raw soybean to 90.6%. Such oil recovery using mechanical pressing of soybean has not

been reported in the past.
The measured values of oil recovery, coefficients of permeability, volume change
and consolidation for soybean and sunflower seeds were found to vary significantly

(P<0.05) with time of pressing, applied pressure, pressing temperature and the size of the

sample.
For extruded soy samples, the developed model predicted the values of oil
recovery versus pressing time with an average error of IS%, while for sunflower seed
samples the average prediction error was 40%. The high error values were attributed to

the presence of hulls in the sunflower seed samples, as well as error during measurement
of the coefficient of permeability. The coefficient of consolidation was found to have the

greatest influence on oil recovery. The incorporation of time dependent material properties
in the developed simulation was demonstrated to give more accurate and consistent

prediction in trends of oil recovery as compared to using constant material properties.
The correlationship developed between the oilseed material properties and the oil
recovery obtained f?om miaxially compressed oilseeds would help researchers and
designers to better evaluate the mechanical oil expression equipment and systems. To the
extent that the developed model adequately predicted oil recoveries fiom both sunflower
and soybean oilseeds the model is expected to be applicable to other oilseeds as well.
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maximum MRPD value curve (for data see Table 5.33).
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Effect of 10% increase in the measured values of coefficients of
permeability Q, consolidation and both on model predicted
values of oil recoveries while using fitted Eq. 5.1.

5.24

Comparison of measured and model predicted values using constant
values of mean coefficients of permeability and consolidation

for deep (16 mm) sunflower seed sample pressed at an applied pressure
of 20 MPa and a pressing temperature of 22OC.
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Comparison of measured and model predicted values using constant
values of mean coefficients of permeability and consolidation
for deep (16 mm) sunflower seed sample pressed at an applied pressure

of 40 MPa and a pressing temperature of 90°C.

xix

215

LIST OF SYMBOLS
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constant as defined in Eq. (3.24 and 3.25)
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variation of coefficient of consolidation as a function of time t (m2fs)
empirical constants for regression equation describing variation of c(t)
Coefficient of Variation (%)
dry basis

change in strain in vertical direction under uniaxial compression (dimensionless)
change in applied stress in vertical direction under uniaxial compression @Pa)
change in sample height (m)

change in applied pressure (kN/m2)
change in volume (m3)
gravitational constant (I&)
initial height of the compressed sample (m)
head above the datum at the entrance of the sample bed (m)
head above the datum at the exit end of the sample bed (m)

total head loss across the sample (m)
sample height at time t during measurement of coefficient of permeability (m)
hydraulic gradient (dimensionless)

coefficient of permeability (a constant known as Darcy's constant) ( d s )
empirical constants for regression equation describing variation of k(t) Eq. (4.6)
variation of coefficient of permeability as a function of time(m/s)
MRPD Mean Relative Percent Deviation (%)
PRD Percent Relative Deviation (%)

m,

coefficient of volume change (m2/kN)

pressure applied during pressing (MPa)
cumulative quantity of oil expressed (m3)
quantity of fluid that flowed through sample (m3)

quantity of oil expressed at time t (m3)

flow rate offluid (m3/s)
rate of deformation (mdmin)

density of the flowing fluid (kg/m3 or glee)

RMSE Root Mean Square Error
Residual Oil left in the cake (O/o)
Standard Deviation
Standard Error ofEstimate
time (s)
time interval between two consecutive measurements (s)
press temperature ('c)

fluid pore pressure inside the compressed medium (Pa)
initially applied constant pressure (Pa)

total volume (m3)
volume change ratio (dimensionless)

wet basis
measured mean values oil recovery (%)
predicted value of oil recovery (%)
depth (4

CHAPTER 1

INTRODUCTION
1.1

Background
Separation of oil from oilseeds is an important processing operation. The process

employed has a direct effect on the quality and quantity of protein and oil obtained from
the oilseeds. Basically, two methods are used for this purpose. One is the solvent

extraction method in which a solvent, when brought in contact with the preconditioned
oilseed, dissolves the oil present in the seed and the separated mbcture is later heated to
evaporate the solvent and obtain the oil. The method is most popular in North America, is
highly efficient (over 98% oil recovery) and a single extractor can handle very large

capacities (up to 4000 t o m per day). The method, however, requires a large

infrastructure with high initial cost and there is a fire and pollution hazard as it requires
large quantities of highly flammable solvents.

The other method used involves mechanical oil expression. In this process, the
preconditioned oilseed is passed through a screw press where a combination of high
temperature and shear is used to crush the oilseed to release the oil. The method is
relatively less efficient as it recovers only 70.80% of the available oil, depending on the
oilseed and pressure employed. Pretreatments and operating conditions determiue the
efficiency of the screw press but each pass can handle much smaller quantity of oilseeds
(up to 1000 tomes per day). Oheed pressing involves very low initial and operating costs
compared to the solvent method of oil extraction and is relatively free of any polluting or
fire hazardous substances. This method is most widely used for oil expression in the

developing countries or for high oil content seeds in combination with a solvent system.
There is a need to further develop this century old method of oil expression through
improving the extraction and energy efficiency of the existing presses and by increasing
their handling capacities.

Rationale of the Problem

1.2

Abundant information is available in the literature on the efforts undertaken for
enhancing the performance of the screw presses for oilseeds. These efforts include
modifications in the design of the presses as well as optimization of operating and process
variables. It has been pointed out that most of the improvements made in oil expelling
technology were by the scnw press manufacturers through experimentation, conceptual
design and intuition rather than on the basis of any rigorous theoretical analysis of the
physical principles involved in the operation (Tindale and Hill-Kass 1976;Staimby 1988).

This approach has resulted in a lack of understanding and clear insight into the mechanical
oil expression mechanisms. Studies involving theoretical simulation of the mechanid oil
expression process by means of analyzing the underlying physical micro-processes are
needed.
Considering the need and importance of research in this area, the subject has
received increasing attention during the past decade. Several simulation studies w e m a

and McNulty 1985; Vadke et al. 1988; S h a m and Singh 1989; Singh and Singh

1991;Sivala et al. 1991a; Hamzat and Clarke 1993) were undertaken on several oilseeds
including cashew, canola/rapeseed, rice bran and groundnut. These studies indicated the

need for verifying or eIiminating some of the basic assumptions of the developed models.

Accordingly, the present study focused on improving one of the existing simulations.
Tenaghi's consolidation theory for saturated soils in conjunction with the Darcy's
law for flow of fluids through porous a medium have been adopted in several of the

models developed so far w
e
m
a and McNulty 1985;Singh and Shgh 1991; Sivala et al.
1991a). One of the assumptions of this theory is that some of the material properties such

as the coefficients of permeability and the coefficient of consolidation are constant over
time of consolidation. Mrema and McNulty (1985) reported that these properties change

significantly over time and inclusion of their variation while simulating miaxial
compression of oilseed was recommended. These oilseed properties have not been

measured in the recent models. Hence, there was a need to develop the methodology and
instrumentation for measurement of these important properties of oilseeds. Such
information will not only help in understanding the basic mechanism but will also be usefirl
in the design and optimization of oil expeller.

1.3

Scope of the Present Study
The oilseeds selected for this study were soybean and sunflower (with hulls).

These oilseeds had diversity in their oil contents as well as in their other chemical
constituents. While soybean is a low oil content (18-22% oil) hard oilseed, the d o w e r
is a soft high oil content ( 4 2 4 % oil) seed. Presence of hulls in sunflower provided
additional variation that would affect some of the material properties to be measured in
present study. The range of oil content in these oilseeds was wide enough (184% oil
content) to cover the range in major vegetable oilseeds commonly processed by

mechanical pressing. The developed model was validated with experimental data from
compression of these two oilseeds. It is believed that the findings of present study would
be applicable to most of the vegetable oilseeds because of the diverse physical and
chemical characteristics of the selected oilseeds in this study.
Soybean was selected specifically as its mechanical pressing offers a distinct
advantage over the commonly employed solvent extraction method. It provides edible
grade protein-rich (>50%) defaned cake (oil <5%) which can be utilized in human foods
while the cake obtained fiom solvent extraction method contains residual solvent that is
more suitable as animal feed. Modem screw presses can, at the most, recover 700?of the
available oil fiom soybean (Nelson et aL 1987), despite various pretreatments used.
Hence, if an efficient screw press could be developed which could express up to 90% of
the available oil, an excellent opportunity for production of a low-cost, protein supplement
for malnurished populations of the developing world is possible. It was, therefore, one of

the objectives of the present study to optimize the pretreatment(s) and processing
variables for maxhizhg oil recovery fkom soybean. The developed technology would be

most appropriate in mechanical screw pressing which is the most popular method of oil
expression in most of the developing countries.

In the past, the extrusion cooking of soybeans prior to mechanical pressing has
been the most promising technique for enhancing oil recovery fiom soybean (Nelson et al.
1987). Hence, extruded soybean samples were used in present study. To incorporate the
effect of variation in equipment design, samples were processed by three kinds of

extruders.
The enzymatic hydrolysis of several oilseeds including soybean prior to solvent
extraction has also been successllly used for improving oil recovery (Bhatnagar and Johri
1987; Olsen 1988; Sosulski and Sosulski 1990). However, this pretreatment followed by

mechanical pressing has been evaluated only to a Limited extent (Smith et a1 1993). Hence,
in the present study, enzymatic pretreaments were given to preconditioned soy-grits,
soyflakes and extruded soybean followed by mechanical pressing.

In addition to above, the study proposed to develop a mathematical model of
uniaxial compression of oilseeds under constant applied pressure for prediction of oil

recovery over time incorporating the variation of the coefficients of permeability and
consolidation. The hypothesis that incorporation of these varying material properties in
simulation would improve the prediction accuracy of the developed model was also tested.
It was intended to make the model adequately broad-based and to be able to
accommodate variation of some of the important independent variables. These included
oilseed species (soybean and sunflower), applied pressures (20, 40 and 40 MPa), pressing

-

-

temperatures (22, 60 and 90°C), sample heights (shallow 8 mm; deep 16 mm, obtained
through samples of 10 and 20 g, respectively) and times of pressing (60, 120, 240, 420,
720 and 1200 s).

1.4

Objectives

The specific objectives of the present study were to:
1. study the feasibility of enzymatic pretreatment to soy-grits, soyflakes and extruded
soybean to improve oil recovery in mechanical and solvent oil expression methods;

2. evaluate oil recovery with respect to time fiom three extruded soy-samples (processed

through three kinds of extruders) and sunflower seeds at a range of pressing
temperatures, applied constant pressures and sample heights when pressed uniaxidy;
3. measure the time varying permeabilities and consolidation coefficients for the

optimized extruded soy sample and sunflower seed while pressed under uniaxial

constant pressure at a range of pressing temperatures, applied pressures and for
sample heights;
4. develop a mathematical model for oil expression during uniaxial compression of

oilseeds incorporating time dependent variation of the coefficients of permeability and
consolidation and its validation by experimental values measured ia objective (3)
above.

LITERATURE REVIEW
This chapter presents the background information and review of past research in
the area of oil extraction from the vegetable oilseeds. The chapter has been divided into

seven sections. The first section presents the introductory infomation on major vegetable
oilseeds. Section 2 gives the historical developments in the oil extraction technology.
Section 3 has been devoted to the techniques presently used for oil extraction from
vegetable oilseeds. Section 4 reviews the past researches on the factors a8Fecting the oil
extraction £?om the vegetable oilseeds. Some of the recent advances in the area of oilseed
processing have been discussed in section 5. Section 6 covers the mechanism of uniaxial
compression. Section 7 presents the review of the previous simulation studies on oil
extraction.

2.1

Oilseed Composition and Production
Oilseeds are a very important component of modem agriculture, for they provide

easily available and highly nutritious human and animal food. Oil crops and their products
are the second most valuable commodity moving in world trade. Nutritionally, oils
obtained from oilseeds provide the calories, vitamins, and essential fatty acids in the

human diet in an easily digested form and at a relatively low cost. The deoiled or partially
deoiled cakeyremaining after the oil has been extracted, is a valuable source of protein for

animal feeds. The major oilseeds and their oil content and the world production of oilseed,
oil and deoiled cake (meal) are presented in Table 2.1.

2.2

Historical Developments in Oil Extraction Methods
Over the centuries,three basic methods of separation of oil fiom oilseeds, nuts and

f i t s have been evolved. The first, which is now almost obsolete, was the wet rendering

method. In this primitive method, oil-bearing material was boiled in water leading to
partial separation of oil, which was skimmed offthe top of the vessel (Bredeson 1983).

The second method was mechanical pressing of oil-bearing material which has

been practiced for thousands of years (Goss 1948; Dunning 1953). An ancient Chinese
wedge press as shown in Fig. 2.1 was descnid by BoatWright (1979). Hurst (191 1)

desmied three kinds of press in use at the beginning of the 20th CenturyThe mechanical presses can be classified as hydraulic presses and screw presses.

The hydraulic press, so named because it works on the principle of the hydraulic ram,
operates Ote an ordinary machine shop press (Fig. 2.2). It originated in England and was

Table 2.1 Major vegetable obeeds, their average oil content and estimated world
production for the year 1994-95 (Anon 1995)
Oilseed

Oil content

Seed

Oil

Meal

(MXon metric tomes)

and fiuits

(%)

Soybean

21

138

19.3

84.9

23/33 *

32.1

3.59

11.2

Rapeseed

42

29.5

9.80

16.3

Peanut

42

25.7

3.97

5.72

Sunflower seed

44

22.8

7.77

8.80

Coconut/copra

65

4.99

3-08

1-65

33/45*

4.46

1.98

2.36

37/66**

14.2

30

-

1.67

-

-

257

65.4

131

Cottonseed

Palm kernel
Palm
Olive

Total (imcluding
minor oilseeds)

* dehulled; ** dry basis

first patented in 1795 by Joseph Bromah in England @unning 1953). In this original unit,
pressure was put on a stationary mass by levers, screw jacks or hydraulic cylinders, and
the oil flowed fiom the compressed mass to collecting rings below. Many improvements

were made in this press to make it a commercially viable unit in the early part of this
-tury*

No major revolution in the development of oil expressing devices, however came
until the year 1900, when the first oil expeller/screw press was developed by V. D.
Anderson in the United States (Dunning 1956; Bredeson 1983). This press permitted
continuous operation of hydraulic presses which resulted in greater capacities with smaller
machines and less labor. Expellers quickly replaced the hydraulic presses as the major oil
extraction units (Hutchins 1949; Dunning 1953). Considerable improvements have been
made since then, mostly by the press manufacturers, in the energy efficiency and capacities
of these screw presses. A typical relatively modem small capacity screw press is shown in

Fig. 2.3. The oil mill operators must determine the optimum operating conditions for each
type of seed being crushed by trial and error. Although the process conditions and
pretreatments used are widely known, there is a lack of systematic data on the quantitative
effects of individual parameters on press performance (Noms 1964;Beach 1983). Despite
considerable research in this area, the maximum oil recovery f?om any oilseed with the
best of possible pretreatments rarely reaches 80.85% in commercial presses, indicating
limitations of the available screw presses and the need for improvement through some
fbndamental research.

Screw pressedexpellers are now manufhctured by many companies worldwide.
However, the major manufacturers are Anderson International Corporation of Cleveland,

0hio, Simon-Rosedowns Ltd. of Hull, England and h p p Industrietechnik GmbH of
Humburg, Germany (Tindale and Hill-Hass 1976; Bredson 1983).
The third method is the solvent extraction method which is the most recent. This
method originated as a batch process in 1870 in Europe and was later developed as a
continuous process shortly after the I

- World War (Mustakas 1980). The continuous

solvent extraction process was introduced in the United States in the 1930's for soybeans.
This method proved to be excellent as it processed soybeans to a very low oil-content,

Fig. 2.3 A lowcapacity modem screw press (Head et aL 1995)

protein-rich meal which was very valuable as animal feed. Later, a method which consisted
of a low pressure screw pressing followed by the solvent extraction of the partially deoiled
cake was developed. This method is, at present, considered to be the most economical and
efficient method of oil extraction for high oil oilseeds.

2.3

Present Practices of Oil Extraction
The terms 'expression' and 'extraction' are used frequently when discussing the

subject of vegetable oil separation. It would, therefore, be helpful to clearly distinguish
between them.
'Expression' is the process of mechanically pressing liquid out of liquid-containing
solids. Screw presses, hydraulic presses, roll presses and mills (such as sugarcane mills),
juice-extractors, juice reamers, collapsible-plate and fiame-filter presses are examples of
the wide variety of equipment available for expression processing (Khan and Harm 1983).
'Extraction' is the process of separating a liquid from a liquid-solid system with the use of

a chemical. However, despite a fairly clear definition, there has been some confusion in the
literature between the operations of 'expression' and 'extraction'. The latter word has
been used quite loosely to designate either operation (Gurnham and Masson 1946). This

tendency has been so extensive that the distinction between the two terms appears to be
disappearing ftom the literature. In this thesis also the term 'extraction' is used
occasionally for mechanical oil expression.
Vegetable oils are examples of liquid-solid mixtures which can be recovered fkom
either operation of expression and extraction or with a combination of the two processes.
At present, the oil is obtained &om oilseeds by three methods. One is full pressing using
high pressure screw presses, second is direct solvent extraction of oilseeds and the third
method known as 'prepressing', is a combination of these two methods i.e. initially
pressing the oilseed in a low pressure screw press followed by solvent extraction.
The type of extracting system used to separate the oil depends primarily on the oil
content of the seed. Screw pressing is generally used for materials exceeding 20% oil
content. Solvent extraction is preferred for oilseeds such as soybean or prepressed cakes

of other oilseeds having an oil content of less than 20%. These methods will be discussed

in detail in the following section.

2.3.1

Full pressing
The screw press is used in two ways to expel oil fkom oilseeds: the first is f
U

pressing, also known as high pressure pressing, leading to a low residual oil content in the
cake; the second is pre-pressing, also known as a low pressure pressing, prior to solvent
extraction. The generalized flow-charts listing the steps involved in the full pressing
operation are presented in Fig. 2.4. Ward (1976) reported the four basic stages which
influence the pressing efficiency in screw pressing. These were (a) seed preparation, (b)
cooking (c) screw pressing and (d) separation of solids &om expelled oil and their return
to cookerlscrew press. It was mentioned that unless aIl the four steps are done properly,
efficient expression will not be obtained. Seed preparation and cooking for high pressing
operation would be different than for the low pressing operation. In high pressure pressing
the objective is to obtain the maximum separation of oil and cake leaving the press,
consistent with capacity and running costs. In the pre-press system the overall objective
remains the same but is based on the balanced throughput of the press and extractor. In
pre-pressing the degree of rolling may be increased and the degree of cooking reduced so
that an efficient solvent extraction of press cake is achieved.
Ward (1976) indicated that there is a practical limit to which oil can be expressed

fiom oilseeds when employing screw pressing even when high pressure is applied and even
if the four basic operations are performed ideally. This is because the oil is present in sacs
or fibrous capillaries of the oilseed. When pressure is applied, the volume of the capillaries
is reduced to expel the oil. At the same time the capillaries are narrowed, sheared, and
eventually sealed. Thus screw pressing has diminishing efficiency with time. This
observation has been confirmed by later researchers (Sivala 1991b; Hamzat and Clarke
1993).

2.3.l.l Seed preparation
Seed preparation includes drying and storage, cleaning, cracking and dehulling,
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Fig 2.4 Flow chart for main operations in Ml pressing of oilsads.

breaking, conditioning and flaking. Galloway (1976) described techniques and equipment
for cleaning, dehulliig, decorticating and flaking of oilseeds. The purpose and some
important fatures of seed preparation (Sosulski 1993) steps are briefly discussed here.
Oilseeds are generally stored at lower moisture levels than cereals. The safe
moisture content for storage of oilseeds decreases with increase in oil content of the
oilseed. Maximum oil contents, based on moisture content, are 13% for soybean, 12% for
flax and sunflower and 10.5% for rapeseed. Drying may be necessary prior to storage of

some oilseeds. In this operation, overheating must be avoided to prevent an increase in
f?ee fatty acids and protein denaturation. Seed cleaning is important for expression of
vegetable oils, as the efficient removal of foreign matter will increase the pressing
efficiency. Specially magnets are used to remove ferrous materials which might damage
the press (Norris 1964).
Most oilseeds including soybean, sunflower and safnower are hlly or partially
dehulled before extraction. Dehulling is a standard practice for preparing food grade meals
(Galloway 1976). Removal of hulls helps in increasing the throughput of the press and in
obtaining a better quality protein-rich cake. The hulls of these seeds contain very little oil.
The ground hulls are sometimes added back to a portion of the meal to provide more
crude fiber for low energy rations. Some oilseeds including canola, mustard and flax have
20% hull but their hulls are difficult to separate and therefore dehulIing is not generally

practiced. Partial dehuhg of oilseeds is sometimes practiced to maintain the permeability
of the bed in the solvent extractor @oms 1964).
The purpose of cracking/braking the seeds is to aid heat penetration during
cooking. The flow of oil fiom broken cells is more rapid than fiom intact cells. Rollers are
efficient for continuous comminution of a large quantities of grain into uniform particles
(Woolrich and Carpenter 1933).
Moisture contents of the oilseed material may be adjusted before grinding-flaking
to optimize the particle size (Galloway 1976). Soybean is adjusted to 10-11% moisture
before flaking and solvent extraction while rapeseed and sunflower are dried to 8%
moisture. Conditioners or cookers are used for this purpose. For soybean seeds, flaking of
the cracked seeds to about 0.3 mm thickness is essential for efficient oil extraction. The

degrees of commhution~flaking
of other oilseeds are quite variable and their demonstrated
benefit to this operation have been lacking (Sosulski 1993).
2.3.1.2 Cooking

The final step in seed preparation is cooking or hydrothermal treatment of the
ground or flaked seeds. This is a very important step for increasing oil yield in screw
pressing (Taylor 1937). The cooker consists of series of kettles or closed panes. Each of
the kettles is steam-jacketed. The cooking temperatures may vary in the range 70-110°C,
depending upon the type of seed and extraction process. The objectives (Sosulski 1993)
of the cooking are to:
rupture the oil globules which wdesce into droplets,
increase the fluidity of the oil,
coagulate the protein membranes, render cell walls more permeable to oil flow,

increase plasticity of crushed seed for fast, efficient pressing,
dry seed material so that there is less affinity of oil with meal,

denature protein-aleurone grains and decrease the solubility of proteinaceous
constituents of the cell in the oil,
deto.xify meal constituents such as gossypol, trypsin inhibitor, destroy molds and
bacteria (not effective on aflatoxin),
insolubilize/precipitate some of the phosphatidic material, reduce refining
requirements,
deactivate the lipases that release free fatty acids and increase refining losses,
destruction of other enzymes such as lipoxygenase and myrosinase which are
detrimental to oil and meal quality.
The optimum final moisture level varies with the oilseed but 8% is common. At
lower moisture levels, static effkcts make the meal difficult to handle and explosive due to

hexane residues. Oil quality and extraction efficiency are favored by more complete

cooking while low temperature, low moisture and short cooking time result in more
soluble meal protein with high nutritive value and bctional properties (Sosdski 1993).

In some cases oil bearing materials such as peanut or sesame are pressed without
the cooking step (Weiss 1970). Oil expressed in this manner is called 'cold pressed' oil. In
these cases, cold pressed oil from eesh and good quality seed does not need the refining

step typically used in industries to remove undesirable cloudiness, color and flavor. Cold
pressing is, however, not very efficient.

2D3.1.3 Screw pressing/expelIing
Continuous screw presses or expellers are used throughout the world for expulsion
of oil from copra, palm kernel, peanut, canola, cottonseed and flaxseed. Sufticient
pressure is achieved by means of a large, pow&

screw/auger that turn inside a barrel

and squeezes the oil out of seed cells (Bredeson 1983). The pressure inside the barrel is

generated by;
the barrel becoming narrower at the end point,
the barrel shaft bearing screw becoming gradually thicker, reducing still M e r the

space into which the moving mass of oilseed must pass,
the 'pitch' of the screw becoming progressively smaller.

The bmel is closed except for small openings (0.2 to 1 mm wide) through which
the oil drains. Oil can escape through these slots but not the pulped seed. The following

important steps are completed in screw pressing;
rupturing of the cell wall,
obtain diffusion and agglomeration of the oil globules into droplets,

make a final and complete separation of oil and solids.
Some important features of the low and high pressure expellers are presented in Table 2.2.

2.3.1.4 Separation of solids from expelled oil

The expelled press oil contains some suspended solid matter that is usually gravity
settled in a screen tank. Settled solids and oil are continuously drawn off fiom the
screening tank and these suspended fines, d i e d 'foots', are recycled to the screw
Table 2.2 Comparative features of a low and high pressure oil expellers (Sosulski 1993)
Expeller

Pressure Temperature

Capacity

Passage

pressure

(MPa)

ec>

time (s)

low

35

110

30-60

@I oil in meal
80- 100
-

high

100-140

150

120

Residual

Oil
quality

one-third

excellent

one-sixth

poor

-

10-15

expeller. Some large mills have a special 'foots' screw press for this purpose. The dirty oil
is then filtered or centrifuged to remove the remaining tine solids for recychg to the
press.
Crude fats and oils produced by mechanical or solvent extraction contain variable
amounts of non-glyceride impurities. The impurities in certain vegetable oils such as

coconut and palm kernel oils consists primarily of free fatty acids. Not all the impurities
are undesirable (Norris 1964). For example, sterols are colorless and heat stable and, for
all practical purposes, inert; hence they pass unnoticed unless present in unusually large
amounts. Likewise, tocopherols perform the important finction of protecting oil f?om
oxidation. For these reasons these are classed as desirable constituents of most oils and
fats. Most other impurities are objectionable as they render the oil dark-colored, cause it

to foam or smoke, or precipitate when the oil is heated in subsequent processing
operations. Hence, these oils need refining (removal of free fatty acids, phosphatides, or
other gross impurities in the oil), bleaching and deodorization before the oils can be
consumed or further processed.

The above steps are general procedures and guidelines as presently practiced in
mechanical oil extraction technology. Steinbock (1948) and Galloway (1976) indicated
that, in the case of pressing, care must be taken to establish the correct conditions for any

type of seed and suitable modifications should be made in the process to meet any specific

need. Steinbock (1948) suggested processing operations for several obeeds. These are

summarized in Table 2.3.
Table 2.3 Recommended (R) process sequence for screw pressing of oilseeds (Steinbock
1948)

0 h d

Cleaning Dehting

Cottonseed

R

Palm

R

Peanut

R

Flax seed

R

Sesame

R

Soybean

R

R

Dehulling Cracking
R
R

Flaking Cooking Pressing

R
R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

R

2.3.1.5 Benefits and limitations of the screw pressing method

A distinct feature of the screw pressing method is that chemicals are not used, so

products are &ee of chemical residue and are safe for storage or consumption. The quality
of the oil and the deoiled meal is quite superior and is suitable for human foods and animal
feed. The initial and operating costs are less than for the solvent extraction method and the
capacities range from a low of 0.1 t/h to very large capacities of 100 t/h. This method is
popular in developing countries where the majority of oil extraction industries are small or
medium sized and are generally decentralized.

The major limitation of the method is its inadequacy in extracting the maximum
possible oil from the oilseeds. The residual oil content in the deoiled meal has been
reported to be as low as 8% in the case of cottonseed (Noms 1964; Dunning 1956)
although usual range of residual oil is 10-20% for most seeds (Youngs 1965; Bredeson
1983). This residual oil represents a loss of revenue, as it is sold at the price of oil-fke

meal which is usually considerably less than that of the oil (Vadke 1987).

When some crops are crushed, for example rapeseed, enzymes such as myrosinase
are brought in contact with their substrates such as gluwsgmolates.Hydrolysis can result,

releasing toxic compounds. Careful control of moisture and temperature during processing

is required for inactivation of e v e s without lowering the lysine content of the meal.
Other problems associated with this method are excessive generation of heat

causing darkening of the oil and burning of the meal. This leads to excessive loss of amino
acids in the proteins. The problem of choking and plugging of the screw assembly even
with small variation in operating conditions is also common on screw presses. This results

in loss of production capacity and increase in energy, labor and other resource

requirements.

2.3.1.6 Prepressing for solvent extraction
Considering the limitations discussed in preceding sections, the combination of
pre-press followed by the solvent extraction method was introduced with a view to
reducing the damage to the oil and the meal quality during pressing. This approach has

been reported to give better results than either process used separately (Steinbock 1948).
At present, this mdhod is considered to be the best means of oil extraction from oilseeds.
For this operation, the prepress expeller meal is broken up on cracking rolls, dried
to specific moisture levels and then passed through special smooth rolls which flatten the

pieces into thin flakes so that solvent can soak them easily pig. 2.5). The temperature and
pressures are much lower than for high pressure pressing (Table 2.2). Prepressing leaves

one-third of the oil in the meal. At this level of residual oil content the cell walls are
effectively hctured during the shearing action of the worm shaft and the cake is
permeable to allow for good percolation of solvent (Vadke 1987).

Since the solvent extraction method is used for removing the remaining oil, almost
all of the oil present in the oilseed is recovered. In addition, a relatively smaller solvent

extraction plant is required with reduced cost of operation Currently, this method is the
most economical, efficient and widely used process for high oil content seeds including
sunflower, peanut, canola and also for medium oil content seed such as cottonseed and

corn gem (Norris 1964; Ward 1976).
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Fig 2.5 Flow chart for main operations in p re p ressing of oilseeds.

23.2 Solvent extraction
Extraction is the process of separating a Iiquid &om a liquid-solid system with the
use of a solvent. The flow-chart enumerating the steps followed in the general method of
solvent oil extraction fiom oilseeds is given in Fig. 2.6. In solvent extraction of seeds, such

as soybeans, the beans are first flaked and toasted or cooked. Cooking denatures cell
tissues so that solvent can penetrate the flakes more readily. The solvent is then allowed to
flow through the bean flakes to extract the oil. The solution of oil in solvent is referred to

as 'miscella'.
2.3.2.1 Distillation

The usual load of oil in rnisceIIa is 20925% oil by weight. The 50°C miscelIa is
heated to 80°C in evaporators, steam is injected on the shell side to vaporize and reduce
hexane to about 5% of the oil. Then the oil is directly steam-stripped in a vacuum tower at
temperatures rising to a final 110°C.
2.3.2.2 MeaI desolventbmtion and residual solvent

The soaked meal is heated in a desolventizer-toaster at 70°C to vaporize hexane.
Direct contact of steam may lead to severe protein denaturation. Residual hexane in meal
is toxic and therefore undesirable. The residual hexane in soybean meal is generally 300

parts per million @pm) while for rapeseed it is 1000 ppm. For animal feeds, the European
Economic Community (EEC) has set a maximum Limit of 1000 pprn (Sosulski 1993). Less
than 5% of soybean meal is used in foods or pet food applications. For these applications,
the reduction of residual hexane to almost zero requires very efficient desolventizers which

are expensive and costly to operate. These facilitate the use protein-rich defatted soy meal

in nutritious human foods which were otherwise restricted to animal feed uses. The
deoiled soy meal is processed in the form of soyflour (protein SO%), soy
wncentrates(protein 70%) and soy isolate (protein 90%). These products may be
extruded to produce a variety of textured cooked products (Tandy 1991).
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2m3.2.3 Refining

The crude oil received from the extraction plant contains several non-triglycerides
components, most of which must be removed before ~he~stable,
pleasant-tasting products
can be created. In refining, three major steps are used for removal of these impurities:

rehing, bleaching b d deodorizing.
2.3.2.4 Benefits and Iimitations of solvent extraction method

The solvent extraction method and a combination of pre-press and solvent
extraction method are capable of removing nearly all of the oil from oilseed meal or flakes,
and residual oil contents of less than 0.5% are achievable. In addition to higher yield
obtained by a more complete removal of oil, the residual meal has better preservation
qualities and higher protein contents. This is mainly because the heat treatments are not
excessive. The method is also suitable for many seeds with i n d c i e n t oil content to be
suitable for screw pressing. There are, however, some limitations and disadvantages
related to tbis method. These are:

a)

It involves chemical solvents which are h d l to human health and may have

carcinogenic effects in the long-term. Though desolventization removes most of
these chemicals, traces are always present that would require very sophisticated
processes to be completely eliminated to fhccilitate edible use of meal. Hence, the
process is not chemically safe.

b)

The chemicals used are highly flammable and the danger of fire and explosion
always exists. In addition, growing restrictions on emission of such hydrocarbon

in heavily populated urban areas is also a factor discouraging use of this method.
c)

The method involves more costly and technically-sophisticated equipment thus
the initial capital and operating costs are high. The method may not be feasible
for handling smaller quantities of oilseeds as in the case of mechanical extraction
method.

The direct extraction of raw unheated flakes may produce meals that are toxic to
non-ruminants. Therefore, materials such as cottonseed require additional

treatment to ensure adequate inactivation of such constituents.
Fats and oils which have a desirable natural flavor, such as olive oil, cannot be
extracted by the solvent extraction method. Removal of solvent necessitates con-

current removal of flavor components.
the energy requirements of solvent extraction are high (Ward 1984). In
addition, the quality of oil recovered by solvent extraction is lower than that of
pressed oil (Diosady et al. 1983; Usuki et al. 1984)

Factors Meeting Mechanical Oil Expression
The factors afEecting the mechanical oil expression from oilseeds have been studied
extensively. In this section, the studies conducted thus far have been classified broadly
under uniaxial compression and screw pressing of oilseeds. The section under uniaxial
pressing has been M e r subdivided into prepressing operations and the pressing
operations. At the end of each section on prepressing and pressing operations, the

reviewed Literature is sunmarized.
2.4.1

Unidirectional pressing

2.4.1.1 Prepressing operations

The prepressing operation includes unit operations such as cleaning,
dehubg/dewrticating, size reduction, rolling/naking, moisture conditioning, and
pretreatrnents including thermal and hydrothermal treatments.
Woolrich and Carpenter (1933) reported that the preconditioning of cottonseed
was essential to get the maximum oil yield during expression. Rolling was reported to be
an important operation in preparation for cooking. It was found to be equally effective as

grinding the oilseed to pass through a 50-mesh sieve for achieving an equivalent oil yield.
The real function of rolling is to expose a greater area of oil bearing cells to moisture and

heat during cooking. Othmer and Agarwd (1955) reported that the inability to extract oil

from whole and split soybean clearly indicated that cell walls must be ruphued by the
flaking operation to d o w the oil to be removed from otherwise impervious cells.
Woolrich and Carpenter (1933) also indicated that if moisture was added just
before cooking, and the seed temperature was raised to 9g°C with steam, the time required
in the cooker could be reduced significantly compared to the situation when moisture was

added when the cottonseed was still in storage.
Taylor (1937) found that cooking cottonseed at pressures above atmospheric, with
temperatures over 130°C and with meal moisture between 7% and 8%, reduced the

cooking time, increased the oil yield and improved the quality and uniformity of the
finished product.

Gumham and Masson (1946) studied the effect of sample size on the pressure
applied on fibrous materials. They concluded that the effect of sample size was negligible
at pressures greater than 4-7 MPa in a 28.6 mm diameter cylinder. At lower pressures,
smaller samples were denser than the larger ones. Their work, however, involved the
measurement of equilibrium pressures and volumetric changes and did not take into
account the dynamic stresses which are considered to be important in expression
procedures.
2.4.1.2 Pressing operations

The pressing operations include the

of moisture content, temperature,

pressure and pressing time on the oil expression characteristics of the oilseeds. The
present section reviews the past studies with major focus on these aspects. Some of these
studies, however, also considered some of the prepressing factors.
Smith and Kraybill(1933) studied the effect of conditions of expression on the oil
quality and yield. Finely ground soybeans, which passed through a 2 mm sieve, were used.
The samples were dried in a vacuum oven at 4840°C. Desiccators were used to adjust
moisture contents to 0, 4, 6 and 8% on a wet basis. The samples were then pressed in a
hydraulic press with hot plates above and below the cylindrical press to control the
temperature. The test temperatures ranged from about 25 to 100°C.The time of pressing
was 2 h. The pressure was increased by 35 MPa every 30 min until 138 MPa was reached.

The yield was found indirectly by determining the residual oil content of the cake after
pressing. According to their results, better oil yields were obtained at higher temperatures
and lower moisture contents.

Beisler (1930) reported that, in the cold pressing of tung nuts, the oil yields were
reduced when the moisture content exceeded 6%. Jamieson (1932) stated that 899%
moisture on a wet basis gave good results.
Koo (1942) studied seven oilseeds with widely varying chemical composition
including soybean, cottonseed, rapeseed, peanut, tung nut, sesame seed and castor bean.
It was reported that the pressing temperature, pressure and time and moisture content
affected the yield of vegetable oils. To study the effkct of these factors, a laboratory

hydraulic press was used for the expression of oil at a maximum pressure of 34.5 MFa
Electric hot plates were used to provide heat. Based on these results, it was concluded
that there was an optimum range of moisture content for obtaining the maximum oil yields
from oilseeds. For various oilseeds considered, this range was found to vary &om 5 to
13%. A common empirical equation for the seven oilseeds showing the relationship of oil

yield with several parameters including pressure, temperature

(in

terms of kinematic

viscosity) and time of pressing was developed. This empirical equation is further discussed
in section 2.7.2 of this report.

The effects of moisture content, age, growing location and genotype of flaxseed on
efficiency of oil extraction under uniaxial compression was studied by Dedio and Done1
(1977).

They found that decreasing the moisture content Born 7.8% to 2.3 % increased

the proportion of oil extracted &om 31.4% to 49.6%. It was also reported that older
seeds, seeds produced in certain locations and some genotypes produced less oil than
expected.
Hickox (1953) studied the hydraulic pressing of dehulled, flaked and cooked

cottonseed in a small cylinder. He found that the residual oil (RO) in the cake decreased
with increasing seed cooking temperature up to about 80°C, but further increases in

temperature had Little effect. The cooking time of up to 45-60 min increased yield, but
longer cooking had little effed. The RO decreased with increasing piston pressure. The
decrease in rate of loading decreased the values of RO.A reduction of nearly 10% in RO

values was achieved when the rate of loading was reduced from 3.45 to 0.46 MPahin.
When hull contents of cottonseed flakes were increased from 29 to 54% by stages, the RO

increased progressively, and these increases could only be partially offset by the use of
higher cooking temperatures. The RO increased with cake thickness; 3.4% RO was

obtained when cake thickness was 6.4 mm, while a cake of 63.5 rnm thickness contained
7% RO.At a pressing temperature of 9g°C, the minimum RO was obtained at the lowest

moisture content of 4.2%. However, the optimum moisture was higher at a lower press
temperature of 99°C. By obsenhg the combined effect of press temperature and moisture,
it was conchxded that minimum RO could be obtained at 98°C and 4.6 % moisture. The
results on the small laboratory press (piston-cylinder) agreed well with those on a large
scale box press.
Bongitwar et al. (1977) developed a simple process of hydraulic pressing of
soybean and peanut with a view to develop edible grade partially defatted nutritive snacks

from these oilseeds without alteration in their initial shape. Optimum conditions for oil
removal from both oilseeds were established. Their study included moisture levels ranging

from 2 to 12%, pressing temperatures of 10, 24 and 37"C, pressing times varying from 15
to 75 min and two ranges of pressures for peanut (7 to 35 MPa) and soybeans (14 to 55
MPa). Results indicated that about 80% of the oil could be removed fiom peanuts at
optimized conditions of 6% moisture at a pressure of 13.7 MPa and temperature of 24°C

for a pressing duration of 60 min. For soybeans, the pressing pressure of 27.5 MPa at
24°C and 9% moisture yielded about 70% oil when pressed for a period of 60 min. This

study, however, had a unique objective of retaining the original shape of the oilseeds for
further processing into a puffed or roasted snacks.
Bongirwar et al. (1977) authors also studied the effect of sample size/'itial height
of the sample at the optimized processing conditions on oil yield for peanut and soybean.
Samples of 200, 400 and 600 g of each oilseed were pressed. For both oilseeds there was
a decrease in the oil yield with increase in sample size. In the case of peanut, this decrease

was greater at 6% moisture than at 4 and 5% moisture contents. In the case of soybean,
when a sample at 9% moisture was pressed at 24'C, oil removal decreased f?om 66.7% for

a soybean cake thickness of 2.5 cm to 61.9 % for a cake thickness of 10 cm, a diierence
of nearly 5%.

Khan and Hanna (1984) studied the effects of pre-pressing and expression
conditions on soybean oil yield under uniaxial oil compression Three forms of soybean
including ground soybean with hulls, and flakes prepared with two kinds of flaking

machines were used. The effkcts of process variables including three temperatures (22,40
and 60°C), constant moistures (7.5-8, 9.5-10 and 11.5-12%) and two levels of pressures
(35 and 45 MPa) and pressing times (240 and 600 s) were investigated. A very small size

of 5 g was used for each experiment. The flaking equipment significantly affected the oil
recovery. While an average oil yield of 82% was obtained fiom a pressing duration of 600

s with the ADM flaking machine, the Brady crop cooker flakes yielded only 60% oil. The
ground soybean gave the lowest oil yield of 57%. Generally, the 9.540% moisture
content gave higher o l yields and an increase in pressing time increased the oil yield.
Pressing temperature was found to be more important factor than the applied pressure for
increasing oil yields. The temperature and moisture interaction was found to be the more
prominent than other significant interactions among the variables. Ground soybeans with

h d s gave higher oil yields than ground soybean without hulls. It was suggested that the
presence of hulls provided better conditions for expelling.

Singh et al. (1984) studied the expression characteristics of sunflower under
u n i a d compression. Five levels of moisture (6, 8, 10, 12 and 14 % wet basis),
temperatures (20, 35, 50, 65, and 80°C), applied pressures (14, 28, 42, 56 and 70 MPa)
and pressing durations (4, 5.5, 7, 8.5 and 10 rnin) were selected for pressing at three

particle sizes, viz. whole seed, coarsely ground, and finely ground seed. In addition, two
levels of hull content, whole seed (seed with pericarp) and dehulled seed, were also used.
The results indicated that the effect of moisture content was the most significant. In
addition, the effects of applied pressure, temperature and pressing time were also
significant. The optimum pressing conditions for maximum oil recovery were pressing of
the whole seed at 70 MPa with 6% moisture content at a temperature of 20°C.Heating of
the seed was found to increase the oil recovery at the higher seed moisture contents. In
general, coarsely ground seeds gave better oil yield then the whole, dehded or finely

ground seed. The dehulled seed gave highest residual oil in the cake. The authors
concluded that, although the seed breakage was desirable to achieve cell damage and
reduction in resistance to oil flow within seeds, excessive grinding would lead to quick
compaction of meats under pressure and would increase the resistance to oil flow through
the matrix of meat particles.
Experiments with cashew and rapeseed (Mrema 1979) yielded similar results to
those with soybean (Khan and Hanna 1984) and Sunnower seed (Singh et al. 1984) that
are described above. Oil yield increased dramatically when pressing temperature was

increased &om 20°C to 140°C and as pressing rate was reduced fkom 2.0 to 0.1 d m i n .
Oil yield was also enhanced by increasing the seed heating time in the range of 0.2-2.5 h,

especially at the shortest durations. Moderate size reductions of cashew to 1.5-1.8 mm

size enhanced yield to 96% as compared to 79% from whole nuts, whereas grinding of
rapeseed to 0.3 -0.6 mm reduced the oil yield fiom 68% to less than 20%. Mrema and
McNulty (1980, 1984) demonstrated that the porous nature of cell walls and confirmed
that oil expression of up to 85% could occur without rupture of cell walls.The flow of oil
across cell walls in the seed kernels was found to be the rate determining step in oil
extraction. They also showed that conventional pretreatments did not rupture the cell
walls, rather an undrained loading of seeds was found to be the most effective
pretreatment for this purpose. About 82% of the oil was recovered &om the rapeseed
samples subjected to a pretreatment of undrained compression as compared to about 68%
from whole seed without the pretreatment of undrained loading.

Sukumaran and Singh (1989) conducted studies to identify the oil point as a bulk
property of rapeseed under uniaxial compression. The oil point was defined as the stage at
which compression of the bed has sufficiently squeezed the individual seeds for oil to be
forced &om their interior to their surfaces. The authors also developed the method for its
measurement. The thiclcoess of the bed was 10 mm. Their study included five levels of
moisture (0, 4.6, 6.5, 9.4 and 12.4%, wet basis) and four rates of deformation (5, 10, 15
and 19.5 mmhin). Based on the data obtained, the oil point strain was related to the

moisture content and the rate of deformation. The equation was as follows:

where:
% = strain at oil point

(dimensionless),

m = moisture content of the seed (% wet basis),

R' = rate of defoxmation (mm,min).

The authors developed another relationship between the initial bulk density and the bulk
density at the oil point as follows:

where:
pi = initial bulk dea~ity(kg/m3),
p, = oil-point bulk density of the compressed oilseed (kg/m3).

The oil point pressure was also related to the moisture and the deformation rate to obtain

following equation:

where:

Po= pressure at oil-point (MPa).
The authors found that the oil-point pressure and the oil-point strain were both
influenced more by moisture than by the deformation rate (Sukumaran and Shgh 1989).
The dependence became progressively stronger as the seed moisture content increased. It
was firther stated that effective pressure for oil expression equaled the applied pressure
less the oil-point pressure and therefore, any treatment to oilseeds that lowered its oil

point could be used for evaluating the relative effectiveness of alternative pretreatments
preparatory to oil expression. The knowledge of bulk density of oilseed at oil-point @).
could also be helpll in analyzing the design and performance of oil expelIers.

Fasina and Ajibola (1989) studied the effect of moisture content, heating
temperature, heating time, applied pressure and duration of pressing on the oil yield £tom
wnopher nuts (Tebampirii'm conophorum). The selected levels of these variables were
moisture contents of 8, 11, 14 and 17% (dry basis); heating temperatures of 5O,65, 80,95

and llO"C, applied pressures of 10, 15, 20 and 25 MPa and heating times of 12, 20, 28
and 36 min In a preliminary part of this study, three sample sizes were used, including

coarsely ground, finely ground and half nuts. Of these samples, the finely ground samples
which yielded maximum oil were used for main study. In the final phase of the study,
pressing durations of 1,2, 3, 5 and 10 min were considered for optimidng the processing
conditions.
The results indicated that oil yield at any pressure was affected by the moisture
content of the sample prior to pressing (Fasina and Ajibola 1989). This moisture content
was found to be dependent on the pre-heating moisture level, the heating temperature, and

the heating time. An increase in oil yield occurred with each increase in post-heating
moisture content, up to the levels between 8 and 10% (Fasina and Ajibola 1989). Further

increases in the post-heating moisture content led to decreases in oil yield. This trend was
related to the development of mucilage on oil cells above the optimized moisture content,
which led to some cushioning affect. In addition to post-heating moisture wntent, the oil
yield was also affected by the amount of heat treatment given to the sample during
heating. The oil yields obtained fiom unheated samples were lower than those &om heated
samples, indicating the necessity for adequate heat treatment. The effect of pressure
indicated that the oil yield was enhanced with increased pressure f?om 10 to 25 MPa. A
high degree of interaction was observed between the effects of pre-heating moisture

content, heating temperature and heating time on oil yield. The highest oil yield of 39.6%,
corresponding to an extraction efficiency of 66%, was obtained when the milled wnopher
nut was conditioned to 11% moisture content, roasted at 65°C for 28 rnin and expressed
at 25 MPa.

In another study, Ajibola et al. (1990) investigated the &ecfS

of particle size,

moisture content, heating temperature, heating time and applied pressure on oil expression
characteristics of melon seeds. Four levels each of moisture content (6.6, 9.2, 12.4 and
15.3% w.b.), temperature (70, 90, 110 and 130°C) and heating time (5, 10, 15 and 20

mi.) and five levels of applied pressure (5, 10, 15, 20 and 25 MPa) were used on coarse
and finely ground melon seed samples.

In this study, size reduction was found to influence the oil yield significantly, with
the oil yield fiom the finely ground samples being significantly higher than oil yields from
coarsely ground samples (Ajibola et al. 1990). Oil yield was also significantly influeaced
by the reduction in moisture content during heating, with the maximum yield being
obtained when the moisture content of sample was reduced to 5%. The increase in
pressure enhanced the oil yield when pressure was increased fiom 5 to 15 MPa but yield
either leveled off or decreased slightly when applied pressure was increased to 25 ma.
An increase in pressing time increased the volume of expressed oil but reduced the rate of

oil expression. The higher the heating time, the higher was the rate of expression.
Adeeko and Ajibola (1990) studied the effect of particle size (fmely and coarsely
ground), heating temperature (70, 90, 115, 135, 160°C), heating time (1 5, 25, 35 and 45
min), applied pressure (10, 15, 20 and 25 MPa) and duration of pressing (10 rnin) on the

oil yield of mechanically expressed groundnut oil. Generally, the oil yields f?om coarsely

ground groundnuts were higher than those fiom finely ground samples. Increasing the
temperature did not improve the oil yield beyond 25 min of heating. Oil yield increased
with pressures of up to 20 MPa, beyond which the yield either leveled off or decreased.

The rate of oil expression was reported to increase due to by increases in temperature,
time of heating, and particle size.

Sivala et al. (1991b) studied the oil yields fkom water sprinkled, sieved and
unsieved rice bran samples, as influenced by the moisture content, applied pressure and
pressing time. Samples of 100 g each were subjected to five levels of moisture (8.3 to
11.7%, wet basis), constant pressure (4.9 to 32.4 MPa) and durations of pressing (5 to 45
min). Oil yield was monitored after 10 min of pressing.

R d t s indicated that, in the case of unsieved bran, increasing the applied pressure

increased the oil recovery up to 10.5% bran moisture content, beyond which the oil
recovery leveled off, except at 25.5 MPa where there was a decrease in oil recovery at
11% moisture content (w.b.) (Sivala et al. 1991b). A treatment of 25.5 MPa pressure,
10.5% moisture content and 35 rnin pressing time gave the maximum oil recovery of
SS.9?!. Similar optimized operating conditions and trends in moisture and pressure

relationships were observed for sieved rice bran samples.
The effect of moisture addition was to substantially improve oil recovery in both
sieved and unsieved bran (Sivala et d. 1991b). When the moisture content was increased
fiom 7.2% to lo%, the oil recovery increased but further increases in moisture content
resulted in a decline in oil expression fiom both unsieved and sieved samples. The oil
recovery was found to be higher in the case of unsieved bran (35.6%) than for the sieved

bran (30.2%). This was attriiuted to the presence of husk particles (18%) in the unsieved
sample which helped in maintaining the porosity in the rice bran mass, thus ficilitated the
flow of oil*

In a study to optimize the sample size for unidirectional compression of rice bran
samples, Sivala et al. (1993) studied the effects of f i e levels of pressure (6.3 to 18.7
M a ) and sample size (50 to 250 g) for four durations of pressing time (15 to 60 min).
The data showed that an increase in total pressure up to 12.5 MPa tended to increase the
oil yield, beyond which there was a decrease in oil yield depending on sample size. The

sample size of 100 g, which had a final height of 100 mm after pressing, was found to give

maximum oil recovery when compared with the samples of 50, 150, 200 and 250 g
samples. Based on statistical analysis, the authors concluded that moderate pressures were
more suitable for compression, and a cake thichess in excess of 10 mm would give
relatively lower oil recovery. These results were, however, not in agreement with those of

Hamzat and Clarke (1993) and the theory developed by Kormendy (1964) that the
pressing time required for the same yield of press fluid m a t e d was proportional to the
square of the initial thickness of the material.

Harnzat and Clarke (1993) performed oil expression tests in order to study the
response of groundnut (peanut) in terms of oil yield to process variables such as particle

size (coarse, fine and whole), moisture content (3 to 13%), pressure (8 to 38 ma),bed

depth (25 and 98 mm) and pressing time (15 to 420 s). At all levels of moisture examined,
the coarseIy ground sample gave more oil recovery than either the whole seed or the finely
ground samples. This was in agreement with the observation of Adeeko and Ajibola

(1990) that the oil yields from coarsely ground samples were g e n d y higher than those
from finely ground samples. The results fbrther indicated that the samples in thinner beds

yielded much more oil than the samples in thicker beds. The moisture level of 5% yielded

maximum oil at 3 1 MPa of applied pressure for the coarse sample in a 25 mm b e d
2 m 4 m l m 3 Summary

It is evident fiom the pertinent literature that considerable research has been
conducted on prepressing and pressing fbctors that influencethe oil recovery from oilseeds
using unidirectional pressing. Most of the major iitctors and unit operations including
cleaning, dehullingldecorticating, cracking, size reduction, rouinglflaking, moisture
conditioning, pretreatments including cooking, seed preheating and hydrothermal
treatments have been extensively studied. Some findings, supported with appropriate
references on each of the factors and the unit opemtions are summarized below. In
addition, the possible causdeffkt relationship for each of these factors has been provided
in the following paragraphs.

Seed cleaning is important and necessary operation for expression of vegetable

oils, as the efficient removal of foreign matter including ferrous material would increase
press efficiency and safety (Ward 1976; Khan and Hanna 1983; Sosulski 1993).

The presence of hulls has been reported to increase the oil recovery from oilseeds
(Carter 1953; Hickox 1953; Khan and H a ~ a1984; Singh et al. 1984). This has been
attributed to the fact that hulls provide a better opportunity for expelling of oil.
Schwartzberg et al. (1977) stated that, in oilseed expression, as the compaction pressure

increases, the flow resistance in the downstream direction increases and, in order to
overcome this resistance, the presence of the hull is helpll. However, the addition of hulls
to the whole seed meats has been reported to have an adverse effkct on oil recovery
(Hickox 1953).

Size reduction through grinding, rolling and flaking has been established to be a
necessary and important step in mechanical pressing of oilseecis as pressing whole seeds
yielded poor results (Othmer and Agarwal 1955). W~ththe exception of very small size
seeds like sesame, reduction of seed to smaller particles or flaking is essential (Steinbock
1948). This unit operation exposes a greater Surface area of oil bearing cells to moisture

and heat during cooking and pressing which help in improved oil recovery (Woolrich and
Carpenter 1933; Adeeko and Ajibola 1990). The extent to which size reduction has a
beneficial effect has been contradictory. Some researchers have reported that only a
moderate size reduction such as warse grinding increased the oil recovery while fine
grinding reduced it (Ward 1976; h h m a 1979; Singh et al. 1984;; Adeeko and Ajibola
1990; Harnzat and Clarke 1993). It was stated that excessive grinding would lead to quick

compaction of meats under pressure and would increase resistance to oil flow through

matrix particles. However, others (Fasina and Ajibola 1989; Ajibola et al. 1990) have
reported that finely ground samples yielded more oil when compared with coarsely ground
samples. The reason for this was attributed to the increased surfkce area of oil bearing
cells exposed to heat treatment and subsequent pressure application. This expressed more
oil from cells in iinely ground samples than in the coarsely ground samples (Fasina and
Ajibola 1989).
Moisture conditioning of the samples through addition of water prior to grinding
(Galloway 1976), flaking (Galloway 1976; Sosulski 1993) and cooking (Woolrich and
Carpenter 1933; Taylor 1937) has been reported to provide beneficial eff-

on oil

expression fiom oilseeds. The optimum moisture content depended on the oilseeds and the
subsequent unit operation to be performed (Steinbock 1948; Khan and Hanna 1983).
The pretreatmenthoking of the oilseeds through dry heat (H~ckox1953; Fasina

and Ajibola 1989; Ajibola et al. 1990), and in the combination of heat and moisture

(hydrothermal) prior to mechanical pressing has been recognized universally to provide a
beneficial effect on oil recovery (Woolrich and Carpenter 1933; Taylor 1937). The
positive effect of preheating time and temperature and cooking were thought to be due to
the coagulation of protein, degradation of cell wall structure, adjustment of the moisture

content of the meal to the optimal value for pressing and decrease in oil viscosity which

allowed the oil to flow readily (Ward 1976). In addition, cooking has been reported to
markedly affect the quality of the oil as well as the deoiled cake (Noms 1964). Oil quality

and extraction efficiency are favored by more complete cooking while low temperature,
low moisture and short cooking time result in more soluble protein with higher nutritive
value and strong bctional properties (Sosulski 1993). Optimum cooking can lead to
production of an excellent quality of oil and the deoiled cake as the heat treatment

inactivates most of the hamfid enzymes during cooking (Noms 1964).
The moisture conditioning of the sample during pressing has been reported to most
significantly influence the oil recovery from oilseeds under mechanical pressing (Koo

1942;Dedio and Donell 1977;Khan and Hanna 1984;Sukumaran and Singh 1989;Sivala
et al. 1991b;Hamzat and Clarke 1993). It has been concluded that for each oilseed there is

an optimum range of moisture content for maximum oil yield. This range was reported to
vary f?om 5 to 11% moisture content depending on the oilseed (EBeisler 1930;Jamieson

1932; Smith and Kraybill 1933;Koo 1942; Bongirwar et al. 1977; Dedio and Domell
1977;Khan and Hanna 1984;Singh et al. 1984; Fasina and Ajibola 1989; Sivda et d.
1991b;Hamzat and Clarke 1993). Generally the lower moisture contents were found to
give higher oil recovery. This was attributed to reduced plasticizing effect at lower
moisture contents which required reduced pressure and deformation to release oil £tom
oilseeds (Sukumaran and Singh 1989).
Generally oil recovery increased with increase in applied pressure (Smith and
Kraybill 1933; Hickox 1953;Sin& et al. 1984;Fasina and Ajibola 1989). However, there

was a certain limit for each oilseed beyond which an increase in applied pressure caused
the oil recovery to either level off or decrease (Bongimar et al. 1977;Khan and Hanna

1984;Hamtat and Clarke 1993; Ajibola et al. 1990). This phenomena was attributed to
the narrowing down of the capillaries present in the oilseed medium with an increase in the
applied pressure. These drains and capillaries eventually are sealed, preventing any M e r
expression of oil even with large increase in applied pressures (Ward 1976).

The effects of increased temperature of oilseed during pressing are to increase the
oil recovery consistently (Smith and Kraybill 1933; Koo 1942; Hickox 1953;Khan and
Hanna 1984;Mrema and McNulty 1985). This was due to the decrease in the viscosity of

the oil with increasing temperature which enabled the more rapid flow of oil (Ward 1976).

Heating during pressing also inactivates some of the harmful enzymes present in certain
oilseeds and thus improves quality of cake and oil. However, a too high temperature
(>lOO°C) has been reported to have an adverse effect on oil quality (Ohlson 1976) as well
as on the nutritional quality of the deoiled cake (Sodski 1993). Hence temperatures

beyond 1OO°C is generally avoided during pressing.
The larger or thicker samples yield less oil than the smaller or thinner samples
(Hickox 1953; Bongirwar et al. 1977; Hamzat and Clarke 1993). This could be explained
by the theory of Kormendy (1964) which states that the pressing time required for the

same yield of press fluid material was proportional to the square of the initial thickness of
the material.

The effect of lowering the loading or deformation rate was to increase the oil
recovery (Hickox 1953; Singh and Singh 1991). This was explained on the basis that
slower rates of deformation permit d o r m i t y of initial corwlidation and purging of all the

air through interstices (Singh and Singh 1993). Deformation rates in the range of 5 to 19.5
mm/min have been reported to correspond to those occurring in the screw presses
(Sukumaran and Singh 1989).
The oil recovery generally increased with increase in time of pressing (Koo 1942;

B o n g b a r et al. 1977; Khan and Hanna 1984). Oil recovery had a very high value during
the initial stage of pressing. Subsequently, recovery showed a tendency to level off
asymptotically to a constant value (Adeeko and Ajibola 1990; Hamzat and Clarke 1993).
This phenomena is explained by the theory that there is a maximum level of expressable oil
in each oilseed. After this level designated to be quasi-eqdi'brium, was reached, longer

pressing time would have little or no impact on oil recovery (Ward 1976; Hamzat and
Clarke 1993).
2.4.2

Screw pressing
Bredeson (1978) discussed the prepresing and pressing conditions for commercial

screw pressing of oilseeds. He reported that the oilseeds are rolled in a suitable machine to
rupture the cell walls. Proper r o h g insures a uniform flake that can be cooked and

conditioned properly and higher quality oil. The flakes are moisture conditioned to about
840% moisture content followed by cooking for 55 min until they reach a temperature of
116°C and a moisture content of 2.2%. The conditioned samples are then fed in the saew

press where they are subjected to a maximum pressure of 110 MPa
Williams and Rathod (1980) reported that the moisture contents of 74% gave the

best oil yields &om soybeans. Their work was done on a modified screw press developed
for the production of soy flour. In a triple pass expelling process they were able to remove
over 80% of the available oil fiom soybeans.
Cruz (1980) developed and evaluated a small capacity (50 kg coprah) oil expeller.

The hammer-milled copra, having a moisture content in the range of 7.5% to 11.2%, was
fed into the expeller. The percent oil recovery, oil production rate and energy consumption
were measured to evaluate the performance of the expeller. Results indicated that, with
proper adjustments in the choke setting, an oil recovery of 5%

was obtained in two

passes. This was found to be comparable with the oil recovery obtained fiom a
commercial mil1 which recovered 69% of oil with additional solvent extraction. The
corresponding oil production rate was 28 kg/h and power consumption was 0.093 kW/kg
of oil.
A small press of nominal capacity (40

ka)was waluated for cold pressing of

undecorticated sunflower seed (Prinsloo and Hugo 1981). At three levels of shaft speed
and five choke openings the press throughput, oil output, residual oil (RO) in cake and
power consumption were measured. Narrower choke openings gave lower RO, while the
press throughput remained virtually unchanged with variation in choke opening. Higher
shaft speeds increased the throughput but also increased RO.
Blake (1982) evaluated the processing of canola on a Simon Rosedown Mini40
screw press to determine throughput, oil removal, and effect of seed conditions on
throughput and press capacity. A moisture content of 6.7% was reported to be optimum

as the oil yield and press throughput were reduced at greater moisture levels. The cake
temperature was in the range of 70 to 120°C while the oil temperature was reported to be

50-60°C.The expeller capacity was observed to be less than the rated capacity.

Ramsey and Hamis (1982) also used a Simon Rosedown Mini-40 screw press for
extracting soybean oil at a range of pre-extraction temperatures. The soybeans were
heated to temperatures from 27 to 116°C before feeding to the screw press. Maximum oil
yield of 40% occurred when the soybean entered the press at 77°C. Such recovery was
generally expected from low oil content seed such as soybean, having an oil content of
18% moms 1964). As the temperature increased past 7TC the oil yield dropped rapidly

and problems with the operation of the press became more prevalent. At temperatures
over 93°C the meal had an increased tendency to clog the press and at very high
temperatures the pressing operation caused scorching and burning.
Peterson et al. (1983) tested preheating effects on oil exfraction with a CeCoCo
Hander oil expeller with winter rape, d o w e r , satnower and peanut. The temperature
increases had little effect on oil yield fiom winter rapeseed. In the case of peanut, the oil
yield was found to increase dramatically &om 11% at 20°C to 88% at 60°C. The study was
conducted in a pilot plant to test the feasl'bility of h e r - o w n e d and operated vegetable oil
plants that would provide a high percentage of liquid fbels for crop production operations.
Sivakumaran et al. (1985) conducted experiments employing a Hinder New Type
52 Model with a rated capacity of 30-50 kg/h. The effects of peanut moisture content,

temperature, period of pre-heating and expeller pressure were studied. For the maximum
pressure applied, a minimum residual oil content level was achieved at a specific
combination of the peanut moisture content, temperature, and the period of preheating.
The minimum RO of 7.1% was obtained which corresponded to 9 1.4% of oil expression
efficiency. The most significant hctor was heating temperature while the heating time was
found to be insignificant at the 1% level of significance.

Jacobson and Backer (1986) conducted investigations on two sample lots of
sunflower seeds employing a Hander oil expeller. The Lot4 had a moisture content of
11% (wet basis) and an oil content of 39.7% while Lot41 had a moisture content of 6%

(wet basis) and an oil content of 42.6%. The effed of three preheating seed temperatures
(50, 60 and 75°C) was studied. For each lot, preheating improved the expeller capacity
and oil output for samples when compared with the seeds processed at room temperature.

Significant differences in the oil output and efficiency between the three preheat

temperatures were also observed. Greater expeller capacities and oil output were achieved
with Lot4 while extraction efficiency was better with Lot-II. Heating also reduced the
solids content of the expressed oil.
Vadke and Sosulski (1988) investigated the eEkcts of shaft speed, choke opening
and seed pretreatments on pressing pafonnance of canola seed employing the Simon

Rosedown Mini40 screw press. The seed pretreatments considered were moisture
conditioning, flaking, and preheating of the seeds. The press throughput and oil output
both reached a maxima at a seed moisture content of 5% while the residual oil (RO)
showed a continuous increase with an increases in seed moisture contents. As the choke
opening and shaft speed were lowered, the maximum pressure increased while the press
throughput and residual oil (RO) both decreased. Heating of whole seed or flakes fiom 40
to 100°C increased the pressure and throughput while the RO decreased.
The observed effects of choke opening and shaft speed on pressure, throughput,

RO and press temperature were explained with the aid of an adapted equation representing
the flow of material through an extruder (Vadke and Sosulski 1988). The equation also
explained the changes in pressure and throughput corresponding to the various
pretreatments when changes in viscosity were postulated. It was inferred that any
pretreatment that would increase viscosity would also increase throughput of the press.
The effects of different press parameters and seed treatments on pressure (P), throughput

(Q,),
residual oil (RO) arid barrel temperature were also reported.
Singh and Bagale (1WOa) studied the effects of hydrothermal pretreatments on oil
recovery from soybeans using the Simon Rosedown Mini40 screw press. The
pretreatments included water soaking for 1 4 of whole soybeans, boiling of dehulled soysplits and whole soybeans for 30 min. These treatments were followed by drying to
moisture levels of 5 to 11% (wet basis) prior to feeding into the expeller. A cumulative oil
recovery of 84.7% of oil was obtained from whole soybean and 83.3% fiom soy-split
samples at a moisture content of 7% (wet basis) in three passes. Since very little oil was
recovered in one pass, the number of passes were increased. This, however, reduced the
press capacity almost to one-third, which was found to be between 3 and 4 kg of
soybeadh. The maximum temperature of the press was in the range of 130-140°C, which

adversely affected the quality of the oil and cake. A cooling arrangement to maintain the
temperature at about 100°C was necessary for improving the press performance and
quality of oil and cake. The pretreatment of 30-min boiling of hull-he soy-splits was
recommended for commercial practice as it provided the low-fat (<5%),

protein-rich

050% protein) soyflow suitable for human consumption-

Groundnut kernels were pressed in Simon Rosedown Mini40 screw press and the
effect of pretreatments on oil expression were studied (Singh and Bargale 1990b). The
pretreatments considered were moisture conditioning, cold and hot water soaking for 1 h
followed by drying to moisture contents in the range of 5 to 11%. In addition, a
pretreatment of steaming the groundnut samples for 5 to 20 min durations was used. A
cumulative oil recovery of 83.4% was obtained firom samples steamed for 10 min followed
by an oil recovery of 82.4% from the 1 h hot water soaked samples. Both of these

samples required three passes through the press. Since there were no significant
differences in the oil recoveries obtained from the two samples, the pretreatment of 1 h
hot water (80°C)soaking followed by drying to 7.2% moisture content was recommended
for commercial practice considering the requirements of the equipment, energy and cost.

Isobe et al. (1992) designed and developed a new twin-screw press for oil
extraction f?om oilseeds with a view to eliminating the problems faced in operation of the
single screw press. These problems included the generation of excess frictional heat, large
energy consumption and deterioration of oil and cake quality besides relatively lower oil
recoveries kom oilseeds. It was indicated that a twin-screw oil press could be expected to
solve these problems because of higher transportation force, better mixing and crushing at
the twin-screw interface. They developed a twin-screw press with partially intermeshing
and counter-rotating screws that was tested with dehulled sudower seeds. The results

were compared to a single-screw lab-scale press. The dehulled sudower seed (moisture
content 6%; oil content 58.6%) without pretreatments (cooking or crushing) gave 93.6%
oil recovery with the twin-screw press, in contrast to 200/0 oil recovery with the singlescrew press. The oil expressed &om the twin-screw press had less foreign material than
the oil from the single screw press. Other properties of oil and cake were also superior in
the case of twin-screw pressed samples.

Results from aU points of view suggested that the new twin-screw press expresses
the oil fiom oilseeds with higher efficiency and produces superior quality oil and meal,
especially for material that can not be expressed by single screw presses without a force
feeder, such as dehded sunflower seed (Isobe et al. 1992).Using a twin-screw press also
eliminated the step of the usual pretreatment of coolring or flaking. The energy
consumption for the overall process was much lower than for single screw pressing, and
the quality of cake and oil was also superior. The authors demonstrated that the twinscrew had better crushing ability especially for small seeds like sesame and rapeseed. It

was, however, not mentioned whether the new press would be able to handle hard and low
oil content oilseeds such as soybean.
2.4.2.1 Summary

The dehulliing or decortication of oilseeds has been a standard practice as dehulling
increases the press throughput and improves the quality of the deoiled cake. In addition, it
increases the press safety and prevents excessive wear (Galloway 1976; Ward 1976;
Bredson 1978). Grinding, flaking or rolling is also generally considered to be beneficial for

screw pressing (Galloway 1976;Ward 1976;Bredeson 1978;Vadke and Sosulski 1988).
Cooking or hydrothermal treatment, as in the case of uniaxial pressing, is uniformly
acclaimed to be essential for efficient pressing of oilseeds. The oilseed meats should be

cooked in the presence of higher moisture at about 80-100°C for about 20 rnin (Bredson
1978; Ward 1976). Dry preheating (Ramsey and Harris 1982; Peterson et al. 1983;

Jacobson and Backer 1986;Vadke and Sosulski 1988)as well as wet heating (Ward 1976;
Bredson 1978; Singh and Bargale 19904 1990b) of the oilseeds prior to f i g to the

expeller have been reported to have beneficial effects on oil recovery, press throughput
and increased pressure. The moisture conditioning of the samples generally in the range of

5-11% has been used with beneficial effects for several oilseeds (Blake 1982;Sivakumaran
et al. 1985; Jacobson and Backer 1986; Vadke and Sosulski 1988; Singh and Bargale
1990a, 1990b). For some industries, a much lower moisture content in the range 2 4 % has

been reported to be practiced @redson 1978;Ward 1976). The temperatures in the press

during pressing have been reported to be in the range from 70-140°C(Blake 1982;Vadke

and Sosulski 1988; Singh and Bargale 1990a, 1990b). A temperature of 93°C was

reported to be optimum for smooth press operation (Ramsey and Hamis 1982), and
burning and scorching of the cake was reported at 140°C.
Lower choke opening generated higher pressure and temperature, increased oil
recovery but reduced press throughput (Jacobson and Backer 1986). Decreases in shaft
speed increased pressure and oil recovery but decreased throughput and temperature
(Vadke and Sosulski 1988). The slower shaft speed was considered equivalent to the
effect of loading rate in unidirectional pressing (Vadke 1987). The new concept of

replacing a single screw presently used in expellers with twin-screws (Isobe et al. 1992)
appears promising; however, their suitabiity for hard and low oil content oilseeds has yet
to be investigated.
2.4.3

Research needs in mechanical oil expression technology

The review of literature thus reveals that the science and art of mechanical oil
expression is an age old method of oil expression %om oilseeds. The method is still
practiced quite extensively despite its limitations in terms of poor oil extraction efficiency.
It is evident that considerable research has been conducted on traditional pretreatments

(Section 2.4.1 and Section 2.4.2) to enhance the oil extraction efficiency fkom oilseeds. It
seems that while these pretreatments significantly increased oil recovery (maximum up to
70-80%) compared to the samples pressed without any pretreatment (30-SO%), fUrtber

increases in oil recovery do not appear to be feasible by varying these pretreatment.
Research efforts, therefore, need to be diverted towards the relatively newer
techniques which in their initial applications have exhiiited evidence and promise to
enhance the oil recovery beyond the possible maximum at present. In this context, the

enzymatic-hydrolysis and extrusion-expelling of the oilseeds appeared promising. Initially,
research is needed on basic idormation which would advance the knowledge and
understanding of these techniques. It is believed that such infomation would be useM in

developing the appropriate equipment design and optimized process'mg conditions for
greater oil recovery fiom oilseeds employing mechanical means.

With this background, the present study was proposed with a view to exploring the

possibility of enzymatic hydrolysis of soybeans prior to their mechanical pressing and to
evaluate several extruded soy samples processed through some of the recently developed
extmderdexpanders for which research data has been lacking. The concepts and relevant
literature on past research on these methods of mechanical oil expression fi-om oilseeds is
presented in the following section. In addition, literature on a relatively newer technique of
super-criticalfluid extraction of vegetable oilseeds is also presented.

2.5

Recent Developments in Methods of Oil Extraction

2.5.1 Extrusion as an aid in oilseed processing

Extruders have been used for many years to shape pasta products and plastics. In
the 1950s a new type of extruder was developed This extruder generated frictional heat

and subjected the feedstock to extremely high pressure and shear. Steam, and sometimes
water were injected into the material while it was inside the extruder. Thus a combination

of heat, moisture and pressure cooked the material. When the feedstock material fed to the
extruder contained significant levels of starch or protein, the cooking process converted
the starch or protein into a gelatinous condition, to make the exiting material elastic
enough to support the formation of internal pores. Extruders which could perform this
way were called 'expanders' (Wiams 1995). A sectional view of typical expander is

shown in Fig. 2.7.
2 5 1 . 1 Physical changes in the oiiseed structure

The extrusion treatment of oilseeds caused the following changes in physical
structure of oilseeds (Vadke 1987):

minimizes air-space between discrete particles by virtue of agglomeratio;

hence

increases bulk density,
expands the extrudates at the discharge due to a sudden pressure release, which flashes
off steam from within the -dates

which makes the pellets porous,

shear individual cells and decrease cell wall resistance to the difbsion of oil and
solvent,
These physical changes may contribute to the following changes in the solvent extraction
process:

oil extraction rate increases because of increased percolation rate through the porous
pellets and because of reduced cell wall resistance,
extractor hold-up, i.e. the amount of oilseed material present in the extractor at any

instant, increases because ofthe increased bulk density,
the larger hold-up and lower residence time required due to the higher extraction rate
contributes to increased capacity of the extractor,
the porous structure contributes to less solvent hold-up in the extracted pellets. This

would reduce the steam requirement in the desolventizer
Although these changes have been related specifically to benefits in solvent
extraction of soybean, most of these could apply to mechanical pressing as well. The oil
globules are librated and coalesced into droplets of oil which discharge as fiothy-looking
hot meal with some moisture boiling through the liberated oil. The combination of
increased porosity and bulk density of the meal and reduced viscosity enable instant
release and flow of oil when adequate pressure is applied.
The first application of the extrusion technique for edible oil processing involved
stabilization of rice bran to check the fast growth of the fiee fatty acid content of the rice

bran oil (Williams and Baer 1965). This pretreatment resulted in higher solvent percolation
rates than those with the raw bran. Sayre et aL(1982) reviewed the research involving
simultaneous stabilization and enhancement of rice bran. Thereafter, several pilot plant
studies have reported the effectiveness of extrusion in rice bran stabilization. Kim et al.
(1987) reported a positive effct of this pretreatment on the solvent extraction

characteristics rice bran.

2.5.1.2 Developments in extruder-aided oilseed processing

Some leading screw press manufacturers have developed more efficient extruders
to improve upon the cooking techniques, oil recovery and quality of oil and cake. Their
efforts have concentrated on developing equipment which would fit into the existing three
methods of oil extraction including fidl pressing, solvent extraction and prepressing before
solvent extraction.
Bredeson (1983) described a French oil mill 'enhanser' used to treat seeds such as
soybean and cottonseed prior to solvent extraction The process and equipment used was
reported to dens@ the soybean, increase its porosity and thereby increase the plant
capacity fiom 50 to 100%. The same equipment when used with cottonseed reduced the
solvent requirements and reduced residual solvent in the meal. In mother study, the
incorporation of the extrusion step prior to solvent extraction in a non-profitable unit was
reported to increase the capacity of the plant three fold and convert the plant into a
profitable unit (Rittner 1984). Furthe literature supporting the beneficial effect of
extrusion before solvent extraction of various oil bearing materials has been cited by
Aguilera and Lusas (1986).
The next application of extrusion technique was to form porous collets fiom
oilseeds that contained relatively lower oil (about 33% or less oil, such as soybean and
cottonseed), as well as from the prepressed oilseeds of high oil content (Williams 1995).
The objective was to reshape flaked soybean or cottonseed into porous collets. Extrusion
was especially helpful because it could convert poorly formed flakes and even h e s into
collets. The collets were larger, heavier and stronger than flakes. The larger size allowed a
faster drainage of miscella. Being heavier than flakes, the collets allowed greater extractor
capacity without modifkation of extractor bed depth. The stronger collets, which did not
break easily, dowed the extractor meal to fkee drain to a lower solvent level before
leaving the extractor. In addition, the extrusion also made the prepress cake into more
porous sponge-like structure which help in more efficient solvent extraction operation.
These improvements have been reported to reduce the processing cost by $1 per tonne in
a direct solvent extraction plant and $1.5 per tonne in a prepress solvent extraction plant
(Lusas and Watkins 1988).

A further advancement included the modification of expanders to accept high oil

content seeds such as sunflower, d o w e r , peanuts, canola and rapeseed. These oilseeds
contain too much oil to produce a firm collet or flake (Anon 1994). Therefore, a modified
expander was developed to first remove the excess oil to a level where the collet
formation was feasible (Wiiams 1995). This expander consisted of a slotted-wall drainage
cage mounted on the barrel that allowed some liberated oil to escape through the cage.
The partially deoiled cake continued toward the die plate and exited as porous collet. The
slotted wall expanders are thus similar to expellers with the only dBerence being that

these expanders have dies in the end which enable the shaping of the partially deoiled cake
into firmer 'collets' which have much higher efficiency in solvent extraction Thus, the

modified expander combines the prepress operation with an expander in one unit. Such
slotted wall expanders have been reported to match the performance of the screw presses
with less cost, energy and maintenance (Wiams 1995). Such expanders are available in
203, 254 and 305 mm diameters with a length to diameter (LD) ratio of 12 and can be

equipped with 75-150 horsepower drives for the 203 and 254 mm units and 350 HP for
the 305 mm unit (Anon. 1994).
2.5.1.3 Recent advances in expander technology

The specialized expanders have been evolved for specific incorporation into
process lines to obtain edible oils by fill pressing, direct solvent extraction and prepress
solvent extraction (Anon 1994). The recently developed adjustablejaw expander can be
used for preparation of oilseeds in a fbll press oil mill. This unit has been provided with a
modied shaft, having a large wne point attached to the discharge end and rotating with
the shaft. The cone point rotates within a stationary conical socket. At the apex of the

stationary socket, there is an opening through which the product can discharge. The
opening can be adjusted by means of a movable jaw that opens and closes the discharge
opening. Shear is generated as the product passes through the space between the rotating
cone and the stationary socket. The amount of shear is influenced by the thickness of the
space and by the position of the jaws. If the space is narrow (c0.762 mm), whole seed can
be sheared to rupture the oil cells and to cook by fiction without the injection of live

steam. This equipment has been reported to be promising for low oil content oilseeds

including soybean for oil extraction in small plants where the use of soIvents for oil
extraction is not feasible.
The cracked, lightly heated soybeans are passed directly into the expander, which
pulverizes the beans and liberates the oil, and discharges the product in a semi-fluid state

(Williams 1995). If the moisture in this extruded meal was optimum (around 100/o), then it
goes directly into the high pressure screw press where it is pressed to be left with 5%
residual oil. However, if the moisture content of the extruded cooked meal was not
appropriate, then either dryer or steam injection is required, depending on whether
moisture had to be removed or added. Experiments conducted by precooking soybean
with this adjustable jaw expander followed by pressing the seed in a high pressure screw

press have been reported to give promising results. In addition, extrusion-cooking as a
pretreatment was reported to handle three times more capacity with much less residual oil

in the final cake compared with the traditional cooking pretreatment (Wiams 1995). If
this adjustable-jaw expander were equipped with a drainage cage, it would be suitable for
high oil content oilseeds as well.

Another advantage of the adjustable jaw expander was that it provided a short
residence time wok (7-20 s) for oilseeds (Anon 1994). This was especially advantageous
for the oilseeds which contained undesirable enzymes. The oilseed reached sterilization
temperature quickly before the enzymes could do any serious damage. The use of this
expander on canoIa showed that the extrusion cooked canola had only 48 parts per million
@pm) phosphorous in the crude oil compared to 350 ppm phosphorous in the crude oil

&om canola cooked by the traditional slow warm-up stack cooker (Williams 1995). In
addition, there was reduction in fkee fitty acids (FFA) and chlorophyll in the crude oil.
These positive effects of precooking by extrusion resulted in a much superior quality oil
with less greenish tint. Rapid inactivation of enzyme was a justification for extrusion
cooking. Ohlson (1992) has supported the precooking of rapeseed by extrusion and
indicated that the benefits were more than enough to justify the cost.

2.5.1.4 Extrusion cooking and mechanical expelling of soybean

Considering the benefits of extrusion cooking for solvent extraction of oilseeds,
Nelson et al. (1987) applied this technique by coupling dry extrusion with continuous
screw pressing of soybean to extract the oil. The coarseiy ground whole soybean at 1014% moisture content was extrusion cooked. The dwell time in the extruder was less than
30 seconds and the temperature was 13S°C. The extrudate that emerged fkom the die in

hot condition and semi-fluid state was immediately pressed in a continuous screw press to
obtain high quality oil and press cake. The extrusion prior to expelling greatly increased
the throughput of the expeller over the rated capacity. An oil recoveq of 70% was
obtained in single pass expelling using a pilot model expeller- It was indicated that higher
oil recovery could be expected &om commercial scale expellers generating higher
pressures. The high temperatureshort time extrusion cooking process eliminated the
proloaged heating and holding of raw material in conventional expelling. For the
experimental conditions used, press cake with 50% protein, 6% residual oil and 90%
inactivation of trypsin inhibitor was obtained. The expelled oil was remarkably stable and
comparable to National Soybean Processors Association (NSPA) specifications. The
procedure was reported to offer potential for producing natural soybean oil and food
grade low-fat protein-rich soy flour by relatively low-cost operation which could be
adopted as an improvement to existing conventional expelling operations in less developed
countries or as a commercial on-farm operation for producing value-added products fiom
soybean in North America.
2.5.2 Super-critical fluid extraction (SFE) of vegetable oilseeds

A new experimental method known as super-critical C& extraction of oil fiom

oilseeds is under development. In this method, C& when compressed and heated above its
critical temperature and pressure is used as a solvent. Carbondioxide is non-toxic, nonexplosive, relatively inexpensive in comparison to other solvents and readily available and
removable fiom the extracted product. The method is also as efficient as solvent
extraction at removing triglycerides while yielding a high quality, gum-fiee, light-colored
crude oil with low iron content.

The supercritical fluid extraction (SFE) is a unique extraction process which

embodies several features of conventional solvent extraction while at thesame time having
important features of its own (Bulley et al. 1984). The technique is similar to conventional
solvent extraction in that the material to be extracted is 'washed' fiom the substrate using
a solvent. It differs from conventional solvent extraction because the solvent is not a liquid
but rather a gas above its critical point. In simple terms, SFE is characterized by the
following attributes: (a) relatively non-volatile hydrophobic materials can be dissolved by
supercritical fluids, @) the properties of the extraction medium can be varied within wide

limits by means of pressure and temperature changes, (c) separation of extracted

substances &om the critical fluid can be accomplished Cm part or whole) by altering the
pressure andfor the temperature of the fluid. The efficiency of extraction depends on the
temperature, pressure, contact time between the extracting fluid and oil-bearing material

and the solubility of the oil in the extracting fluid. The process development is still at the
laboratory level and little idonnation is available on its use at the commercial level for oil
extraction from oilseeds. The techno-economic feasibility of the process is perhaps the
reason for delay in its adoption on a commercial scale (Jones 1991).
2.5.3

Enzymatic hydrolysis for higher oil estraction efficiency

The oil globules are found inside plant cells, associated with proteins and a wide
range of carbohydrates. The cell contents are surrounded by a rather thick cell wall which

has to be ruptured for the protein and oil to be released. Enzymatic hydrolysis is an option

for pretreatment of oilseeds as it opens up the c e U wall through bio-degradation. It also
hydrolyses the complex lipoprotein and lipopolysaccharides molecules (not extracted) into
simple molecules, thus releasing extra oil for extraction. Fullbrook (1983) first observed
that the crude protein isolate fkom melon seeds, when enzymatically hydrolyzed, released
extra oil. Later, the u s e f h h s of enzymatic hydrolysis in the processing of ground
soybean and rapeseed was demonstrated. He reported a lower energy and solvent
consumption with better quality of extracted oil and anticipated the resulting protein to be
of higher nutritive value. Enhanced release of extractable oil was also shown by Bhatnagar

and Johri (1987) in crushed soybean, cottonseed and castor bean hydrolyzed in the
presence of hexane.
Sosulski et al. (1988) demonstrated the effect of enzyme hydrolysis of canola to
enhance oil extraction with hexane. They found that hydrolysis of canola cultivars with

carbohydrase increased oil yield and reduced oil extraction time by solvent extraction. The
optimum treatment found was flaking, autoclaving, adjusting moisture to 30% including
0.12% enzyme concentration and incubation for 12 h at 50°C followed by drying to 4%

moisture content. Hexane extraction was found to be enhanced by further grinding of
treated flakes before extraction. The mixed enzyme activity was found to be superior when

compared with the action of individual enzymes in enhancing the extraction efficiency.
Sosulski and Sosuiski (1990) optimized the conditions for enzyme treatment of
whole and flaked canola seeds to hydrolyze cell walls and enhance oil recovery during

pressing on the expeller. The results indicated that enzymatic pretreatment of canola, prior
to pressing on the expeller modified the cell walls of coty1edons and hulls, reduced the

time of pressing and increased the oil recovery fiom 75% to 92% of the total oil in single

pass pressing. The residual oil content in the cake was reduced to 6.2%. Protein content
was slightly increased and lysine availability remained high. Fiber content was also reduced
by 1.1 to 2.6 percentage units. Digestibility of organic matter of treated press cake was

improved over that of the control by 8-21 percentage units.
Further advancing their study, Sosulski and Sosulski (1993) investigated the use

of carbohydrase enzymes to enhance oil extraction in screw pressing at the laboratory
level. Enzyme-treated seeds at 6% moisture content were pressed in the expeller set at fidl
press conditions. Control seeds were also pressed at the same pressure as the enzymetreated samples. Time of pressing, temperatures and pressure inside the barrel were used
to calculate the press capacity and energy requirements per unit weight of the processed
material. Treatment with e v e improved throughput of the expeller, increased oil flow
rate and oil recovery. Material throughput was increased by 30-50%, depending on canola
variety. The recovery of oil was increased from 72% of the seed oil for control samples to
90.93%

for enzyme-treated samples. The average residual oil content in press cakes fkom

enzyme treated seeds was 7.4%. The oil quality was inferior to the cold pressed control
but was much better than that of solvent extracted oil.

Dominguez et al. (1993a) studied the feasibility of enzymatically treating soybean
and sunflower seed to improve the extractiiility of oil. The effects of particle size,
moisture content, enzyme concentration and hydrolysis time were considered. The results
indicated that size reduction was tavorable during enzymatic treatment because better
accessibility of the enzyme to the cellular wall could be achieved. When seed size was
reduced fkorn 2 mm to 1 mm, the increment in the oil extraction efficiency was more than
35% for soybean and 50% for sunflower. The minimum moisture content required during

the enzyme treatment was 50% for soybean and 20-30% for sunflower. Further increase in
moisture had little positive effect on oil extractibility. Hence, use of enzymes beyond these
levels of moisture content was not recommended. Even with a very low concentration of
enzyme (0.01g/100g of seed), the beneficial effect of increased oil extractability could
clearly be observed. Higher concentrations ofup to lg/100g seed for soybean and 2g1100g

seed of sunflower, increased the oil extraction efficiency. However, beyond this point no
fbrther improvement in the oil extractability was observed. The hydrolysis time of 6 h was
found to be optimum for both oilseeds.
Smith et al. (1993) studied the effect of enzymatic hydrolysis of soybean seeds

followed by its unidirectional mechanical pressing. The process parameters were optimized
using response surface methodology for maximum oil extractability. The result indicated
that the enzyme treatment enhanced both the amount of extractable oil (by 1.5%) and
extractability. A second order response surf'ace model was developed to predict the
expelled oil as a hnction of six process parameters investigated. The optimum process
conditions obtained were: moisture content during hydrolysis, 2 3 . W (wet basis); enzyme
concentration, 11.8% (voVwt.); incubation period, 13.Z4 h; moisture content during
pressing, 9.4% (wet basis); pressing pressure, 75 MPa; and pressing time, 5.36 min. The
parameters had no interactive effects on expelled oil. The pressing pressure above 75 MPa
caused extrusion. Under optimum conditions, oil expelled from dehulIed cracked e w e treated soybean by static pressing at room temperature (18°C) was 11-7% higher than that
obtained for the same pressing conditions for untreated samples. The authors anticipated

krther improvement in oil extractability fiom enzyme-treated soybean sample in

mechanical screw pressing due to the higher temperature during pressing. In addition, they
predicated that the oil recovery could be firher increased by adding one or more
conventional pretreatments to the enzymatic hydrolysis pretreatment.
Hence, fiom the review of past studies (Table 2.4). it is obvious that development
of enzymatic processes for extraction of vegetable oil is now possible by application of
efficient plant cell wall-degrading enzymes. While the method has been extensively studied
for solvent extraction of oilseeds the itlformation on mechanical pressing of enzyme
treated samples is scarce and therefore this aspect needs the attention of researchers.

2.6

Mechanism of Uniaxial Compression/Pressingof Solid-liquid
Systems
Several terms such as compression, pressing, expression, sedimentation, filtration

and consolidation are used in various disciplines of enpineering to descriie, denote or
define certain concept(s) or processes (Kormendy 1974). Authors in the chemical
engineering field prefer the term 'expression' to 'pressing', and when the pressing
operation is associated with filtration or sedimentation operations the term 'consolidation'
is used - a term originating in the field of soil mechanics. Pressing is closely related to the

filtration and sedimentation operations. In a l l three processes, the two phases (solid and
liquid), are in relative motion caused by the application of forces. Thus, pressing
operations are related to both fluid mechanics and stress analysis (Kormendy 1974).
When pressure is applied to a liquid-solid system for the purpose of expressing a
portion of the liquid, the changes that may occur in the system are complex. Several
researchers have attempted to explain the mechanism of pressing and expression. The
work of Gurnharn and Masson (1946), who conducted experiments with synthetic
mixtures of solids and liquids, can be used to visualize the physical phenomena occunhg
in expression process. They observed that the reduction in volume of compressible
material under the influence of applied pressure may be due to the deformation (bending

Table 2.4 Enhanced extractability of oil fiom several oilseeds due to enzymatic
pretreatment
Oilseed

Main enzyme activity

Increment* in oil

Reference

extractab'ity
(% total oil)

canola

Celiulase-p-glucanase
arabinase-hemiceUdasexylanase pectinaseagalactosidase (SP 249)
Hemicellulase

12.6

Sodski et aL(1988)

5.13

9*

Pectinase (PECTINEXU.S.P.)
CeNulase (CELLUCLAST1.9,)
P-duc-e
(FINIZYM)
Aspergillus fumigatus

7.41
2.17
1.23
19.1

99

S. thennophile
H.lanuginosa-I

18.6
16.5
15.6
14.7
13.7
8.36

P=co=)
soybean

dower

K lanuginosa-I1
CeUulase
~emik~ulase
Cellulase (CELLUCLAST
1.5L)
Hemicellulase (ENZECO)
Multiactivity (MULTIFECT~~)
Multiactivity (OLEASE)
A fiunigatus
Pectinase (ROHAMENTP)

3.74
12.1
11.4

1 1,7**
2.22

99
97

Bhatnagar & Johri
(1987)
99
99
93
99

39

Dominguez et al.
1993b
n
93
99

Smith et al. (1993)
Dominguez et al.
1993b

Multiadvity (MULTIFECT",
3.53
4.0 1
Peainase @'ECTINEX ULTRA
SP)
Cellulase (CELLUCLAST)+
3.13
Pecthase(PECTKNEx)
* Relative to control samples; ** oil extracted by unidirectional mechanical pressing; for
all others, oil was extracted by solvent extraction method.
9s

9%

*?

or flattening) of solid pamcles, thereby decreasing total void space. With further
compression, the load is transferred to the liquid phase an4 ifflow channels are available
in the solid matrix, the liquid will move out of the system.The removal of liquid from the

system will relieve a part of the applied pressure so that load is gradually shifted to the
solid phase. The process of compression continues until an equiliirium stage is reached at
which point the flow of liquid outside of the system ceases.
According to theory proposed by Kormendy (1974), the solid and liquid (fluid)
phases are contiguous, i.e. each element of a phase is in contact with the other elements of
the same phase and each element can transfer stresses to the neighboring ones. Separation

is caused by forces applied to the material, namely body forces and forces acting on the
surfaces (using the terminology of continuum mechanics). During the pressing operation

the volume of material is reduced and the liquid phase flows out through a definite path in
the confined the material.

The theory proposed by Gumham and Masson (1946) was developed on the basis
of compression of fibrous materials, and as such explains the mechanism of compression
of fibrous materials well. However, the compression characteristics of a powdery and
granular material such as oilseed may also be reasonably described with this theory. The
second theory (Kormendy, 1974) discussed above appears to be more applicable to
explain the mechanism of oil expression under uniaxial compression.

The presence of oil gIobules inside the cell walls in oilseeds make it necessary that
the applied mechanical stresses are d c i e n t to press the oil through the cell walls. At the
beginning of compression, oilseed as a material represents a three phase system; air, oil
and solid particles consisting of chemical constituents including protein, carbohydrate,
fiber and ash. In the initial stage of compression, rearrangement of the oil bearing solid
particles causes a decrease in the volume of interparticle voids of the bed. This is
accompanied by escape of the entrapped air. As the compression proceeds, individual oil
bearing solid particles start getting squeezed into the interparticle voids with an
accompanying loss in their initial geometry. At this stage, the decrease in the volume is

mainly due to the deformation of particles. W~thfhther compression, a stage is soon
reached when the intercellular structure of the oil bearing seed particles break, releasing

oil into the mounding voids. At this point the sample can be represented as a saturated
two-phase system consisting of incompressible oil contained in the voids of the former.
Under these conditions, the applied pressure is shared by the solid mass of deoiled seed
particles and the oil filling in the mounding voids.

2.7

Mathematical Modeling of Mechanical Oil Expression

2.7.1

Overview

Most design or developmental work on food processing operations involve some
sort of model or prediction of the behavior of the process. There is no universal definition
of 'mathematical modeling'. However, in the context of present study, it is assumed to be
a mathematical description of the process of uniaxial compression of oilseeds, which

would enable the description of the output parameter (the time dependent oil recovery)
and the behavior of the oilseeds during compression with the intention of improving,

optimizing and understanding the process. This however, requires an adequate knowledge
of the variables that influence the process and of their numerical values which are
proposed to be measured through experimentation.
Mathematical models are basically of two types namely, empirical models and
theoretical models. Empirical models are developed based on several experiments on the
process in which the input variables are varied and the output variables correlated
statistically or otherwise with the inputs. While these models are usem tools to predict the
performance of the process, they need to be used with caution as they have some strict
limitations on their applicability. They must not be used to extrapolate the results to the
region where experiments were not performed or even to slightly different equipment.
This means that the experiment done on a laboratory equipment scale cannot be directly
adopted for scale up operation (Harper 1981). For such cases, possibility of developing
the theoretical models should be explored.

Theoretical models are developed based on the equations of the fundamental laws
of the physical process involved. Hence, it is necessary to correctly identify the microprocess involved, understand its mechanism and then perceive &om several fbndamental
laws as to which would most likely simulate the process in question. These models could
then be validated through experimentation.
A major diftidty of mathematical modeling of the behavior of food products and

other biological materials is insufficient information about the behavior of the individual
food components and the effect of their variation on the product as a whole. When dealing
with complex phenomena, assumptions will have to be made to obtain a model that is

feasible. However, these assumptions may lead to error in the prediction performance of
the model. The advantage of such complex process of simulation is that it helps in

advancing the understanding of the process and, unlike the empirical model, it has very
comprehensive applicability- The following section describes both types of models as
developed for the process of oil expression fiom oil bearing materials when pressed under
uniaxial compression and through screw pressing.

2.7.2 Empirical models

The model developed by Koo (1942) appears to be the first and most

comprehensive of several empirical models developed for mechanical oil expression fiom
oilseeds. Using a simple hand operated laboratory hydraulic press capable of generating a
pressure up to 34.5 MPa, and varying four factors including moisture, temperature,
pressure and time of pressing Koo (1942) conducted experiments with seven different
oilseeds. Based on the data generated Koo (1942) found a common empirical equation
which depended on the type of oilseed. The oil yield was directly proportional to the
square root of the pressure, and inversely proportional to the square root of kinematic
viscosity which was a function of temperahue only. The effkct of pressing time on oil yield

appeared to be of little importance since the square of the oil yield was proportional to the
cube root of pressing time. The developed general equation is of the following form:

where:
Y'

= oil recovery based

on total oilseed weight (%),

S = constant for the kind of oilseed (corresponding to dimensional balance),

F = oil content of the oilseed based on total seed weight (%)
P = pressure applied during pressing w a ) ,
t = pressing time (h),

v = kinematic viscosity of the oil at the press temperature (m2/s),

z.= exponent (constant for given oilseed, dimensionless).

A summary of the S, F and z. values for different oilseeds is given in Table 2.5. Koo's

(1942) results showed that wide range of oilseed with very different oil contents, chemical
and physical structure exhibited similar expression characteristics.

Khan and Hanna (1984) conducted the experiments on differently preprocessed
soybean flake samples to investigate the effect of dierent process variables including
temperature, moisture, constant pressure and time of pressing. Three levels of temperature
(22 to 60°C), moisture content (7.5 to 12%) and two levels of pressure (35 and 45 MPa)

and pressing time, (240 and 600 s) were used in the study. Based on the data obtained,
obtained, for Brady cooker soflakes they developed following empirical model:

where:
Y = oil recovery (%),
Tp=press temperature

CC),

m = moisture content of the seed (%, w.b.),
t = time of pressing (min).

Table 2.5 Constants and exponents for the general oilseed expression equation (Eq. 2.4)
developed by Koo (1942).
Oilseed

zo

s*lo3

F

Soybean

0.50

5.40

19.5

Cottonseed

0.50

6.42

34.7

Rapeseed

0.33

15.O

42.2

Peanut

0.33

19.4

51.9

Tung nut

0.33

23.4

54.5

Sesame seed

0.17

46.5

53.O

Castor bean

0.17

51.3

64.2

The oil yield was found to be most aEected by the press temperature, but the effect was
less at higher moisture contents.
In a similar study, Singh et al. (1984) developed empirical models for several forms
of sunflower seed including whole, dehded, coarse and fine ground samples. Five levels

of process variables were selected. The variables included moisture content (6 to 14%
w.b.), temperature (20 to 80°c), pressure (14 to 70 MPa) and pressing time (4 to 10 rnin).

The developed models predicted the residual oil content for each form of sunflower seed.
The equations were as follows:

Whole seed:

where:
RO = residual oil left in the cake (%),
T = seed temperature before pressing

CC).

It is interesting to note that the time of pressing was found to have no effect on

RO and hence it did not appear in the model. The moisture content was found to be the
most important factor effecting oil expression fiom whole oilseed.

Dehulled seed:
RO

=

23 +4.6 rn-2.3 t+0.17~-0.18m2-0.0008$+0.1 t2+0.006rnP+

Coarsely ground seed:
RO

=

-70+ 11.5 rn + 0.26 P + 1.5 t

Finely ground seed:

+ 0.53 T - 0.347rn2- 0.0025 + 0.13 t2 -

Seed temperature before pressing, moisture content and their interaction were the most
significant parameters affecting the RO content.
S i v w et al. (1985) studied the effect of moisture content, kernel
temperature, and kernel pre-heat time on the residual oil content of peanut seeds using a
screw press. The moisture contents used were in the range of 2-9%, pre-heat temperatures
from 80-120°C,and the heating time varied fiom 20 to 35 min The following model was

developed for these variables and operating conditions:

where:

8 = heating time for oilseed prior to pressing (min).

Employing response surface methodology, the authors showed that the conditions for best
oil expression fiom peanut on the screw press were the seed temperature of 95.7'~,
moisture content of 5.42%, and a preheating time of 27.4 min. For these conditions, Eq.
2.10 predicted an RO content of 7.17%, while in pressing experiments they were able to

achieve low RO values of 5.36%Sivala et al. (1991b) developed an empirical model for prediction of oil recoveries

from sieved and unsieved rice bran when compressed under

compression on a

hydraulic press. The variables used in the study were the moisture content (8.3 to 11.7%
w.b.), applied pressure (7 to 30 MPa) and the pressing time of 8 to 42 min. The following
equations were developed through regression analysis:

Unsieved bran:

+ 0.0027 P t + 0.1296 t m - 0.0075 P m
Sieved bran:

-210.17 + 0.0435 P + 0.9863 t + 40.7867 rn + 0.0002 $ -0.0305 t2 - 1.976 m2
+0.0014Pt+O.1151 tm-0.0111 P m

(It2 = 0.99)

(2.12)

Sukumaran and Singh (1987) subjected a 10 mm thick bed of rapeseed to steady

bulk compression under confined conditions. Samples at moisture contents of 4.56, 6.46,
9.35, 12.35% (w.b.) were compressed at different rates of deformation of 5, 10, 15, 19.5

d m i n until the appropriate loads were reached to obtain 15 predetermined levels of
maximum compression pressure ranging from 0.94 to 58.89 MPa The variation of oil

recovery was related to these variables to obtain the following equation;

The authors found that the moisture dependence of oil point was adequate to

account for the effea of moisture content on oil recovery efficiency of rapeseed under
uniaxial compression.
Hamzat and Clarke (1993) developed a semi-mechanistic model based the concept

of quasi-equilibrium which assumed that there was a maximum amount of oil that could be
g
Hence, if ye was the
extracted from oilseeds under a given treatment d u ~ pressing.
asymptote to which oil approached under a given treatment during pressing, then the two
quantities y, the expressed oil yield at given time, and yecan be related to pressing time as
follows:

(

3

log, 1- - = log, al - a2t

or

Where:
ye= quasi-equilibrium oil yield (%)

al, a2 = empirical constants
The values of constants a1 and a2 were obtained by performing a regression for
log& -y/ye) against pressing time, t.
The effects of moisture content,

applied pressure, P and bed depth, H, were

accommodated by an equation of the following form:

where:

M = seed moisture content (%, dry basis),

H,= initial height of the compressed sample (mm),
a3,

a4, as = empirical constants.

The coefficients in Eq. 2.15 were determined by a multiple hear regression
analysis on the data obtained fiom the three particle sizes used for pressing during
experiments. Three different particle sizes of preheated peanut (65°C) sampIes pressed at 5
different levels of pressures (8 to 38 MPa), six moisture contents (3 to 13%), two bed
depths (25 and 98 mm) and six pressing times (15 to 420 s) were considered for
experiments. The following expression were obtained, for three particle sizes of the
oilseed:

Whole seed:

Y=

40.45 M-0.063

P

0.014

-0.005

HO

(1 - 0 2 7 e ~ - " ~ ' )

SE=0.89

(2.16)

Coarse seed:
4.003

y = 39.65 M ~ ~ ~ P (1~- ~ ~ H ,

Fine seed:
y = 46.06 M 4.067p0.Wl H o4.001 (1 - 0346e+).oo4t

)

where:
SE = standard error of the estimate.

A good fit was reported between experimental and the calculated values and it was
concluded that the quasi-equilibrium concept was applicable for oil yield prediction fiom
pressing of peanut.

2.7.3

Theoretical models

The uniaxial compression of a solid-liquid mixture has been extensively studied by
researchers over the past two decades. Terzaghi's (1943) theory of consolidation for
saturated soils, Kormendy's (1964, 1974) theory of pressing and the expression theory
proposed by Shirato et al. (1970, 1971, 1979) are some of the major theories used for
developing mathematical models for this purpose. While Terzaghi's theory has been
specifically used for expression of oil from oilseeds, Kormendy's theory has been generally
applied to pressing of comminuted fruits. Shirato et al. (1970) developed mathematical
analyses for the expression of liquid fiom clay-water systems to a stage where it was
possible to accurately predict the liquid flow rate for a variety of pressing conditions.
Korrnendy (1974) in an analysis of one-dimensional pressing problem introduced
the pressing coefficient which was almost equivalent to the consolidation coefficient (c)

proposed by Terzaghi (1943), but differed fiom it in certain aspects. While the pressing
coefficient and consolidation coefficient had the same dimensions as those of dfisivity,
the value of consolidation coefficient could not be taken as constant in the case of

comminuted f i t s because of very large deformations (the volume of the pressed material
decreases up to one-fZth of the original one). Hence, a variable consolidation coefficient
needed to be considered while applying this theory for the compression of products

involving large deformations. The modified consolidation coefficient defined by Shirato
(1965) was found to differ only in constant factors fiorn the pressing coefficient. For a
material to show high pressability, Kormendy (1974) found that the material must have
both a well-deformable solid phase and low resistance of flow between the solid and liquid
phases. Based on this criteria, Konnendy (1974) found that an optimum grade of
comminution existed for fits.

In another relevant study, Kormendy (1964) showed that the time to reach a
definite percentage yield of the liquid phase was proportional to the square of initial
thickness of the pressed cake and thereby demonstrated that pressing apparatuses with
small initial cake thickness are advantageous.
Although several different theories are available for predicting the expression of oil
&om oa-bearing materials, most of the models reported so fm have employed the
Terzaghi's theory of consolidation for uniaxial compression (Mrema and McNulty 1985;
Singh and Singh 199 1; Sivala et al. 1991a). The only model available for a screw press
(Vadke 1987) employed the superimposition of filtration anaiysis on screw extrusion
theory to calculate press throughput and residual oil content in press cake for a given

geometry and physical properties of oilseed.

2.7.3.1 Uniaxial compression of oilseeds

Mrema and McNulty (1985) developed a model based on the hypothesis that the
oil expression is initially a case of flow through capillaries in contrast to the earlier
conventional theory (Norris 1964) which assumed that the cell walls had to be ruptured
for expression of oil. Such flow is followed by the phenomena of flow through porous

medium and its consolidation. These authors characterized the oil expression process by
dividing it into three components:

(1)

oil-flow through the cell wall pores;

(2)

oil flow in the inter-kernel voids;

(3)

consolidation of the oilseed cake.

They based their model on three fbndamental equations: the Hagen-Poiseulle's

equation for flow of fluids in pipes, to describe the flow of oil through the pores in the cell
wall; Darcy's law of fluid flow through porous media to describe the flow of oil through
the inter-kernel voids; and a modified form of Tenaghi's equation for the consolidation of
saturated soils, to describe the behavior of consolidation of oilseed cake. The mode1 was
developed for one-end drainage at constant and linearly increasing loads. The proposed
model for linear increasing load was as follows;

where:

Q = quantity of oil expressed (m3)

4 = cylinder area (m2),
g = gravitational constant (m/s2),

k = coefficient of permeability (mls),

&= multi-component parameter of oil-seed properties (m2/s),

H,,= initial sample height (m),
p = the density of the flowing fluid kg/m3),

R = rate of loading (Pals)

For a linear increase in load, the developed model was as follows:

where:

K4= K2
t =time taken to reach the constant pressure condition (s).
The authors (Mrema and McNulty 1985) found good agreement between
experimental and predicted values particularly when higher initial loading rates were used,
however; for lower loading rates the agreement was less satisfhctory.
Considering the complexity of the process involved and the fact that the efforts

was pioneering, the proposed model appears to be an excellent tool for predicting the
performance o< and hence designing, the hydraulic presses. However, one of the major
limitation of this model was the fact that the coefficient of permeability Q and the

medium properties @Ip) were assumed to be constant. In realty, however, these
properties vary si@cantly

as the process of compression proceeds. The authors made

this simplification because of the great difficulty in obtaining the quantitative data for k
and

y and their variation with respect to time. Therefore, their values were calculated

from the average values of the estimated parameters for K1, K2, Kj and & obtained fiom
the experimental data of Q Versus t. The above model was also used to predict oil output

fkom a commercial screw press. Basic information of hydraulic press experiments was
used to determine end pressure and residence time in the press. The resuitant calculation
of residual oil in the oilseed cake was within 10% of typical residual oil content obtained
fiom experiments using the press. This was a novel approach and the results obtained
were encouraging. However, there are Iimitations to this approach. The end pressure, rate
of pressure increase and residence time are not controlled in the screw press independently

as is the case with an hydraulic press.
S M a et al. (1991a) developed a mathematical model for uniaxial compression of
samples of sieved and uasieved rice bran for one-end drainage. Terqhi's theory of
consolidation was used to calculate the variation of the pore pressure in the pressed
medium with respect to depth. The values obtained were substituted in the Darcy's law
and were integrated over time to predict oil recovery for the duration of pressing. The

model was verified by pressing each of the 100 g of bran samples for five different
constant pressures in the range between 4.9 and 32.4 MPa for a period of 45 minutes and
oil recovery was monitored at five minute intends. The model was solved by estimating
the values of parameters for least variation between the measured and predicted values of
oil recovery. The authors obtained a close agreement between the measured and predicted
values, indicating the suitability of the developed model. The developed model was a
straight-forward application of two fundamental theories. Validity of some of the
assumptions adopted to apply Terzaghi's theory may, however, be questioned. For
example, the degree of saturation in the medium might be far lower than the assumed
100% saturation. Also the values of the coefficient of permeability Q and the

consolidation coefficient (c) were assumed constant, although they are likely to vary.
Similarly, the assumption that the changes in the thickness of the cake are insigruficant

may also be questionable as significant changes under larger applied loads could be
expected. While these assumptions need to be followed, if these theories are to be

adopted, some modification in the experimental procedure may be required so as to reduce
the error likely to occur in model predicted values due to violation of these assumptions.

Singh and Singh (1991) observed that in most practical situations of mechanical oil
expression, such as in a screw press, the flow of oil is n o d to the direction of applied
load. Hence, their effort concentrated on the development of a model to predict oil

recovery under uniaxial constant with the flow of oil in the radial direction. The model was
verified with experiments on rapeseed samples with three moisture contents, (5, 7 and
9%), two rates of deformation (3.96 and 2.47 d s ) and five static pressures in the range

of 6.7 to 18.7 MPa and for a pressing time of up to 360 s. In this experiment rapeseed was
confined within the annular space of a specially designed test-cell which was reported to

offer no resistance to the flow of expelled oil. A 10 mm thin bed of the seed with a sample
of 12.1 g was compressed with the assumption that the bed was thin enough that stress
and the density gradients does not exist across its thickness. They also employed the

Terzaghi's theory of consolidation and Darcy's law for flow of fluid through porous media
under usual assumptions of these theories. The model was expressed as:

where:
2*
D'= (dimensionless),
C

r)

(dimensionless),

G =roots of the Bessel function,

F, = Bessel fhctions,
A = cross sectional area flow (m2),

c = coefficient of consolidation (m2/s),

& = estimated coefficient of permeability (s/kg-m3),

W. = width of annular space (m),
p =density of the flowing fluid (kg/m3).

The model was solved by estimating the parameters D' and c using an iterative
least squares regression process after employing the Taylor series expansion. The authors
found a close fit between the predicted and the measured values. Singh and Singh (1993)
further analyzed their present simulation to study the parameters governing a thin bed
compression. They concluded that the coefficient of consolidation (c), coefficient of
permeability (k) and thus the volume reduction (Wc), greatly influenced the oil expression

characteristics of the thin bed rapeseed. The expression factor @') was a combination of
governing parameter which controlled the expression of oil.
By determining that the dry matter particle density was constant under varying
moisture content, applied pressure and time of compression, it was established that the
basic solid particles that make up the compressible rapeseed bed were incompressMe.
Some important conclusions with respect to the material properties such as
coefficient of consolidation and permeability were obtained. However, the values of these
were obtained through parameter estimation. No effort was made to ver* them or to
directly determine these material properties experimentally.

2.7.3.2 Screw pressing of oilseeds

To date, only one genuine attempt to develop a theoretical model for expression of
vegetable oil has been reported (Vadke et al. 1988). An attempt made by Mrema and
McNulty (1985) was discussed in preceding section (2.6.2), in which the experimental
data from unidirectional pressing was used to predict the output of the commercial screw
press. The limitations of this model were also discussed.
Shirato et al. (1978) developed an analysis for the case of continuous pressing in a
screw press. They presented a mathematical model which could calculate the rate of
expression of liquid fiom a solid-liquid mixture of clay and water passing through a press.

The authors considered a mixture where liquid was not enclosed within the solid particles,
so that the material parameters average coefficient of consolidation (c) and the co&cient

volume change (m,,) could be determined independently of pressing conditions. In
addition, their model required prior knowledge of feed rate and pressure profile along the
screw shaft which is not generally available. Hence, the model could not be practically

applied to the screw pressing of the oilseeds.
Several models (Carley et al. 1953; Squires 1958; Shirato et al. 1965; Booy 1967;

Oliveira 1992) are available for the case of a screw extruder, a machine similar to screw
press except for the different provision for out flow of liquid. While in screw presses the
flow of expressed oil is through very fine spacing provided between barrel rings along the
screw length, the extruders have only one opening at the end of the barrel corn which the
extmdate leaves the barrel through a die. The pressure profile in screw presses are similar
to those found in extruders (Tadmor and Klein 1970; Harper 1981). However, these
models were basically developed for extrusion of plastics and foods and these may need
certain modifications prior to their application to simulate the screw pressing of oilseeds.

Vadke et al. (1988) developed a model via superimposition of filtration analysis on
screw extrusion theory to calculate the press throughput and residual oil content in press
cake for a given press geometry and physical properties of oilseed.

The axial flow of a nonoNewtonian fluid in an extruder was presented by Shirato et
al. (1983) as follows:

Q'. =

nDW,(H, -S)Ncos 0, f,
2

where:

fd = shape factor for drag flow (dimensionless)
= 1- (0.487 n2 - 0.948 n + 0.972)Hd/ W
f,

=

shape factor for pressure flw (dimensiodess)

-

n + 1.59)Hd/ W
= correction factor for pressure flow (dimensionless)

= 1 (0.949 n2 - 1.87
@

f,

= 0.98 (for the region of interest in this study)

Q' = flow rate of oil-solid mixture in screw press (m3/s),
D = barrel diameter (m),

W,= flight width (m),
= flight depth (m),

6 = clearance between shaft flight and barrel Surface (m),
N = speed of the shaff rotation (r/&),

0, = helix angle (degrees)

6 = shape factor for drag flow (dimensionless),
f, = correction factor for average viscosity in pressure flow (dimensionless),
fp = shape factor for pressure flow (dimensionless),

n = power law index for semi-solid (dimensionless),
p = viscosity (Pa s)

P. = pressure exerted by the shaft (Pa),
X = distance along the worm channel (m).

Combining the material balance across a small section of the barrel with the basic
filtration equatioq the following equation was obtained,

where:
d

= choke opening (m),

m.

= mass of the solids in worm channel per unit area of barrel (kg/m2),

a.

= specific atration resistance (m/kg),

X

= refers to direction of worm

c b e l (referred to as axial direction),

p = density (kg/&),

sm = refers to semi solid mass (oil-solid mixture),

1 = refers to liquid phase (oil).

Equations (2.22) and (2.23) could be used to evaluate the through-put and the oil
expression rate provided the pressure developed in the press was known. The pressure
developed occurs because of the presence of one end restriction at the choke, and was
given by:

where:
= a constant (Pa sn),

n = power law index for semi-solid (dimensionless)

& = choke geometric constant (I/m)',
QSdK

= flow rate of oil-solid

mixture at die (choke) (m3/s),

The oil content of mixture at any point along the shaft was calculated as:

where:
F = oil content of the oil-solidmixture (kgkg),
b = refers to the beginning of the ram section.

For solving the model, a numerical method was used in which the ram section was

of the shaft was assumed to consist of several small sections. The equations were solved
progressively to calculate the values of Q, P,and F at the end of each section. Equations
2.23 and 2.24 were used to obtain the values of P and Q*.
An initial value method, the

fourth order Runge-kutta, was used to solve the model. Finally, the throughput and the
residual oil content, were calculated as follows;

where:
Qp

= press throughput

@@I,

c = semi-solid mass (kg),
o = refers to the beginning of the ram section,

Fd

= oil content of the oil-solid

mixture at the end of the ram section.

Results showed that the simulation model could predict most of the trends of
change in residual oil content and press throughput for various conditions which justified
the approach adopted for the development of the present model. An average error of
9.W and

6.4% was observed in prediction of press throughput and residual oil content

respectively with experiments on pressing of canola.
The error in prediction may be reasonable conside~gthe non-homogeneous a d
reactive nature of the material processed. A major limitation of the model was that its
inability to predict the changes in throughput with changes in choke opening to any

significant degree. In addition, the model did not account for reduction in viscosity and
this was considered to be a major factor for the reported large errors obtained in

prediction. The developed model was an excellent effort considering the complexity of
the problem involved. The investigators recommended the incorporation of expression

theory in place of simple filtration theory to fiuther improve the model.

2.7.4 Summary

The review of mathematical models developed for mechanical oil expression
techniques reveal that all but one effort (Vadke et al. 1988) were made for uniaxial
pressing of oilseeds. The majority of the models developed for uniaxial compression (Koo
1942; Khan and Hanna 1984; Singh et al. 1984; Sivakumaran et al. 1985) are empirical

models which have limited practical applicability. The theoretical models developed for
uniaxial compression were mostly based on Terzaghi's theory of consolidation (Miema
and McNulty 1985; Sivala et

d. 1991a; Shgh and Singh 1991). Among these, the model

developed by Mrema and McNulty (1985) was most comprehensive. However,
considering the enormous difficulties in measurement of some of the changing properties
of the medium such as the permeabiity, the coefficient of volume change and the
consolidation coefficient during compression, the authors solved their model through
parameter estimation and from the extent of variation in the values of estimated
parameters, the authors indicated that these properties of the compressed medium varied
significantly. Hence, one of the important basic assumptions of Terzaghi's theory that
these properties remain constant during compression was not iltilleed.
The theoretical simulation in the present study therefore, focuses on incorporation
of the variation of the medium properties such as permeability of the medium Q and the

coefficient of consolidation (c) under applied constant pressure, at various pressing
conditions, as the compression progresses over time. In addition, a methodology and
instnunentation for measurement of these properties is developed. The development of the
mathematical model will be presented in the following chapter.

CHAPTER 3
DEVELOPMENT OF MATHEMATICAL
MODEL OF OIL EXPRESSION UNDER
UNIAXLAL COMPRESSION
One of the objectives of this study is to develop a mathematical model for
prediction of oil yield over time, incorporating the variation of permeability of the
medium, coefficient of volume change, and the consolidation coefficient. This chapter
presents the mechanics of oil expression under uniaxial compressioq two basic laws of
soil mechanics adopted for simulation; the basic assumptions for the developed model;
and, development of the theoretical equations for prediction of oil recovery fiom oilseeds
under uniaxial compression when a constant load is applied to the medium.

3.1

Background
The objective of the mathematical modeling of oil expression is to develop a set of

equations to predict oil recovery over time from different oilseeds. In this study, a
theoretical model for simulating the mechanical oil expression Erom oilseed was developed
by means of analyzing the underlying physical processes in uniaxial compression of oilseed
and by applying two hndamental theories of soil mechanics. The consolidation theory of

saturated soil proposed by Terzaghi (1943) was assumed to be

analogous to the

consolidation of oilseeds under uniaxial compression. This theory was used in conjunction
with the fhdamental law for flow of fluids through a porous medium known as Darcy's

law.

The theory of consolidation is based on several material properties, i.e., the
permeability of the medium, the coefficient of volume change and the consolidation
coeficient. The few published models developed for oilseeds based on this theory

assumed these properties to be constant w e m a and McNulty 1985; Singh and Singh
1991; Sivala et al. 1991). The errors involved with this assumption were thought to be

smoothed by the use of average values of initial and final values of these properties. This
assumption has been found to be an over-simplification of the physical process involved. A
study by Mrema and McNulty (1985) indicated that the effect of these time-dependent

properties signXcantly influences the process and therefore needs to be incorporated in
simulation of oil expression fkom oilseed. This would help to obtain better understanding
of the mechanics of consolidation of oilseeds as well to more accurately predict of oil
recovery under varying pressing conditions.
The present development presents a mathematical model which incorporates the
variation of the medium permeability, coefficient of volume change and the consolidation
coeficient as the process of consolidation progresses over time. In addition, the variability
of some of the important independent variables such as oilseed species, applied pressure,
pressing temperature, and sample height is incorporated to determine whether the model is
adequately comprehensive.

3.2

Mechanics of Oil Expression Under Uniaxial Compression
During the process of oil expression, oilseeds are progressively compressed to

physically expel the oil. Initially, an oilseed is a three phase system: air, oil and solid
oilseed particles. As the compression begins, entrapped air escapes and rearrangement of
the seeddparticles takes place. This causes a decrease in the volume of the voids. As
compression proceeds, individual seeds are squeezed into the inter-particle spaces with a
concomitant loss of their initial geometry and flow of oil fkom inside of the cells to the
inter-particle voids present in the system. At this stage the sample approximates an almost
saturated two phase system consisting of deoiled seed particles forming a cake matrix and

a liquid phase consisting of oil contained in the voids of the former. It is assumed that both

the fluid (oil) as well as the solids present in the oilseed are incompressible during the
process of consolidation.

In practice, however, the assumption of incompressibility of solids may not hold
well for the oilseed particles for two primary reasons. First, the fact that the degree of
saturation of oilseed samples, with an oil content in the range of 20 to 45%, is actually
much less than unity. Hence, the initial pore pressure in the vegetable oilseed sample is
much lower than that for a saturated medium. Mrema and McNulty (1980) reported pore
pressure values as low as 0.4% of the total applied stress in the case of oilseeds. This is in
contrast to a typical pore pressure value of 20% of the total applied stress for saturated
soils (Terzaghi 1943). Hence, the stress carried by the solid particles of oilseeds is much
higher than that for the soils. Second, the oilseed particles are basically biological materials
made of small plant cells which hold different constituents, including oil globules, proteins,
carbohydrates, fiber and ash. Under sustained application of mechanical pressure over
time, these solid constituents which are basically chemical chains of different natures, are
compressed and are likely to defonn. The oil globules present inside the cell walls are
ruptured to coalesce into droplets which tend to flow. The expressable oil is eventually
squeezed out through a tortuous paths in the cake body under sustained stress over time.
On the contrary, the soil particles are made of uniform and single constituent solids. The
water is held between these particles rather than being present inside each particle. These
particles are therefore more likely to rearrange and compress rather than deform, although
under certain conditions high deformations in the soils solids may also occur (Ortigao
1995).

These two basic differences between the nature of particles of oilseeds and the
soils are likely to cause changes in several of the physical properties of the material when
compressed uniaxidy. These properties include the variation of bed permeability,
coeficient of volume change and consolidation coefficient over time. Mrema and McNulty
(1985) also indicated a need to incorporate varying medium permeability over time under

uniaxial compression of oilseeds. Accordingly, the mathematical simulation in present

study focused on inclusion of these factors.

3.3 Application of Consolidation Theory for Simulation of Oil Expression
3.3.1

Terzaghi's theory of consolidation
Consolidation process of oilseed under uniaxial compression is assumed in this

development to be analogous to the consolidation of soil. Therefore, theories and
differentid equations developed in soil mechanics will be adopted to desaibe and correlate
constant pressure expression. The theoty of consolidation which was introduced in 1925

in Terzaghi's book Er&mechrmi is considered as one of the milestones in the
development of the science of soil mechanics. The theory is d-bed

in most soil

mechanics text books (Terzaghi 1943; Taylor 1948; Kezdi 1974; Lambe and Whitman
1979). The concepts relevant to present study are presented in this section

The fbndamental differential equation governing flow through a saturated twophase system states that the rate of change of pore liquid pressure is proportional to the
change in hydraulic pressure gradient. Mathematically, this is given by:

where:
= fluid pore pressure inside the compressed medium (Pa),
= pressing time (s),
= consolidation coefficient of the compressed medium

(m2/s),

= coefficient of permeability (ds),

= coefficient of volume change (m2/k~),

= change in strain in vertical direction under uniaxial compression (dm);
= change in applied stress in vertical direction under uniaxial compression @Pa),
= density of the fluid (kN/m3)

z

= depth (m);

Prior to its application, it is important to understand assumptions and limitations
on which this theory has been developed. These are s u m m a d (Tenaghi 1943; Taylor
1948) as follows:

medium is homogeneous and completely saturated;
two-phase system consisting of solid and liquid phase;

idealized linear pressure-versus-void ratio relationship;
negligible compressibiiity of solid and liquid phase;
validity of Darcy's law for flow through the porous media;

one dimensional compression;
fluid flows out and moves only in the vextical direction due to gravitational force
and the applied load, confining the flow laterally;

fiee boundary surface offering no resistance to the flow of oil;
constant values for certain material properties such as permeability ofthe medium
and coefficient of consolidation (Eq. 3.2) under constant load;
insignificant change in the volume of the medium with imposed pressure as

compared with original volume (small strains).

These assumptions have been subjected to verification through numerous studies in
soil mechanics. For fblly saturated soils, most of them have been found to be realized with
actual experimental conditions, although, the validity of assumptions (3), (9) and (10)
listed above have been questioned (Taylor 1948; Ortigao 1995).

In the uniaxial compression of biological materials the validity of assumptions (I),
(2) and (4) may also be questioned in addition to assumption (3), (9) and (10). The two

oilseeds considered in this study are: (i) extruded soy sample and @) a sample containing
sunflower seeds with hull. The extruded soy sample may be considered to be reasonably
homogeneous. However, it may not be appropriate to consider the d o w e r seed with

hulls to be homogeneous, as hulls are fiberous and contribute to as much as 25 to 30% of
the total seed weight. The difference in chemical nature of these two materials, hulls and

the seed are likely to result in diierent compression characteristics. The assumption of lll
saturation for oilseeds is also likely to lead to error. For the extruded soy sample used in
this study the degree of saturation was found to be in the vicinity of 50% (based on some

preliminary measurements of porosity of the samples used in this study). A theory of
consolidation for unsaturated soils may be employed for more accurate results in
simulation. However, this theory and related measurements are fairly complex Prior to

trying to adapt unsaturated compression theory for oilseeds the measurements in
experiments with unsaturated oilseeds may be modified such that the poss'bility of
application of Tenaghi's theory of consolidation is increased. This could be done by
applying the Terzaghi's theory of consolidation fiom the point when the first drop of oil
starts oozing out (oil point) fkom the oilseed sample. At this stage, which occurs only after
most of the air escapes fiom the sample, the voids are significantly reduced and degree of
saturation would be much higher than an initial value of SO%, so that Tenaghi theory may
be more applicable. This approach was taken in this study. Details are fiuther discussed in

Chapter 4 (Materials and Methods).
The reasons for likely inapplicability of assumptions (3) and (4) were discussed
earlier in this chapter (Section 3-2). The idealized linear pressure-versus-void ratio

(assumption 3) relationship may also not hold good for viscoelastic oilseed materials and a
non-linear relationship between these factors is expected. The compressibility of vegetable
oil, like water, is quite low and may therefore be assumed to be negligible. However, this

may not be true for the solid particles of the oilseeds which are of biological origin and
Likely to compress under high pressure over time. Therefore, assumption (4) will not be
true for oilseeds. The compressibility of oilseeds would lead to change in some of their
physical properties such as medium permeability, coefficient of volume change and the
coefficient of consolidation and therefore assumption (9) may not hold either. The

assumption of small strains (10) considers that the thickness of soil layer under
consolidation does not change with time. R d t i n g strains are so s m d that they do not
affect the initial dimensions of the problem. In practice, very high levels of deformation are

encountered in some soils. However, Ortigao (1995) reported that deformations in the
soils up to 30% have been successfUlIy dealt even under the assumption of small strains.

Similar degrees of deformation may be expected in this study when oilseeds are subjected
to high constant loads over time.

-

3.4 Fluid Flow Through the Medium Darcy's Law
During the process of primary consolidation, flow through porous media cake is

commonly described by Darcy's law:

where:
fluid flow flux ( d s ) ,

9r

=

Q

= rate of fluid flow (m3/s),

Ad

= area of drainagdflow (m2),

&/$

= hydraulic gradient (Palm).

The total quantity of fluid flow at time t can be obtained by multiplying the flow
rate, e,by the drainage area, & md integrating over the time of compression:

3.5

Development of Mathematical Model of Oil Expression
In this study, the oilseed samples were compressed uniaxially using one end

drainage. Hence, Eq. 3.1 was solved for these pressing conditions. The result obtained

was combined with the Darcy's law to obtain the flow of oil over time. In this equation
(Eq. 3.1), the variation of permeability Q and the coefficient of consolidation were

incorporated. The detailed mathematical derivation of the developed model is derived in
the following subsections.
3.5.1

Solution to the consolidation equation for one-end surface drainage
To solve the differential equation for consolidation given by Eq. 3.1 for one end

d a c e drainage of fluid with no drainage at the other end, a solution needs to be found
for a fbnction u = f (z, t) that satisfies both Eq. (3.1) as well as the initial and boundary
conditions.
Fig. 3.1 represents the consolidation of an oilseed with thickness H. When a load
of intensity W (N)is instantaneously applied on a unit cross-sectional area, it produces a
consolidation stress of intensity Uo(Pa) on the upper horizontal fkce of the cake. For our
case, in which only one way drainage is considered, the oil expressed due to consolidation

of the cake under this applied constant stress can only escape through the lower surface.
At the instant of load application, t = 0, the void ratio has not yet changed, but the total
normal pressure on every horizontal section has increased by a pressure equal to U,
throughout the layer. At any time t such that 0 5 t < m, the excess hydrostatic pressure at
the lower surface, where FO, is equal to zero (Le., u = 0) b m s e there is no obstruction
opposing escape of the excess oil out of the oilseed cake adjoining the surface. At the top
of the cake layer, where z = H, the hydraulic gradient is always equal to zero because no

oil can escape out of the impemeable top layer on cake. Hence, we obtain for top layer
&/$ = 0,(z = H).As time approaches infinity the excess pressure is everywhere equal to

zero. Thus the initial and boundary conditions for our case can be condensed to the
following set of equations:

0 It < a,and z = 0, u = 0

(drainage at the bottom)

O < t < a , a n d z = w -al
=0

(nodrainageatthetop)

a2

t = 0 and 0 S z s H, u = U, (constant pressure at the top)

u = uo,
oilseed cak

u=o
single end
drainage

oil-flow

pore pressure
distribution

Fig 3.1 Consolidation mechanism of an oilseed for oil expression under uniaxial

compression

Using the method of separation of variables, the solution to Eqs. 3.1 and 3 -6 - 3.8,
can be expressed as the product of some function of z and some fbnction oft, i.e.

u = F(z)

@(t)

Substituting for u (Eq. 3.9) into Eq. (3.1):

c@(t)F" (2) = F(z)

a'(t)

(3.1 Oa)

Since the left hand side contains only firactions of z and the right hand side
contains only functions oft, equality of all values of z and t is possible only if each of the

two sides is equal to some corstant. This constant will be denoted by -A'-

The left hand side of the Eq. (3. lob) becomes,

F"(z) = -A2 F(z)
The solution of this differential equation is of the form,

The right hand side of Eq. (3.10) yields,
0 ' (t) = - A ~
&(t)

and integrating yields a solution of the form,

Thus, the general solution of the differential equation becomes,
u = (C, wsAz + C, sin Az)e-A2&

(3.11)

From this general solution, the particular solution for the different case presented
above can be derived by making use of given boundary conditions (Eqs. 3.6-3.8).
The boundary condition at the bottom face (Eq. 3.6) requires that u = 0 at z = 0
I

for all t, i.e.,
(C, cos Az + C, sin Az) = 0 = C,

since, Sin 0 = 0; Cos 0 = 1.

To satisfy the boundary condition at z = H, Eq. 3.11 is differentiated and z

=

H is

substituted,

al = (AC, cosAH)e-A2d = 0
a2

for all t

For a non-trivid solution, C5# 0, so this condition is satisfied when cos AH = 0, or when

A =

(2n + 1)n
.where n = 0, I, 2,....
2H

Thus Eq.3.1 1 becomes
(2n+l)x

(2n+l)xz - [ 2 f i P a
u = C, sin
e
2H

The coefficient C5 is an arbitmy constant and can assume an infinite number of values.
Therefore, an in6nite series of the following fonn is obtained for u:

The coefficients B. are determined so that Eq. (3.12) satisfies the initial condition u = U.
when t = 0:

The terms on the right hand side series constitute a M

y of orthogonal functions.

The constants may be readily determined with the aid of the following set of definite
integrals.

Substituting

((2n+l)x ) z for nz and ((2m+l)x)-Hz

for mz gives:

Thus, if both sides of the Eq. (3.13) are multiplied by
integrated between 0 and I-&all the terms in the series @,J will assume the fonn of Eq.
3.14 and vanish; while the n-th term will be of the fonn ofEq.3.15 :

H

2n + 1
u0sLn(x)la&=~n

0

Therefore,

I

2 2n+l
sin (w)nmiz=~n(+)

0

2UoH
2n+l
I3n = -rsin(-)rudz
2H
0

Substituting this value of B, in Eq. (3.12). yields:

When the values of n = 0, 1, 2....are substituted, a series of odd numbers for n values is
obtained, hence, Eq. 3.1 7 reduces to:

ation 3.18 is the solution to the Tenaghi's consolidation quation given in Eq.
(3.1) for one end drainage. It gives the variation of pore pressure with respect to time of

compression and depth of the compressed medium while the values of consolidation
coefficient (c) are considered as constant. It is interesting to note that same equation is
valid for two-way drainage as long as the parameter H denotes the maximum drainage

length-which would be equivalent to the thickness of the sample (Taylor 1948; Kezdi
1974).

3.5.2

Incorporation of variation of material properties in the model

To incorporate the variation of consolidation coefficient this equation (3.18) can
be rewritten as

where:
c(t) = coefficient of consolidation at time t (m2/s).

Changes in the excess pore pressure, in the direction of z are given by:

Combining this equation with the Darcy's equation for fluid flow through porous medium
(i.e. Eqs. 3.4 - 3.5) and allowing for a variable coefficient of permeability, k(t), yields:

where:
Q(t) = cumdative oil recovery at time t (m3),

k(t) = coefficient of permeability at time t (mls).
Substituting Eq. (3.19) for &
&
/

into Eq. (3.20)gives:

This equation can be used for dculating the quantity of fluid flow (Q) at time t when
compressed uniaxially under a constant pressure. For this purpose, knowledge of time
dependent coefficient of permeability and the consolidation coefficient is necessary. In this

equation, z may take vaIues from 0 to H (Fig. 3.1). When z = H, the total quantity of fluid

flow would be zero. Theoretically, with compression over infinite time the value of z may
reach a value of 0.Hence, substituting z = 0,Eq.3.20a reduces to:

An initial analysis of results indicated that the higher order terms (n 2 3) had little

contribution to overall values of Q. Therefore, the value of n in Eq. 3.21 was restricted to
1 for the purpose of calculation of predicted values. Equation 3 -21 reduces to,

This equation can be written as,

where:

3.6 Solution of the Developed Model
The solution of Eq. 3.23 require values of several material properties and their
variation as the process of consolidation progresses over time. These properties include
the coefficients of penneabiiity (k) and consolidation (c) of the compressed oil seed. For
determining the value of the weffitient of wnsolidation (c), knowledge of the coefficient
of volume change (mJ was necessary (Eq. 3.2). In addition, the variation of density of the
expressed oil at different temperatures is also required.
These properties were measured for different pressing conditions including three
applied constant pressures (20, 40, 60 MPa), three pressing temperatures (22, 60, 90°C),
two sample heights (shallow - 8 mm and deep - 16 mm) and two oilseeds (extruded soy

and sunflower seed samples). The detailed methodology and instrumentation for this

purpose will be described in the following chapter (Chapter 4, Materials and Methods).
The time dependent measured values of the coefficients of permeability Q and
consolidation (c) were subjected to regression analysis using the computer software

ablec curve^ 2D windows'

(Jandel Scientific, San Rafel, CA, v2.01, 1989-1994). The

developed regression equations along with estimated parameters for coefficient of
permeability and coefficient of consolidation at the corresponding pressing conditions and
the calculated values of coefficients Bo (Eq. 3.24) and BI @q. 3.25) were substituted in
Eq. 3.23. This equation (Eq. 3.23) was then solved through numerical integration
employing the software MATLAB (MATLAB@for Windows, Student edition of
MATLAB 4, 19844994, The Math Works kc., Natick MA).. A numerical integration
approach was followed since an analytical solution for the Eq. 3.23 is not available. Fourth
order Runge-Kutta method for solving the differential equations was employed for this
purpose. Oil recoveries (m3)were predicted from the solution of Eq. 3.23 for the same
time intervals as those at which measured values of oil recoveries were determined.
The obtained predicted values of oil recovery were converted to percent oil
recovery and were then compared with the measured mean values of percent oil recovery.
The Mean Percent Relative Deviation (MRPD) and the number of runs (R) were used to
evaluate the goodness of developed model. The detailed procedure for validation of the
developed model will be fkther discussed Chapter 4 (Materials and Methods).

CHAPTER 4
MATERIALS AND METHODS
This chapter presents the details of the experimental procedures and
instrumentation developed in present study to achieve the proposed objectives. Section 1
deals with

the procurement of the experimental material. Section 2 describes the

experimental procedure including the Instron machine, test cell, measurement and
controls. Section 3 presents the methodology and experiments conducted on enzymatic
treatment of soybean. Section 4 descnies the plan of experiments and methodology
followed for experiments conducted on three extruded soy samples. The final section bas
been devoted to the validation procedure for the developed model. In addition, the basic

information and methodology for measurement of material properties such as the
coefficients of permeability and the consolidation coefficient has been included in this
section.

4.1

Procurement of the Oilseeds and Extruded Samples

4.1.1

Soybean and sunflower seeds

The 50 kg each of soybean and sunflower seeds (with hulls) were obtained &om
Early's Farm and Garden Centre Inc. (2615 Lome Ave., Saskatoon SK). The seeds were
cleaned and stored in air-tight containers until use.
4.1.2

Extruded soy samples
The three extruded soybean samples, each weighing about 15 kg, were obtained

fiom soy processors. These were (i) Honeymead Products Co., Mankato, M N (ii)Quincy

Soybean Co., Helena, AZ and (iii) Super Soy Feeds, Brudhead, WI. These wmmerciat

samples were prepared using extrusion equipment manufactured by three companies. The
postharvest processing steps for each of these samples also varied and are briefly
described as follows based on the information provided by the soy processors.
4.1.2.1 Honeymead extruded soy sample

The soybeans were cleaned and dehulled using a high temperature dehuller
followed by conditioning before flaking. The flakes were then fed to the extruder (Modello" D O X dry
~ ~ expander, Anderson IntemationaI Corp., Cleveland, OH) where the

samples attained a maximum temperature of about 150°C and the retention time was about
20 s. The extrudate exited in the form of expanded, porous and cylindrical shaped pieces

with an average diameter of 20 mrn and a length of 50 to 100 mm. The sample, as
received, was bright yellow in color.
4.1.2.2 Quincy extruded soy samples

The soybeans (U.S.Grade-2) were cleaned, dehded, conditioned and flaked prior
to feeding into a cone discharge expander (Model-Exp 250-lo", Group Tecnal, Rodovia
Raposo Tavares, Ourinhos, Brazil). During the extrusion process the samples were
subjected to an average pressure of about 4 MPa, a maximum temperature of about 108'C

and a retention time of 120 s. The extrudate which exited fiom the extruder in the form of

chunks and cake was air cooled to about 65°C. The sample, as received, was in the form
of a small to large chunks and had a bright-light yellow color.
4.1.2.3 Super Soy extruded soy samples

Cleaned soybeans were fed into the extruder (Model-2000K Insta-Pro, Division of
Des Moines, IA) where they were subjected to a maximum temperature of
Triple 'T" hc.,
about 150°C. The total retention time inside the extruder was about 25 s. The heated
extrudate exited fiom the extruder in granular powder form, having a moisture content of
7.508% (wet basis). On cooling, the sample had about 3%-4% moisture content (w.b.)

The Super soy extruded soy sample, as received, was in granular powder form with a dark

yellow color. The mixture had some pieces of broken soybeans of about one-sixth to oneeighth of the n o d soybean kernel size.
Table 4.1 summarizes the sources of samples, extruder equipments used for their
processing along with the addresses of their manufscturers. A photograph showing the
appearance of three procured samples is shown in Fig. 4.1.
Table 4.1 Details of the sources of extruded soy samples, extrusion equipment used for
their processing, their rnakdmodel and manufacturer
Sample supplier
Honeymead Products Co.,

Extruder manufacturer

Type of actruder/model

Anderson International Corp.,
Cleveland, OH

D O X Dry-Expander
~

Quincy Soybean Co.,

Group Tecnel, Rodovia Raposo

Cone-Discharge- 10''

Helena, AZ

Tavares, Ourinhos-SP-Brazil

Expander

Super-soy Feeds,

Insta-Pro, Division of Triple 'T"

Insta Pro 2000-R

Brudhead, WI

Inc., Des Moines, IA

Insta Pro

Mankato, MN

4.1.3

Extraction of crude oil fmm soybean and sunflower seeds

Crude soybean and suntlower oil was required (about 10 liter each) for extemal
addition during the experiments on measurement of permeability. This oil was extracted
fiom the procured raw soybean and sunflower seeds. For soybean oil, the solvent

extraction method was used employing hexane as the solvent. This was necessary as
mechanical pressing did not yield an adequate quantity of oil. This was despite intensive

hydrothennal pretreatment (steaming) given to the prepared soyflakes. For d o w e r oil,
mechanical oil expression method was employed. A small capacity (60-100 kgh) Table oil

expeller (SP Engineering Corporation, Kanpur, India) was used for this purpose. The
cleaned sunflower seeds with hull were steam treated for about 20 min before being fed to
the screw press. With this pretreatment and preheating of the press to about 60-70°C

through fictional heat, over 70% of the d o w e r oil could be expressed in a single pass.
The oil obtained had a considerable amounts of foots (solids in suspension in expressed

Fig. 4.1 A view of the appearance of three extruded soy samples used for
experiments.

oil). These were removed through settling for 24 h followed by straining through fine
cloth. The extracted crude oils f?om the two oilseeds were stored at 4OC until their use in
experiments.
4.1.4

Proximate analysis of the oLeed samples
The proximate analysis was performed on all samples including the soybean,

sunflower and the three extruded soy samples by the procedures of the American

Association of Cereal Chemists' (AACC 1995). The moisture content was determined by
the Method 44-40 vacuum oven method. A Soxhlet apparatus was used for crude fat
determination with commercial hexane following the AACC Method 30-25.The N x 6.25
conversion factor was used for crude protein based on AACC Method 46-12. The total

dietary fiber was determined by AACC Method 32-07 and the ash content was determined
by the AACC Method 08-01.

The initial moisture contents of the samples on a wet basis were soybean-3.91%,
sunflower-4.43%, Honeymead extruded soy sample-6.94%, Super Soy extruded soy
sample-3.74%, Quincy extruded soy sample-5.34%. Since the moisture content of the
sample being compressed does not appear in the developed model (Eq. 3.23), this
parameter was plarmed to be kept constant. Hence, all other samples were dried to a
constant moisture level. This constant value was set as equal to a moisture content of
3.74% (for Super Soy sample) which was the lowest value of among these samples. A hot

air oven (Thelco, Model-28, Precision Scientific, Chicago, L)set at 60°C was used for
this purpose. The samples were heated until their moisture contents were reduced to
3.74%. For this purpose, the samples placed in the oven were weighed every 10 min until
the sample weight reached the precalculated value. The dried samples were then stored in

air-tight glass bottles to maintain their moisture level until use.

4.2

Experimental Set Up

4.2.1

Instron machine
The Instron machine (Model 1137, Instron Corporation, Canton, MA) available in

the Mechanics Research Laboratory in the College of Engineering, University of

Saskatchewan, was used for the experiments. This machine has the capab'tlity to test under
compression as well as tension over the load testing range fiom 0.05 N to 150 kN.The
load weighing accuracy of the machine is

0.5% of full scale. The cross-head speed or

1% of set
deformation rate can be varied fiom 0.05-500 d m i n with an accuracy of a.
speed at all loads and speeds.
The magnitude of applied load (on sample) and the deformation (bed depth) during

compression could be read through an LED display provided on the Instron machine
control panel with resolutions of 1 kN and 0.1 mm, respectively. In addition, a load
deformation curve in a graphical form could be obtained. Inshon does not have the
capability of maintaining constant loads automatically, so this was done with the machine
in manual mode. The loads could be held constant over time through holding the knob at

a pre-calibrated mark on the graphical display. This feature of the machine was especially
usefbl in the present study for detemination of the material properties of the compressed

oilseed cake which required knowledge of load and deformation characteristics. These
properties are the coefficient of volume change and permeability of the compressed
medium.
4.2.2

Development of compression-permeabilitytest cell
A wmpression-permeabilify test cell was specially designed and developed for the

present study to measure the oil recovery and some material properties including the

coefficient of volume change and permeability of the compressed oilseeds. A sectional
view of the cell is shown in Fig. 4.2. This stainless steel cell was fabricated at the Central

Shop, College of Engineering, University of Saskatchewan. The cell was made of three
major sections: base unit, cylinder and piston unit. Fig. 4.3 shows several views of
dismantled tea cell, its installation on Instron machine and a closer view of the porous
stone and its holding cup.
4.2.2.1 Base unit

The base unit consisted of a circular plate (diameter = 158 mm) plate over which
the cylinder assembly was mounted. Three equidistant screws (set 120' apart) were

Suctio
Pump

I
I

Dimensions are in mm

Fig. 4 1 Sectional view of comprrssion pc~meabilaytest ceR used for experbnts

Fig. 4.3 Different views of dismantled test cell and experimental set up: (a)
Mounting o f test cell base unit to lnstron @) Assembling cylinder
to test cell base (c) Installed test cell and piston unit on Instron (d)
A closer view of porous stone, its holding cup and the die.

provided for this purpose. The other side of the base plate had threads through which the
To M t a t e the flow of
base unit was mounted on an Instron machine base (Fig. 4.3~~).
expressed oil tiom the compressed oilseeds, a 4 mm diameter opening was provided
vertically through the center of the base unit. This opening was co~mectedto another 4

mm diameter drainage channel provided at an angle of about 15" fiom the horizontal. This
GciIitated the smooth and efficient flow of expressed oil to the measuring flask The ends
of the slanted opening in the base were provided with a one-way valve on one end with
higher elevation and a two-way valve on the other end. The two-way valve was connected
to a pump (Cenco Hyvac, Central Scientific Co., Chicago, IL, nnximum suction 0.3 pm

Hg) operated by a 0.25 hp motor (General Electric CoyFort Wayne, IN)which applied a
vacuum of 700 mm of H g (2100 kPa) to the expressed oil and guided it to the weighing

flask connected at the other end of the two way valve (Fig. 4.3~).The one-way valve was
used for release of this vacuum at each time interval when oil recovery was to be
measured. A replaceable rubber "0" ring (National "OnRing, Uniform Dash No. 223;
internal diameter-41.27 mm, cross sectional diameter-3.17 mm) was inserted in the groove
provided on top of the base assembly to make the test cell leak proof during compression.
4.2.2.2 Cylinder

The cylinder of the test cell was provided with a central opening of 37.5 mm
diameter through which the piston applied the load on the sample placed at its base (Figs.
4.3b and 4.3~). This opening provided a loading area of 1104.5 mm2. Thus, at the
maximum loading capacity of the Instron machine (150 kN), a pressure of 136 MPa could
be applied to the sample. The depth of this cylindrical opening was 100 mm. Thus a
sample holding volume of 1.10x10~mm3was available in the test cell. The periphery of the
cylinder was provided with channels along its length for flow of hot water.
During experiments, a cylindrical die of diameter 37.5 mm and 20 mm thickness

was placed at the base of the cylinder (Fig. 4.3d). The die was provided with an opening
of 4 mm diameter at the center for flow of oil. The top of the die was provided with spiral

grooves to facilitate smooth and efficient movement of expressed oil flowing through the
sample. A porous bronze stone (No.-S1602I3, Geotest Corporation, Evanston, IL,37.5

mm diameter, 6.25 mrn thickness) was placed above the die. It was enclosed in a stainless
steel cup with several openings in the grooved bottom base. This was necessary to check
the lateral deformation of the porous stone when subjected to higher loads. The cup had a

wall thickness of 1.7 mrn and the diameter of the inserted porous stone was 34.1 mm. This
provided an effective drainage area of 913.0 mm2 for expeximental purpose. To prevent
the possible entry of solids of the oilseed sample into the perforations of the porous stone,

a fast speed filter paper (No. 4, Whatman International Ltd., Maidstone, Kent, U.K.) was
inserted between the porous stone and sample.
4.2.2.3 Piston unit

The piston unit consisted of a piston and some attached fittings. The piston was
used for application of load on the sample placed inside the cylinder (Fig. 4.3~).A central
opening of 4 mm diameter was provided through the piston length. This opening dong
with appropriate fittings facilitated the injection of oil through the oilseed sample while it
was still under compression. This provision was used during determination of permeability

of the compressed oilseed over time. The diameter of the piston was slightly less than the
cylinder diameter of 37.5 m m to facilitate a tight fit between cylinder and piston In
addition, a replaceable rubber '0'ring (National "0'Ring, Uniform Dash No. 223;
internal diameter-31.75 mm, cross sectional diameter-3.17 mm) inserted in a groove was
provided on the piston to prevent any leakage of oil during experiment. The one end of the
piston was provided with threads on its periphery through which it was mounted on to the
Instron machine cross head. The other end was used for application of load on the sample
placed inside the cell cylinder. The base of this end had spiral grooves for uniformly
distributing the oil received through the 4 rnm diameter central opening. An appropriate

on and off stainless steel valve (2 mm orifice, Swage Lok-Whitey, Highland Heights, OH)
capable of withstanding a hydrostatic pressure of up to 60 MPa) was connected to this
central opening at the other end.

4.2.3

Temperature control and measurement

To maintain a constant test-cell temperature during experiments, a thermostatically
controlled hot water bath incubator (Model-M3, Lauda, Germany, temperature range: 20°C-1220C) was used to contirmously circulate water through the channels. The water
bath had provision for setting the water temperature; however, due to loss of heat in the
circulating pipes and through the insulation, a xnaximum test-cell temperature of only 80°C

could be achieved with the boiling water bath. To obtain higher temperatures in the test

cell, glycol was added to the boiling water up to a maximum of 700/0 in the mixture. This
facilitated enhancing the boiling temperature to llO°C so that a test cell temperature of
90°C could be achieved. The test cell was insulated dong its periphery with fibre glass
covered with insulating tape. To prevent heat transfer to the base of the Instron machine
through the test cell thread, a special insulating material made of glass-epoxy laminate

(PhenoIite-natural grade-G-10; thickness-6 mm, NVF Industries of Canada Ltd., Rexdale,
ON) having good resistance to heat (5x10~W / d K ) was used. It also had a compressive
strength of over 450 MPa which helped in prevention of any possible damage to the test

cell as well as the Instron machine base threads during high load compression.
An ANSI Type-T thermo-couple (Duplex insuiated, Copper-Constantan;

maximum temperature-20O0C; insulation-Neoflon FEP; AW.G A 4 , accuracy

K). 1OC;

Omega Engineering hc.,Stamford, CT) was placed on the top of the cell base. It was
inserted upward through a 4 mm diameter opening and secured using an epoxy adhesive
just below the sample, to measure the temperature of the cell. Under these conditions, it is

expected that at equilibrium the temperature of the c e U and sample, approach the same
value. The thermocouple was connected to a digital display thenno-couple thennometer
Model-660, Microprocessor digital thermometer, resolution-1°C. Omega Engineering
Inc., Stamford, CT). A view of the experimental set-up is shown in Fig. 4.4.
4.2.4

Pressure control and measurement

The magnitude of the pressure applied to the sample was measured with the help
of the graphical display on the W o n . The graph used had 150 small divisions and thus
each division measured 1 kN in the fbll range load of 150 kN.Loads corresponding to

Fig. 4.4 Experimental set up

pressures of 20, 40 and 60 MPa proposed for the present study were maintained by
adjusting the manual crosshead position control. The value of load indicated by the LED
display provided on the Instron control panel was found to match well with the one
indicated by the graphical display.

A hydraulic pump with a maximum measuring range of up to 70 MPa (Scott
Engineering Science Corporation, Pompano Beach, FL) was used to apply a hydraulic
pressure on the oil injected over the sample for measurement of permeability of the
compressed oilseed. The pump was equipped with a Bourden-tube pressure gauge which
indicated the pressure. The pressure gage was calibrated using the dead weight tester and
following the standard procedure. This pressure applied through the pump could be

controlled manually by controlling the movement of the pump handle. huing initial
stages, more fluctuations in the meter reading were observed (&urn

up to 10%) due

to the rapid flow of oil through the compressed sample. Later (generally within less than 1
min depending on the oilseed and the magnitude of pressure applied) these fluctuations

decreased considerably (less than 3%) as the sample thickness tended to stabilize.
4.2.5

Oil recovery measurement
For efficient collection of the expressed oil, a vacuum of 700 mm of mercury (=

100 kPa) was applied through a two-way valve in the drainage channel in the base. A glass

U-tube mmometer having a m h w n range of up to 36 in (914 mm) of mermry
(DwyerInstmments Xnc., Michigan City, IN) was used to measure the suction applied in
the drainage channel. The other end of the on and off valve was used as an air-vent to

release vacuum to flush out the smallest possible quantity of oil into the weighing flask
Prior to each weighing, the flask was disconnected from the oil flow-line in order to
eliminate fluctuations in the sample being weighed. A digital top pan balance (model-

GT480,Ohaus, Florharn Park, NJ, with a resolution of 0.001g) was used to weigh the

conical flask which was tared prior to collection of the expressed oil. A digital stop watch
(resolution-0.01 s, LCD quartz watches, Smart,Japan) was used to measure time.

4.3

Enzymatic Hydrolysis of Soybean
The objective of this research was to select hydrolytic enzymes which, through the

modification of cell walls of soybean, increase oil recovery during mechanical pressing.
However, since little information was available in the literature on enzymatic treatment of
soybeans followed by mechanical pressing, a preliminary study was conducted on a wide
range of enzymes to identify those most suitable for oil extraction Hence, in the
preliminary phase, twelve enzymes were used for treating soygrits and soyflake samples
followed their solvent extraction. Based on these results, seven enzymes which gave the
most oil recovery were selected for fiuther study on mechanical pressing of enzymaticallytreated soybean samples. In this final phase, in addition to soygrits and soyflakes, extruded
soybeans samples were also included.
4.3.1

Enzymatic treatment followed by solvent extraction

Since seed size reduction has been reported (Dominguez et al. 1993a) to favor the

efficiency of the enqmatic treatment the soybeans were processed into soygrits and
soyflakes.
4.3.1.1 Preparation of soygrits
For preparation of soygrits, soybeans were preheated in a hot air oven at 70°C for
1 h. This was followed by their immediate feeding into an impact dehuiler (Ripple Mill,

Sullivan Storage Scott, Saskatoon SK) at a preset clearance which broke each soybean

kernel into 6 to 8 pieces. The mixture of soygrits and hulls was later separated in an
aspirator (Superior Fractionating Aspirator, Carter-Day Co., MN).
4.3.1.2 Preparation of soyflakes

Preparation of firm soyflakes was difficult in the absence of a binder such as starch

in soybeans. The adopted process consisted of dehulling the soybean following the above
procedure except that the clearance was increased so that each soybean kernel was
disintegrated into 3-4 equal pieces. The grits were then steamed for about 20 rnin at a
pressure 860 kPa, utilizing the steam fiom the building heating system. To facilitate

uniform steaming, the soygrit samples were placed in a thin-Iayer (20-30 mm) on a
perforated bed (sieve). The container was placed on top of a vertical PVC pipe having a
diameter of 330 mm. The steam pipe was inserted through the base of the pipe. Thus

steam passed through the perforated bed of soygrits. The steaming added moisture to the
grits uniformly in a short-time (from about 4% initial moisture content to about 20% final
moisture content) and softened them enough to make flakes of desired thickness when
passed through a flaking machine (Model-FMI 1406162, Standard Gas Engine Works
Ltd., Morden MB) with smooth rolls. Each roll in the flaking machine was 178 mm in
length and 229 m m in diameter. The flakes obtained were bright yellow color, mostly of
uniform thickness and were quite stable. The average thickness of flakes were 0.5-1.0rnm.
The flakes were then left in an open container for about 24 h to achieve an equiliirium
moisture content for the ambient conditions.
4.3.1.3 Enzymatic hydrolysis of soy samples

Then the 20 g samples of the processed soygrits and soyflakes were weighed for
enzymatic pretreatment. The initial moisture content of these samples was determined by
standard AACC (AACC 1995) method and was found to be 8.60% (w-b.) for soflakes

and 4.4% (w.b.) for soygrits. Amount of water needed to raise the moisture contents of
each sample up to 50% (w-b.) was calculated. The twelve enzymes namely: bacterial
protease, Celluclast (Cellulase), Cytolose, Driselase, Ewnase, fungal protease (Protease),
Olease (multi-activity), papain, Pectinex Ultra SP (Pectinase), Rohepect B (P-7), SP-249

(multi-activity-cellulase, P-glucanase, hemicellulase, pectiaase, cellobiase, arabanase,
xylanase, P-gdactosidase, protease activity) and Viscozyme (P-16), were added to the
required quantity of water at a rate of 0.5% (w/w basis). The mixture of water and enzyme
was then added to each 20 g sample of soygrits and soyflake and mixed as homogeneously

as possible. In addition to enzyme-treated samples, two controls, one incubated in water
and other one on as is basis, were also prepared to fbcilitate comparison with untreated
samples. The treated samples were dried for 16 h at 60°C prior to solvent extraction.

These experiments on enzymatic hydrolysis of prepared samples were conducted at the

laboratory facilities available with SRC (Saskatchewan Research Council, 15 Innovation
Boulevard, Saskatoon SK).
4.3.1.4 Solvent extraction

The enzyme-treated samples were subjected to fat extraction using hexane on a
Soxhlet apparatus, following AACC (1995) procedures (AACC Method 30-25). The
samples were used for solvent extraction on an as is basis (without any size reduction)
after enzymatic treatment for exactly the same duration of 7 h.
4.3.2

Enzymatic hydrolysis followed by mechanical expression
Based on the results obtained from the solvent extraction of the enzymatically

treated samples, seven enzymes were identified for investigation by mechanical oil

expression: h g a l protease, Olease, papain, Driselase, bacterial protease, Celluclast, a d
Econase. The 10 g samples each of soygrits, soyflakes and extruded soybean
(Honeymead) were treated with these enzymes along with the controls with water and on

as is basis. The procedure described earlier (Section 4.2.5) was followed for this
experiment.
Each of the treated samples was then compressed under similar pressing conditions

consisting of an applied pressure of 65 MPa at a temperature of 90°C for a duration of 5

mi.each. For each experiment, the test cell was mounted on the Instron machine with die,
porous stone and a fiesh filter paper in place (as described earlier in Section 4.2.2.2) and

was heated to a temperature of 90°C. A 10 g sample was poured into the cylinder of the
cell. A 5 mm thick steel plate was placed on the sample and the piston was moved down at

a lading rate of 20 mm/min for application of a pressure of 65 MPa. Once this pressure on
the sample was achieved, it was held constant for a pressing period of 5 min The oil
flowing through the drainage channel during compression was collected in a weighing

flask which was tared prior to each experiment. At the end of 5 min duration of
compression, the applied vacuum was released, the flask was discomected and weighed

on a top pan balance. In present study, oil recovery was defined and calculated as follows;

Oil recovery (%) =

Weight of oil expressed (g)
x 100
Initial weight of oil present in sample (g)

This procedure was followed for each of the samples of soygrits, soflakes and
extruded soybeans treated with seven enzymes. All the experiments were replicated thrice
and the average values of oil recoveries from enzymatically-treated samples were
compared with those of controls.
Results indicated that extruded samples yielded the m;urimum oil when compared
with the soygrits and soyflalces. Among the extruded samples, the control sample (sample
without any enzymatic treatment) yielded 90.8% oil followed by samples treated with the
enzyme Driselase (87.6% ) and fungal protease (81.3%). In view of the excellent results
obtained by mechanical pressing of extruded soybean samples alone and the observed

negative effect of enzymatic treatments the study was focused on the pressing of
extruded soybean samples. In addition, the effects of extruding equipment and varying
preprocessing conditions on mechanical expression was considered with a view to
maximizing the oil recovery from soybeans.

4.4

Mechanical Pressing of Extruded Soy Samples
The review of literature (Section 2.5.1) indicated that extruders for pretreatment of

to oilseeds had been recently developed to improve the oil recovery through mechanical
pressing. The preliminary experiment on mechanical pressing of soy samples processed
through one such extruder also indicated promising results in this study. But expert in the

field indicated that consistent results were deficient to achieve, even on soybean solvent
extraction system, and not all operators were satisfied with the results. Therefore, it

appeared prudent to evaluate several expanders under a range of conditions to assess the
fill potential of the technique. Hence, the research proposal was changed to study the

effect of method and equipment used for extrusion of the soy sample prior to mechanical
compression. In addition, some of the process variabfes which have been reported to be
important (Koo 1942, Khan and Hanna 1984, Ajibola et al. 1990) were considered with a

view to maximbg the oil recovery. The specific objective of this part of study was to
determine the oil recovery over time &om three extruded soy-samples (processed through

three kinds of extruders) at a range of pressing temperatures, applied pressures and sample
heights when pressed under uniaxial constant pressure.
4.4.1

Concept of initial sample height (H)

The initial sample height (H) in this study was defied as the height of the sample
when pressures of 20,40 and 60 MPa were reached on 10 and 20 g samples. The shallow
heights, obtained from 10 g samples, ranged between 7.7 and 8.3 mrn have been referred
to as 8 mm henceforth. The deep sample heights were obtained fiom 20 g samples and
ranged between 14.3 and 16.4. These have been referred to as 16 mm height in fiuther
text. The detailed measurements of these heights are provided in Appendix G13 to G16).
4.4.2

Experimental procedure
The procedure consisted of uniaxial loading of each extruded soy-sample in two

sample sizes at selected temperatures and pressures. The load was applied and held

constant on samples placed inside the test-cell cylinder. The oil recovery was monitored
over time. The variables and experimental design as tabulated in Table 4.2 were used for
this part of the study.
The variables and their levels were selected, based on the review of literature and
some preliminary investigations. For each experiment, the oil recovery observations were
taken so that one level of each parameter was tested against every level of all other
parameters. The replications were used as a block and for each block the experiments
were completely randomized. For this purpose, each experiment was assigned a number
and random numbers were generated using the computer software (Microsoft Excel,
version 5.0% Microsoft Corporation, Redrnond, Washington). Based on these numbers,
the sequence of experiments were detefmined witbin a block The procedure for

assembling the equipment and placing the sample as described earlier (Section 4.2.5 and

Table 4.2 Variables and experimental design for measurement of oil recovery fiom three
extruded soy samples pressed under uniaxial compression

Variables

Levels

Extruded soy samples

3 (Honeymead, Quincy and Super Soy)

Pressing temperature

3 (22,60, 90°C)

Applied pressure

3 (20,40, 60 MPa)

Sample height

2 (shallow - 8mm; deep - 16 mm)

Moisture content

1 (3.75s. I%, wet basis)

Deformation rate

1 (20 mdmin)

Measurement intervals

6 (60,120,240,420,720 and 1200 s)

Replications

3

Experimental design
Design

Randomized complete block design with three blocks (time)

Treatment design

33x 2' factorial

Response design

Repeated measures of oil recovery over time of pressing

4.3.2) was followed except for the variation in the pressing conditions which consisted of

three pressing temperatures, three applied pressures and two sample heights. Prior to each
experiment, the experimental set-up and the drainage channels were cleared of any
residues £?om the preceding experiment.

To attain the experimental temperature, the cell was first cooled to room
temperature and then reheated. This was felt necessary to assure uniform temperature in
the test cell. During experiments it was observed that as wmpression progressed in the
initial period, the temperature of the cell increased by 2-3°C. This was perhaps due to

frictional heat generated during the movement of the piston. Hence, compression was
initiated when the test cell temperature was 2-3°C lower than the planned cell temperature.

This enabled reaching the planned experimental temperature value with accuracy.

For application of load, a cross head speed of 20 d m i n was used. This speed
provided enough time for entrapped air to escape from the drainage channel prior to
initiation of oil expression. In addition, this speed has been reported (Sukumaran and

Singh 1989) to closely simulate the loading rate in screw pressing. As the piston came in
contact with the sample, an increase in load was observed on the digital force display as
well as the force-displacement chart. The piston travel was stopped as the applied load
reached the planned value, as indicated by the pre-calibrated mark made on the forcedeformation chart. At this load, the required pressure on sample as per the experimental
plan was reached. This load was held constant for an experimental duration of 1200 s.

During the test, the suction pump continuously removed the expressed oil from the
test-cell drainage channel to the weighing beaker. The vacuum was released and the flask

was weighed at time intervals of 60, 120,240,420, 720 and 1200 s and the oil recovery

was recorded (Fig. 4.4). Prior to each weight, the flask was disconnected f?om the suction
line and placed on top pan balance for recording the increase in the weight of the flaskWhen the required time of pressing (i.e. 1200 s) was reached, the sample was
unloaded by moving the Instron cross-head and the piston in an upward direction. The test
cylinder was then separated £?omthe base of the cell to remove the pressed sample. The
oil recovery was calculated using (Eq. 4.1). The final weight loss of the sample and the
total oil recovered at the end of 20 rnin of pressing were found to be in close agreement.
4.4.3

Data analysis

Repeated measures analysis is required whenever a variable is measured on the

same experimental unit for a number of consecutive times. It is assumed that
measurements are taken on all experimental units at each time. Normal analysis of variance
procedures are not appropriate because residuals from one repetition are often correlated
with residuals from other repetitions. For this reason, one of the basic assumptions in the
analysis of variance procedure, that residuals are independent, cannot be met.
Steel and Torrie (1980) discussed these types of experiments under the heading of
"split-block analysis". For treatments arranged in a randomized complete block the splitblock analysis is similar to a split-plot analysis except that a third term (replication x time)

is calculated and used to test the significance of differences among the sub-unit treatment
(time). As an example, they cited the case of measuring yield of a perennial forage in
successive seasons.
Rowell and Walters (1976) pointed out that agriculturists and biologists use two
methods of analyzing such data The f h t method involves separate analyses at each time.
The authors criticized this approach because it M e d to provide a test of change in
treatment effects with time. The second approach was the split-block method described by
Steel and Tom (1980). Rowell and Walters (1976) criticized this approach because certain
assumptions such as homogeneity of error variances over the repeated measurements are
genedy not satisfied. Coaside~gthese lacunae in d y s i s of repeated measurement
data, Rowell and Walters (1976) recommended that contrasts over time be calculated for
each experimental unit and then each contrast be analyzed by analysis of variance. The
General Linear models (GLM)procedure available with SAS (Statistical Analysis Systems
1990, Statistical Analysis Systems Inc., Cary, NC) uses this approach through an option of

Multivariate analysis of variance for this purpose.

The data generated in present study were analyzed using the latter option. The
multivariate analysis of variance tests was used to determine whether a treatment fhctor
contributed significantly to the variation of individual variables or to the covariance
between any pair of variables. The effects on variances of variables as well as covariances
between variables were combined. Hence, the interpretation of the results of this analysis

in a biologically meaningfid way was too complex (Baker 1994). Therefore, the results
interpreted in the this study were restricted to a certain extent until a clear conclusion
could be drawn on any particular aspect. The hypothesis of variation of oil recoveries with

respect to time of pressing for several pressing conditions were also tested.

4.5 Material Properties and Model Validation
4.5.1

General procedure

The experimentation in this part of the study was conducted in two phases. Phase
one involved experimentally measuring the oil recovery over time fiom two selected
oilseed samples (Honeymead extruded soy samples and sunflower seeds) compressed at

varying pressing temperatures, applied pressures and sample heights. During these
experiments, the variation of sample height under constant pressure over time H(t) could
also be measured. This measurement was later used for calculation of the coefficient of

permeability of the compressed medium varying over time k(t) at time intervals of 60, 120,
240, 420, 720 and 1200 s and the value of H(t) obtained at time of 3600 s was used for
calculation of the coefficient of volume change (m,,).

The second phase of the experiments was conducted specifically to measure the
coefficient of permeability for varying pressing conditions considered in present study.

Unlike the measurement of permeability, the measurement of oil densities at a range of
three pressing temperatures was simple and quick and thus did not involve an extensive
planning of experiments.
From the results of the experiments discussed in an earlier section (4.4. I), it was
found that, for s i i a r pressing conditions, the Honeymead extruded soy sample yieided

maximum oil compared to the other two samples viz. Quincy and Super Soy extruded
samples. Hence, from among three extruded soy samples considered, for this part of the

study, only Honeymead extruded soy samples were considered. The other oilseed included
was sunflower seed which had a high oil content (= 45%). This was done to determine if
the developed measuring techniques and the model would be applicable to a wider range

of oilseeds with varying oil contents and chemical compositions.

Through oil recovery measurement experiments, the measured values of oil
recovery at varying pressing conditions and time intervals of 60, 120, 240, 420, 720 and
1200 s were known. The model predicted values were calculated fkom the measured
material properties at identical time intervals (60, 120, 240, 420, 720 and 1200 s) and
pressing conditions. The difference in these two sets of values at each of the time interval

was considered as error and was expressed through determining the Percent Relative
Deviation (PRD) for each time interval using the following relationship:

PRD, % = O1 - y)xlOO
gr)

where:
Y = the mean experimental value,
Y' = the model predicted value.
The overall error in prediction through model was dculated by a mean of the

absolute values of errors obtained through Eq. (4.2) at each time interval. This overall
model prediction was called as Mean Percent Relative Deviation (MRPD,%) and was
calculated (Yang and Cenkowski 1995) as follows:

N = the number of observation.
4.5.2

Measurements of oil recovery and material properties

This section describes the experimental plan, methodology and measurement
techniques for two phases of experiments including measurement of oil recovery and the
material properties.
4.5.2.1 Oil recovery

In this part of the experiments, the Honeymead extruded soy sample and sunflower
seed were pressed uniaxially at varying pressing conditions, and the oil recovery was
measured over time. The varying pressing conditions included three pressing temperatures
(22, 60 and 90°C), three applied pressures (20, 40 and 60 MPa) and two sample heights.

The details of the experiment plan followed are presented in Table 4.3.
The measurements of oil recovery fiom three extruded soy samples were
conducted in an earlier part of this study (Section 4.4). From these values, the results
obtained on oil recovery measurements from Honeymead extruded soy samples were used

in this part of the study as well. Hence, &om the proposed plan of experiments indicated in
Table 4.2, the oil recovery measurement experiments were conducted for only sunflower

Table 4.3 Variables and experimental design for measurements of sample height, oil
recovery and oil flow through the Honeymead extruded soy and d o w e r
seed samples for determination ofcoefficient of permeabiity under
uniaxial compression

Variables

Levels

Oilseeds

2 (Honeymead extruded soy sample and d o w e r seed)

Temperature

3 (22,6O,9O0C)

Pressure

3 (20,40,60 MPa)

Sample height

2 (shallow 8 mm and deep 16 mm)

Moisture content

1 (3.7%). 1%,wet basis)

Deformation rate

1 (20 mmlmin)

-

-

Experimental design
Design

Randomized complete block design with three blocks (time)

Treatment design

32x 2* factorial

Response design
Phase- 1

Repeated measures of oil recovery and sample heights (at
time intervals of 60, 120,240,420, 720, 1200 and 3600st)

number of replications - 3.
Repeated measures of quantity of oil flow through sample
for determination of permeability (at 6 time intervals of 60,
120,240,420,720 and 1200 s),

-

number of replications 4.

* the time interval of 3600 s was used only for sample height measurement.

seeds. The second phase of this part of the study which involved measurement of

permeability of compressed oilseeds, however, involved both of these oilseeds. The
procedure for measurement of oil recovery fiom sunflower oilseed was similar to one used

for the three extruded soy samples (Section 4.4.1). Tbis involved mounting the test cell on
Instron machine, placement of weighed sunflower sample, followed by pressing of sample
and measurement of oil recovery over time at three selezted pressing temperatures (22, 60

and 90°C), three applied pressures (20,40 and 60 MPa) and two sample heights (8 and 16
mm). I . the detailed procedure described earlier for this purpose (Section 4.44, a few

additional measurements were recorded in this part of the experiment. These

measurements of sample height at each time interval at which oil recovery was measwed
were used for calculation of permeability. In addition, sample height after 3600s was
measured which was used for calculation of coefficient of volume change. The concept of
coefficient of volume change and its the measurement is described in the following section.

4.5.2.2 Coefficient of volume change (m,)

The coefficient of volume change (m,,) is related to the stress-strain behavior of
soils in confined compression. It is defined as the decrease in unit volume per unit increase
in applied effective stress. It is also known as reciprocal of constrained modulus and was
expressed through Eq. 3-3. For uniaxial compression, however, the cross sectional area of
the compressed sample remains unchanged, so the change in volume may be measured
through change in sample height. Hence:

where:
dV = change in volume (m3),
V = total volume (m3),

dH = change in sample height (m),
H = initial sample height (m).

The coefficient of volume change can, therefore, be redefined (Sutton 1993) as follows:

where:
m, = coefficient of volume change (m2/k~),

dp = change in applied pressure (kN/m2).
For determination of coefficient of volume change

(m), the sample height was

monitored over time at the applied comesponding constant pressure. For this purpose, the
consolidometer available at the Hydraulics Laboratory, College of Engineering, University
of Saskatchewan, was used. The sample holder for this consolidometer had a 50 mm
diameter and could generate a maximum of 36 MPa of pressure. Hence, the test ceU,
having a diameter of 37.5 mm, was used to reach a pressure of 60 ma. Initially, the
standard procedure for detennination of consolidation coefficient of soils was used. The

oilseed sample was compressed under two-way drainage by placing it inside the test cell
between two porous stones. It was then subjected to a constant pressure of 4 kPa for a
period of 24 h. During compression, a Linear Variable Displacement Transducer (LVDT)
automatically recorded the change in sample height in a computer diskette at varying
intervals. The measurement time intervals were of 0.1 min for the first 1 min, 1 min for up
to 11 min, 10 min for 120 min followed by 60 min intervals for the remaining period of
compression. After 24 h, the load was increased to 8 kPa. Likewise, this load was
increased after every 24 h to 100, 1000,2000,4000, 8000,20000,40000 and 60000 kPa.

This procedure was followed in order to ensure that total consolidation had occurred in
the compressed sample, i.e. the total applied stress was taken by the solids present in the
compressed medium.
The analysis of data on change in height indicated that over 80% of the
consolidation occurred in first 60 min of compression in most cases. Considering the
limitation of maintaining the experimental temperatures of 60 and 90°C for several days,

these experiments were conducted for a period of only 60 min. It was further observed

that the difference in the values of coefficient of volume change determined through a
stepwise increment of pressure and through direct application of total pressure was
insignificant. Hence, all final experiments were conducted using the Instron machine set up
and the coefficient of volume change was determined through a direct application of 20,
40, and 60 MPa of pressure for a duration of 60 mie This approach was considered to
simulate the experimental conditions of the present study more than the method followed
for soils which is basically designed to simulate the process of consolidation of soil over
years. From this data, the coefficient of volume change was calculated using the Equation
4.4 described earlier.

4.5.2.3 Sample height during compression

The sample height was measured during the experiments on meanuement of oil
recovery from the Honeymead extruded soy sample and sunflower seed. This height under
one way drainage was required for calculation of the permeability of the two samples
considered for this part of the study. During each experiment, as soon as the applied
pressure on the sample reached the planned experimental value, the reading in the
displacement display window on the Instron machine (resolution-0.1 mm) was recorded.
This was considered as the displacement value at zero time. For each further time internal
at which oil recovery and medium permeability were measured, i.e. after 60, 120, 240,

420, 720, 1200 as well as at 36009, the reading in this display window was recorded. At
the end of this time, the compressed oilseed cake was taken out and its thickness was

measured using a digital vernier scale (Digimatic, Mitutoyo, Japan, resolution-0.0 1 mm).
This final cake thickness was considered as equivalent to the displacement reading
recorded at 3600 s during experiments. Using this as final sample height, and knowing the
changes in displacement values at each time interval, the sample height could be calculated
fiom initial time of pressing to the final height of the sample at each time interval.

To calibrate the displacement indicated by the Iostron machine displacement
display, for initial part of the experiments, a dial gage (Mitutoyo, Japan, resolution-0.025
mm, a maximum measuring range of up to 50

mm) dong with a magnetic stand was

placed beneath the Instron cross head on which the piston was mounted. As the sample

height decreased, the cross head moved down and deflected the dial gage to indicate the
displacement. The readings indicated by the dial gage and the displacement display
window were found to be in close agreement. Hence, for the later part of the experiments,
only the LED digital display data were recorded.
This procedure was followed during each experiment conducted for sunflower
seed as well as for the Honeymead soy sample. While the experiments for oil recovery
measurements for these two oilseeds were replicated thrice, the height measurements

could be meawed in duplicates. However, reasonably close values of measured heights
were observed, with the average deviation fiom mean being in a range of around 10%
(Appendix Tables G13 to G16).Such determined values of height, H(t), at time intervals
of 60, 120, 240, 420, 720 and 1200 s were used for determination of permeabiity of the
compressed medium and the value of sample height determined at a time interval of 3600 s

was used for determination of coefficient of volume change using Eq. 4.5. Hence,
measurement of sample height was important and critical information for calculation of
predicted oil recovery.
4.5.2.4 Coefficient of permeability (k)

Definition and concept

Permeability is defined as the property of a porous material which permits the

passage or seepage of fluid through its interconnecting voids. The flow of fluid through a
porous medium such as soils was basically defined by Darcy's law. However, this law has
been found to be applicable to other porous materials as weU, particularly when the flow is

laminar.
Darcy's experiments on the flow rate (q,) of water through saturated sand of cross
sectional area Ad demonstrated that Qezdi 1974):

and

where:
Qr

k

= flow rate of fluid (m3/s),
= coefficient of permeability (a constant known as Darcy's constant) (mk),

Ad

= cross sectional area of flow (m2),

H(t)

= sample height at time t (m),

HI

= head above the datum at the entrance of the sample bed

H2

= head above the datum at the exit end ofthe sample bed (m)

- H'H(t)

(m)

,the hydraulic gradient (dm).

Eq. (4.6) is known as Darcy's law, and is considered as one of the fbndamental
laws of soil physics. This equation was later subjected to numerous examinations by other
researchers who found that Darcy's law was valid for most types ofthe fluid flow in soils.

For fiquid flow at very high velocity and for gases at very low or very high velocity,
Darcy's law becomes invalid (Lambe and Whitman 1979).

The flow of fluid through soil or any other porous medium depends upon the

-

microstructure - the arrangement of the individual particles and macrostructure such as
stratification. In addition, the factors which affect the fluid flow through the medium
include the type of material, size and shape ofthe particles (rounded, angular or flaky), the
degree of compaction (volumetric density of the material) and thus upon the size and
geometry of the voids. The flow is also a finction of temperature which affects the
viscosity of the flowing fluid.
In soil mechanics, basically two methods of measurement of permeability are used.
One is the constant-head method and other is the variable head method. In the constant

head method, as the name implies, a constant head is maintained across the sample and the

quantity of fluid flow over time is measured. From knowledge of the maintained constant
head, quantity of oil flow in certain time, sample height and the area of flow, the value of

k can be calculated using Eq. 4.6.
For the variable head method, the formula used is also basically derived fkom
Darcy's law, it has a slightly different form as the value of pressure drop across the sample

changes over time. A large permeability is required to obtain good precision with the
variable head method and hence it is limited to permeable soils. Further, the degree of
saturation of an unsaturated soil changes during the falling head method, thus this method
is only used for saturated soils (Lambe and Whitman 1979).

In preliminary experiments in the present study, the measured values of
permeability of the samples of extruded soy and d o w e r were observed to be very small,
being in range of I O ~ ' ~ - I O mls.
- ~ " This might be due to a very high values of applied
pressures involved in the planned experiments (minimum being 20 MPa). Perhaps such
high magnitude of pressure made the samples more dense and impermeable over the time

of pressing. Hence, in the present study the constant head method was employed for
measurement of permeability at varying temperatures, applied pressures and sample sizes.

The method employed is described in the following section.
Measurement ~rocedure

The test cell had provisions that would measure the permeability of the samples
being compressed (Section 4.2.2). The main modification in the test cell equipment
assembly for permeability measurement experiments was that the steel plate on top of the

sample was replaced with a porous stone similar to that under the sample. Using the
central opening provided in the piston and the porous top d a c e , the crude oil of the
sample being compressed could be applied externally at a pressure at which the medium
permeability was to be determined. Such addition of external oil facilitated continuous oil
flow through the sample for the desired duration. Under these conditions, the necessary

fluid flow rate through the sample, for calculation of coefficient of permeability, could be
measured.
The base of the test cell was mounted on the Instron machine followed by
assembling of the cell cylinder. The die, porous stone and filter paper were placed in a
sequence as described before (Section 4.3.2 and 4.4.1), followed by the weighed sample
on which the permeability was to be determined. Once the sample was in place, a circular
filter paper (No.4, Whatman) cut to the size equal to the cylinder diameter (37.5 mm) was
placed on top of the sample. A bronze porous stone of 34.5 mm diameter and enclosed in

a stainless steel cup (outer diameter-37.5 mm) with several small openings in the grooved
bottom was then placed upside down on filter paper. A rubber "On-ring (National " 0

Ring, Uniform Dash No. 2 18; internal diameter-3 1.75 mm, cross sectional diameter-3.17
mm) positioned about 25 mm above the piston base prevented leakage in the upstream
side of the system. Likewise another rubber "0"-ring (National "0"Ring Uniform Dash

No. 223; internal diameter-41.27 mm, cross sectional diameter-3.17 mrn) positioned on
top of the base unit prevented the leakage in the downstream.
The Instron cross head was moved downward at a loading speed of 20 d m i n for
application of load. A deflection in the needle provided on the load deformation display
graph as well as an increase in load values indicated on the LED display on the Instron
control panel indicated the initiation of application of load on the sample. As soon as the
applied mechanical load reached the planned experimental value the crosshead was
stopped and the sample was assumed to have been formed so that its permeability could be
determined. At this juncture, the closed one-way valve provided between the hydraulic
pump containing the crude oil and the central oil flow channel of the piston was opened.
The pumping of crude 02 was continued until the hydraulic pump pressure gauge reached
the planned experimental pressure (20, 40 or 60 MPa). Once this pressure was reached,
the stop watch was started and the pressure was held constant through the movement of
handle provided on the hydraulic pump. Hence, a hydraulic pressure was applied to the oil
accumulated on top of the compressed sample rather than the mechanical pressure as in
the case of oil recovery measurement experiments.
Under applied high pressure, oil flowed through the sample to reach the drainage
channel fiom where a suction pump (700 mrn Hg = 100 kPa) continuously transferred the
oil to the weighing flask. The vacuum in the suction pump was released at each time
interval that the collected quantity of oil was to be weighed. For this purpose, the flask
was disconnected fiom the vacuum line and weighed on a top pan balance. The time
intervals selected for the present study for measurement of oil recovery as well as the
quantity of total oil flow for measurement of coefficient of permeability were 60, 120,
240, 420, 720 and 1200 s. While calculating the coefficient of permeability, the difference

between two consecutive h e intervals was used rather than the cumulative time. Hence,

the values of time intervals for calculation of permeability were 60, 60, 120, 180,300 and
480 s. The closer time intervals were selected for initial duration of pressing since more oil

flow was observed during this stage of pressing. The quantity of oil weighed was

converted into volume (m3) using the density of the collected oil at the experimental
temperature. For calculation of permeability the applied suction pressure in the drainage
channel (700 mm H g = 100 kPa) was suppose to be added to the upstream pressure
indicated by the pressure gauge while calculating the pressure drop across the sample.

However, considering that the values of pressure applied in the upstream were quite large

(minimum being 20 MPa), the value of 100 kPa was ignored for calculation purpose.
Hence, knowing the values of quantity of oil flow (m3) for the duration of time the
sample was collected (s), the constant hydraulic pressure applied in terms of head (m), the

drainage area (Ad) based on the diameter of porous stone, sample height (Im)
&
measured
,
from the oil recovery measurement experiments for corresponding pressing conditions for

each sample at each time interval, the permeability of the medium could be calculated

(Kezdi 1974) from the rearranged version of Eq.4.6 as follows:

where:

Qr

= quantity of fluid that flowed through sample (m3),

At

= time interval between two consecutive measurements of flow (s),

L\H

= total head loss across the sample (m),

Ad

-4
2
=areaofdrainagdflow(=9.13~10
m).

4.5.2.5 Oil density

The density of soybean and sunflower crude oils was determined using a standard
density bottIe of volume 25 mL at a temperature of 22°C. The mass of the bottle was
determined using a top pan balance (GAZOOD, Ohaus Corporation, Gemany, resolution

-

0.0001 g). The bottle was then weighed with the oil sample after wiping off the outside to

remove any oil sticking to the outer d a c e . The filled bottle was then weighed. The
difference in these two values of masses gave the mass of the oil. The mass (g) of the
sample recorded was divided by 25 (mL) to obtain the density of crude oil in g/mL.

For determination of density at higher temperatures of 60°C and 90°C, the oven
(Precision Sciensc Co, Chicago, IL Model 18) was set to these temperatures. When the
stabilized set temperature was achieved, the crude oil sample in a 200 d beaker was
placed in the oven at 2 h. This assured d o r m heating of stored oil at the set temperature.
This oil was then poured into a clean density bottle, wiped eom outside, and weighed
immediately so as to prevent any expansion in the glass bottle. These measurements were
replicated thrice for each oilseed and average values are reported.
4.5.3

Hypothesis and statistical analysis of materid properties

The statistical analysis was designed to test the hypothesis that the material
properties including the coefficient of permeabiity and coefficient of consolidation varies
significantly with respect to pressing time, applied pressures, pressing temperatures and
sample heights. The data collected for time dependent variation of these medium
properties were analyzed statistically. This analysis was performed for both of the oilseeds
and several pressing conditions considered in present study. The method of repeated

measurements for analysis of data described for oil recovery experiments data described
earlier (Section 4.42) was used for this purpose as well. This approach was based on
Multivariate analysis of variance for repeated measures. The General Linear models

(GLM) procedure available with SAS (Statistical Analysis Systems 1990, Statistical
Analysis Systems, Cary, NC) which uses this approach was employed for this purpose.
The data for each oilseed, i.e., extruded soy samples and sunflower seeds were analyzed
separately. An example SAS program file is given in Appendix H3.
4.5.4

Regression analysis of material propertics data
The material properties determined were utilized for solution of the model

developed (Eq. 3.23) in this study. The time dependent experimental data for coefficient of
consolidation, c(t), and coefficient of permeability, k(t) were subjected to regression

analysis using the option of fitting simple equations based on two empirical constants. For
this purpose, the computer software ' ~ a b l e c u m e2~D~windows' (Jandel Scientific, San
Rafel, CA, v2.01, 19894994) available at the Computer Laboratory, College of

Engineering was utilized. This s o h a r e uses the Marquardt-Levenberg algorithm to
minimize the sum of the squares of the differences between the estimated values and the

measured values for nodhear regression The option of fitting simple equations in this
software enables linearized fitted equations for the nonlinear data. Such equations are
developed based on the transformed y values or the logarithmic transformation of the x

and y values. In addition, the statistical output of the M in the terms of the R*,adj- R ~ ,
Root Mean Square Error (RMSE), F-values for the developed model, magnitude and
distribution of the residuals and error are also provided numerically as well as in graphical
form. The statistical criteria for selection of the regression equations will be fiuther
discussed in the following chapter (Chapter 5, Results and Discussion).
The two criteria were mainly used for statistical evaluation of the fitted models to
the material properties. These were the MRPD values and the number of runs (R). The

Mean Percent Relative Deviation (MWD) values were obtained employing Eq. 4.3 and
using the Percent Relative Deviation (PRD) values (Eq. 4.2) displayed by the TableameOther supportive statistical parameters were coefficient of determination (It2) and the
Root Mean Square Error (RMSE) and these values were instantaneously displayed by the
Tablecurve s o b a r e upon completion of the curve-fitting option to the data. The software
calculates the values of the coefficient of determination

m2)based

on its standard

dewtion (It2= I-Sum of squares due to errors/Sum of squares about mean). The RMSE
are calculated using the following formula:

where df = degree of fieedom of a regression model.

4.5.5

Solution of the developed model

Based on these guidelines fitted equations for k(t) and c(t) with least possible
errors in the fit were selected for use in solution of the developed model (Eq. 3.23). The
detailed procedure for solution of the developed model and its validation procedure was

described earlier (Section 3 -6and 4.5.1).

CHAPTER 5
RESULTS AND DISCUSSION
This chapter presents the results obtained fiom experiments and mathematical
simulation. The sequence of presentation of results is the same as that adopted in the
previous sections. The chapter has been divided in four sections. Section 1 presents the
results on the proximate analyses of samples used in the present study. Section 2 discusses
the results of enzymatic hydrolysis on several soybean samples. Section 3 covers the
results obtained fkom the uniaxial pressing of three extruded soy samples while the results
on these aspects for sunflower seed samples have been presented in Section 4. The final
Section discusses the results on material properties and the model validation.

5.1 Proximate Analysis of Oilseeds and Extruded Soy Samples
The proximate analysis of soybean, sunflower seed and the three extruded soy
samples used in the present study is presented in Table 5.1. The values are reported on a
constant moisture basis. The values obtained for soybean and sunflower seeds are well
within the range reported in the literature. It is of interest to note the contrast between the

composition of soybean and sunflower. While soybean is high in protein (39.04%) and ash
(4.49%) and low in fat (21.06%) and fiber content (13.04) the sunflower showed a

reverse trend with 43.36% oil, 15.94% protein but 28.02% fiber. These values encompass

the range in these constituents among common world oilseeds, and were selected, in part,
so the present results would have potential for extrapolation to all oilseeds.
No idonnation on proximate analysis of extruded soy samples was available in the
literature for comparison of the data obtained for extruded soy samples. However, the

Table 5.1 Proximate analysis of oilseeds a d extruded soy samples (expressed in % w.b.)
used in the study*
Oilseed

Moisture

Crude

Crude

extruded

content

fht

protein

Ash

sample

Total

Other**

dietary

constituents

fiber

by difference

Oilsee&

Soybean

3.78M.06 21.06iO.12

39.04H.16 4.49f0.0

13-04

18-62

Sunflower

3.72k0.05

43.36M.1

1594H.27 2.9M0.1

28.02

6.03

3.75M.08 2 1.42k0.0

39.55M.18 4.65H.0

13.86

16.77

Y 3.73M.08 22.13f0.0

39.76M.15 4.7239.0
39.54M.10 4.67M.O

13-79
16.60

15.87
14.82

Exfrudked soy samples

Honeymead
~

C

super soy

3.74kO.09 20.63H.O

'average of two replications except for total dietary fiber values which are based on one
determination.
**other constituents include sugars, phytate, starch, polar lipids and volatile matter.

values obtained were reasonable. The lower value of total dietary fiber (TDF) in the case
of Honeymead (13.86%) and Quincy soy samples (13.79) are because dehulled soybean
were used in preparation of these samples. When soybeans with hulls were used for
extrusion, as in the case of Super Soy samples, the value of TDF content (16.60%) was
much higher. The presence of the hulls in the Super Soy sample would produce a deoiled

meal with much higher fiber content. Such meals would be more appropriate for lower
digestible energy livestock rations such as maintenance feeds for mature poultry and pigs.
The presence of hulls also appeared to affect the color of the extruded sample adversely.

The sample obtained fiom Super Soy Feeds was much darker and had burnt brown spots
in contrast to the bright-yellow color of the Honeymead and Quincy samples. This may be
due to partial burning of hulls when subjected to the high temperature (at 150' for 20-30

s) of the extrusion process used by the company.

The shape of the three extruded samples could be related to the end die used
during extrusion and the cutting devices. Large chunks of the Quincy samples were due to
the conical-shaped die used on the Tecnel extruder. The samples leave the extruder (im the
form of slices) at high shear for greater expansion, and are sliced into large sized chunks.
The smooth cylindrical Honeymead samples seem to have exited from a die with a circular
opening at lower shear followed by the knife cutting pieces at regular intervals. The
cutting process produced extruded samples with a uniform length. Both samples were also

highly porous, indicating that they were subjected to a very high pressure just prior to
their exit to atmospheric pressure. These pores are understood to increase the percolation
of solvent through the samples during oil extraction. The Super Soy sample was obtained

in a powder form. Apparently the Insta-Pro extruder propels the sample at high pressure
fiom inside the extruder directly into the air. Hence, the product is in a semi-fluid state

initially but, on firher handling, dried into a granular powder.

5.2

Enzymatic Hydrolysis of Soybean Samples
The results of the enzymatic hydrolysis pretreatment of two forms of soybean,

soflakes and soygrits, followed by their solvent extraction are presented in Table 5.2. The
oil recoveries f?om both of these samples when pretreated with enzymes were observed to
be less than the control (sample extracted without any enzymatic pretreatment). This was
true for all the enzyxnes used in the study except for fungal protease which gave a
marginally better recovery of 73-7% compared to 73.6% for the control. Between the two
forms of soy samples, soyflakes were found to yield more oil in almost all the cases. This
was likely due to the increased d a c e area of flakes. A better accessibility of the enzyme

to the cell wall has been reported to be achieved in case of increased surface area of flakes
compared to the soygrits (Dominguez et al. 1993a). For soygrits the oil recovery was less
than 50% in most of the cases. Thus, enzymatic hydrolysis seemed to have an adverse
effect on oil recovery for soybean but the water-treated control also gave low values, so
the wetting and drying procedure was also a major deleterious factor, especially for
soygrits. In addition, the colors of the majority of the samples following enzymatic

Table 5.2 Effect of enzymatic treatment on oil recovery fiom soyflakes and soygrits using
solvent extraction method (% as is basis).

E v e
Common name (Class)

O
i
l recovery (meanf avg. deviation)
Soflakes

Soygrits

Fungal protease

73.759.36

57.653.30

Olease

68.782 0.41

47.122 0.23

Papain

64.082 0.32

54-83? 0.37

Driselase

63.943.30

Bacterial protease

60.5 13-28

Celluclast (Cellulase)

59.039.85

Econase

58.849.37

SP-249 (Multi-activity)*

56.9320.39

Rohepect B (P-7)

53.075 0.33

Vscozyme (P-16)

49SW 0.28

Pectinex ultra SP (P1
-

48.50+_ 0.24

Cytolase

45.12_+0.54

Control (in water)

55.98t 0.24

Control (as is)

73.65+ 0.27

*

Cellulase, P-glucanase, hemicdulase, pectinase, cellobiase, arabmase, xylanase,

P-

galactosidase, protease activity.

hydrolysis were found to be dark and brown. This darkening effect was especially

prominent for samples treated with high protease activity enzymes such as fungal protease

and bacterial protease. This may be attributed to the possibly occurring Mailliard reaction
of low molecular weight polypeptides with sugars during the incubation period in the
process of hydrolysis (Sosulski 1995). Other quality attributes of hydrolyzed samples and

their extracted oils were not evaluated.
The results obtained on oil extractability fiom enzymatically-hydrolyzed soybean
samples were not in agreement with some of the earlier studies (Bhatnagar and Johri 1987,
Fullbrook 1983, Dominguez et. d. 1993a). These studies have shown a positive effect of
enzymatic treatment on oil recovery following enzymatic hydrolysis. Some of the enzymes

used in present study were not the same as were reported to be succesdid in other studies.
A few reported by these investigators were not readily available, so enzymes fiom similar

classes and sources were used. For exampfe, an enzyme fiom the class of Ceffulase
reported to be effective for soybeans by Bhatnagar and Johri (1987)was used. Likewise,
the enzyme SP-249 (mixed activity) was used because it was produced by the same
producing organism (Aspergr'Ifusniger) as was reported to be e f f d v e by Fdbrook
(1983).

In addition, the enymatic hydrolysis of oilseeds is sensitive to several other
important parameters. These include the partide size, enzyme concentrations, moisture
during hydrolysis and the incubation period. The processing conditions of an enzyme
concentration of 0.5% (w/w dry seed), an incubation period of 16 h at a temperature of
60°C and a sample moisture content of 50% used in present study were well

within the

range recommended by an earlier study (Dominguez et. al. 1993a). Optimization of these
four parameters and selection of the most appropriate enzyme is necessary for an
enzymatic hydrolysis to be effective in soybean.
The objective of the next experiment was to short-list the enzymes to be used for

treating soybean samples prior to mechanical pressing rather than solvent extraction.
Seven of the twelve enzymes which gave relatively high oil recovery were selected. These
enzymes were fingal protease, Olease, papain, Driselase, bacterial protease, Celluclast and
Ecooase. In addition to the soflakes and soygrits samples, the Honeymead extruded soy
samples, which was received by this time, were included. The enzymatically-hydrolyzed
samples were uniaxially compressed at an applied pressure of 65 MPa The sample
temperature of 90°Cwas maintained and the oil recovery was measured after a duration of

5 min.
Results for these experiments indicated that the enzymatically-hydrolyzed soy
samples (Table 5.3) gave lower oil recoveries when compressed mechanically compared
to the solvent extraction method (Table 5.2). This was observed in both the samples of
soflakes as well as soygrits and for all the enzymes and the controls. The controls

exhibited lower oil recovery of 51.4% and 46.3%, respectively, for soyaakes and soygrits
when pressed mechanically as compared to the values of 73.6% and 72.5% for solvent-

Table 5.3 Effect of selected enzymes on oil recovery from different soy samples (sample
size 10 (g) using mechanical pressing at an applied pressure of 65 MPa, 90°C
for a duration of 300 s (average of three replications)
Oil recovery, % (mean f standard deviation)
E v e s

Soyflake

Soygrit

Extruded soy

Driselase

58.3W1.94

48.75*1,90

87.61s-98

Bacterial protease

55Zh2.23

48.6W1.46

-

Celluclast

52.33*2.26

47.14*2.5 1

71.37*1,55

Econase

49.3e2.20

46.6W2.0I

66.9& 1-64

Papain

47.77s. 18

41.11*1.51

79.6W1.84

Fungal protease

41 .OW1-80

43-6M.67

81.26a1.46

Olease

37.45H.77

33.65h1.22

73.25k1.66

Control (in water)

48.3M.05

44.2&1.77

77.9e1.80

Control (as is basis)

51.4M1.75

46.27*1.3 9

90.7M.88

extracted samples. Despite such a low recovery fiom controls, the samples treated with
enzymes prior to mechanical pressing still appeared to be ineffective. The oil recoveries
fiom both soyflake as well as soygrits treated with enzymes were either lower than their

respective controls or were insignificantly higher. The only exceptions were the soyflake
samples treated with Driselase and bacterial protease which, respectively, recovered
58.3% and 55.2% oil compared to 51.4% oil obtained for the control. These two enzymes

were also observed to give the highest oil recoveries in soygrits. Both enzymes,therefore,

appeared suitable for firther optiroization of enzymatic hydrolysis of soybean samples. In
an earlier study, Smith et al. (1993) reported an increase of about 11.7% in oil recovery

due to the pretreatment of enzymatic hydrolysis of soygrits. Similar results can be reported

in the present study.
The enzymatic hydrolysis of soybean enhanced the oil recovery by mechanical
pressing with a maximum increments of about 13.5% for soyflakes and 10.5% for the

soygrits compared 11.7% in the earlier study by Smith et al. (1993). These values of
increment are much lower than the 200/0 increase reported for screw pressing of
enzymatically-hydrolyzed canola (Sosulski and Sosuiski 1993). Reason for this low
efficiency of enzymatic hydrolysis of soybesill may be because soybean is a low fat-high
protein seed. Such seeds are difficult to extract by enzymatic technique without thorough

degradation of the protein (Olsen 1988,Sosulski 1995).
While these two studies indicate an existing potential of increasing the oil recovery
f?om soybean using enzymatic hydrolysis, the extent of increase may not be enough to
jusfify the use of expensive enzymes that are in limited production.

Table 5.3 also presents the values of oil recovery fkom mechanical pressing of
control and enzymatically-hydrolyzed Honeymead extruded soy samples. The oil
recoveries obtained were much higher (67.0-87.6%) than those obtained from pressing of
either soyflakes (37.4-58.3%) or soygrits (3 3-6-48.7%) under the same pressing
conditions. However, the oil recoveries fkom the untreated extruded soy sample (control)
was found to be the highest, with an average value of 90.8%. This was followed by an oil
recovery of 87.6% obtained f?om the extruded soy sample that was enzymatically
hydrolyzed with the enzyme Driselase. Hence, the enzymatic hydrolysis of extruded
soybean samples prior to mechanical pressing was also found to have an adverse effect on
oil recovery as was observed with the solvent extraction of enzyme-pretreated soy
samples.
The recovery of over 9 W oil f?om the control extruded sample was exceptionally
high and achieved the major objective of the present study. Since nearly complete oil

recovery was achieved by the extrusion process, work on enzyme pretreatment was
abandoned and fixrther research was concentrated on mechanical pressing of extruded soy
samples. Three extruded samples processed using three kinds of extruders and prepressing
operations were obtained from commercial sources for evaluation. The results are
presented in the following Section.

5.3 Uniaxial Pressing of Extruded Soy Sample
The results of experiments on oil recovery from the Honeymead, Quincy and
Super Soy extruded soy samples are presented in this section. The resuits have been
classified on the basis of the effect method of extrusion, applied pressure, pressing
temperature and sample height on trends in oil recovery. Typical results are presented in
this section including the statistical analysis. The detailed results are given in Appendix A

(Tables ALA3). The measured oil recovery data for thrw replications, their standard
deviation (SD) and the coefficient of variation (CV, %) are tabulated in Appendix Tables
GI and G6 for small and large size Honeymead, Quincy and Super Soy extruded soy

samples.
5.3.1 Effect of method of extrusion
Among the three m p I e s considered, the maximum oil recovery was obtained

fiom the Honeymead extruded soy samples for all the pressing conditions considered in
present study. The comparison of means (Table 5.4) of oil recovery f?om the three
samples also indicated that the Honeymead soy sample had a significantly higher levels of
mean oil recovery at all six time intervals, followed by values for Quincy extruded soy
sample.

The maximum oil was recovered (90.6%) when a pressure of 40 MPa was applied
to a shallow (8 mm) Honeymead soy sample at a pressing temperature of 90°Cfor 1200 s
(Fig. 5.1). For the Quincy extruded samples the mzocimum oil recovery (80.4%) was
obtained for same pressing conditions but in case of the Super Soy samples the maximum

oil was obtained when the pressure was 60 MPa rather than 40 MPa but the difference
was not significant (P<O.05). Hence, an applied pressure of 40 MPa, a temperature of
90°C and smaller sized samples (10 g) were considered to be the optimum pressing

conditions for oil expression fiom the extruded soy samples under uniaxial compression.
Comparison between the values for Quincy and the Super Soy samples indicated that the
oil recoveries varied depending on the pressure range and the sample height. These
differences were more clear when the means were compared only for these two samples at
the three pressure levels. At the lowest pressure of 20 MPa, the oil recovery was higher

Table 5.4 Comparison of means of oil recoveries (OR) for main factor effects at different time intervals for three extruded soy samples
Means* of oil recoveries (%) at six time intervals (OR,-OM
Source
Number of
observations Time-60 s
Time- 120 s
Time-240 s
Time-420 s
Time-720 s
Time-1200 s

Extruded samples (S)
Honeymead

54

20.0a
16.2b
13.1~

54
54
54

17.2a
17.3a
16.8a

81

17.0a
17.2a

27.1a
23.8b

37.5a
29Sb

46.9a
34.3b

53.7a
39,lb

S8,9a
42.8b

8,98a

15,7a
25.3b
35.3~

22.0a
33.7b
44.7~

27.5a
41.5b
52.8~

32.0a
48.2b
59.0~

3SSa
53, lb

Pressure (P)
20 MPa
54
5.24a
10.7a
17.4a
40 MPa
54
20.9b
29.1b
38.2b
60 MPa
54
25.2~
36.6~
44.9~
*Means with the same letter are not significantly different at 5% significance level

23.la
45, lb
53.7~

28.4a

33.3a
55.3b
63.9~

Quincy
Super Soy

!-'
W

01

Replication (R)
1
2
3
Sample height 0

Shallow (8 mm)
Deep (16 mm)
Temperature (T)
22OC
60°C
90°C

54

54

81

54
54
54

17.lb
25.3~

40. la
32.2b
20.3~

47,2a
38.8b
35.9~

44.3b
42.6~

55,la
48.6b
48, lb

25.7a
25.5a

32.9a
34.0ab
33.5b

40.0a
41.2b
40.7ab

45,4a
47,Ob
46.4ab

50,3a
51.5b
50.8ab

3 1.6a

24.5b
20.3~
25.2a

.

52.2a

51.2b
59.6~

63.9~

Fig 5.1 E f k t of applied pressure a d pressing tempem-

on total oil
recovery h m shdow (8 mm) Honeymead extruded soy samples after
1200 s of Lmiaxd pressing

for the Quiocy samples while at higher pressures it was lower than that for the Super Soy
samples (Bargale et al. 1996). This trend may be related to a greater decrease in the
permeability over time of pressing in the Quincy sample at higher pressure compared to

the Super Soy samples. The difference in permeability drop could be due to the different
granular structure for two samples. The Quincy sample had £her granules and this may
have reduced the pore space and thereby permeability. This difference in oil recovery was

observed to be more predominant for the deep samples.

The retention time inside a screw press is generally 120 s (Sosulski 1993). Hence,
the oil recoveries for three extruded samples at this time interval were compared. Of the
total available oil, 61.6% could be recovered from the extruded Honeymead soy samples
at the end of this duration of pressing. This can be considered as a significant improvement
in oil recovery fiom soybean sample pressed without any pretreatment which were

reported to give an average oil recovery of 40.6 and 43.00A after 240 and 360 s of
pressing for nearly similar conditions of pressing

and Harm 1984). This

improvement could be attributed to the rupture of the cell walls during the pretreatment
when the sample was passed through the extruder. It is likely that if the extruded samples
were pressed in a hot condition and semi-fluid state in which they exited fiom the
extruder, the oil recovery would be much higher (Nelson et al. 1987).
The comparison of means showed that, with respect to oil recovery, the three
samples were significantly different (P<0.01). This inference was supported when the

means of oil yield based on t-tests and Least Significant Differences (LSD)at 5%
sigmticance level were compared (Table 5.4). This was found to be true for all but the

sixth time interval (1200 s), at which the means of oil recovery for the Quincy and Super
Soy extruded soy sample were not significantly different 0 . 0 5 ) .
The test of hypothesis of no time effect on oil recovery for the three samples was
rejected with high significance (W0.01). This indicated a time dependence of oil recovery
fiom the three samples. This effect of time on the three samples was significantly different
(P<0.01), indicating different rates of oil recovery fiom three samples. The detailed

statistical analysis indicating the P values for the time effect at each of the time interval are
presented in Appendix Table C1.
5.3.2 Effect of applied pressures

The analysis of the effkct of applied pressures (Fig. 5.2) indicated that there was a
consistent increase in oil recovery when the applied pressure was increased fiom 20 to 40
MPa for all the experimental conditions and the samples considered. However, the firther
increase in applied pressure &om 40 to 60 MPa seemed to have a temperature dependent
effect on oil recovery. At a temperature of up to 60°C, there was a consistent and
significant increase in oil recovery as the applied pressure was increased from 40 to 60

MPa. However, at a temperature of 90°C, an increase in pressure &om 40 to 60 MPa had
a rather negative effect on oil recovery (Appendix Tables A1-A3). The comparison of

means, however, did not reflect these variations and a consistently positive significant
difference was observed (Table 5.4) among the three pressures considered in present

study. This may arise because the means for oil recovery at each pressure (54 observations
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Fig 5.2 E k t of applied pressure and pressing time on oil recovery fiom
Qlancy (Q) and Honeywad (H) soy samples ibr the sshallow samples (8
m)-

for each pressure) were calculated for the combined temperature values. Hence, a highly
positive effect on oil recovery of the two lower temperatures (22 and 60°C)contributed
more to the mean values. When the means for the three samples compressed at the two
pressures of 40 and 60 MPa at a temperature of 90°C were compared, the values of oil

recovery at an applied pressure of 40 MPa were found to be significantly higher than those
of samples compressed at 60 MPa for most of the time intervals. These results indicated
that an excessive pressure does not necessarily have a positive innuence on the total oil
recovery. Similar obsewation was made by Hamzat and Clarke (1993) while pressing
grouncinuts. A more predominant temperature and pressure interaction at higher levels of
these factors was observed. Such an interaction may be understood from the fact that

increasing temperature decreases the viscosity of the flowing oil and thereby increases its
flowabilitythrough compressed medium while an increase in applied pressure increases the
viscosity and reduces the flowability.

Based on the results obtained, it seems that the optimum range of applied pressure
for uniaxial compression of soybeans might lie between 40 and 60 MPa. However, for the
present study a pressure of 40 MPa was considered to be an optimum. The no time x
pressure effect hypothesis was rejected (P<0.01), indicating a significant effect of applied
pressure on oil recovery over time.
5.3.3 Effect of pressing temperatures
An increase in the pressing temperature increased oil recovery consistently (Fig.
5.3) for the three samples and all the considered pressing conditions. In aIl cases a

temperature of 90°C was found to be optimum. An increase beyond this temperature
might have further enhanced the oil recovery. However, considering the reported (Ohlson

1976) adverse effects of higher temperatures (beyond 100°C)'on quality of expressed oil
and deoiled cake, these were not considered in the present study. The positive effect of
temperature on oil recovery has also been reported by Hickox (1953) for cottonseed,

Khan and Hanna (1984) for soybean flakes, Mrema (1979) for cashew and rapeseed. The
comparison of means (Table 5.4) also indicated that the oil recoveries were significantly
different (l?<0.01)at varying pressing temperatures. The temperature also had a significant
effkt (Pc0.01) on oil recovery over time. The interaction of temperature with other
independent variables and their combinations were also significant (Appendix Table C 1).
5.3.4 Effect of sample heights

The shallow samples (8 rnm) gave significantly higher oil recovery (PcO.01) for the
three samples when compared with the deep samples (16 mrn) (Fig. 5.4).A comparison

of means of sample heights also indicated a significant difference among oil recoveries
obtained (Table 5.4). This was found to be true for almost all the pressing conditions
studied except for the oil recovery measured at time interval of 60 s when the difference
between the means was insignificant (P4.38). This trend of higher oil recovey fiom
shallow samples would be in part, because, in samples with lower thickness, the
compression is more uniform throughout the thickness of the sample. In addition, the
drainage length for the oil is also less. In the case of deep samples, it appears that,
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Fig 5.3 E&ct of temperature and p r e s s 4 tLne on oil recovery h m
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extnded soy samples for shallow
samples (8 mm) at an a p p M pressure of40 MPa.

Pressing time, s
Fig 5.4 EiEd of sample height (shalbw - 8 mm and deep - 16 mm)
on oil recovery h m three d e d soy samples (S-Super Soy, HHoneymead; Q-Quincy)for an applied pressure of 40 MPa and at a
pressing temperatme of90°C.

although the oil globules exited from the ruptund cell wads, they were entrapped inside
the solid particles. Similar results were obsewed by Hickox (1953) while pressing

cottonseed, Bongirwar et al. (1977) for soybean and by Hamzat and Clarke (1993) for
groundnut kernels.

The ANOVA also indicated that there were no significant differences among the
replicate experiments conducted at different times. In addition to the sigolficant effect of
the main factors, the interaction between temperature and pressure (TxP), sample height
and pressure

w),sample height and temperature W T ) and other second and third

order interactions were highly significant (PcO.01). Similar significance of the main factors
and interactions was reported by Khan and Hanna (1984) for soybean flakes and soybeans
with hulls. The possible reason for this extent of high significance for most of the factors
could be the selected independent variables and their range. Both of these were selected

based on past research. In addition, each of these variables also appeared in the developed

theoretical model (Eq. 3Z).

The significant time effect could be due to the fact that the soybean is basically a
'hard to press' oilseed with a low oil content. Hence, the movement of oil globules fkom
inside the cell through to the compressed cake under high pressure is a continuous but a

steady process. While the increased pore pressure and reduced viscosity due to increase in
temperature help in movement of oil through the cake, the compressed solids in the cake
with reduced porosity will restrict its flow. Thus the created discontinuity of pores make

the flow of oil a time dependent process. Hence, as and when two oil globules are joined
they make a capillary and tend to flow through a tortuous path until they exit fiom the
cake. The maximum oil recovery of 90.6% appears to be the maximum possible oil that
could be recovered through uniaxial pressing of these extruded samples as, during the last
480 s of this 1200 s pressing, only 1.8% oil was recovered. Hence, as also observed by

some earlier researchers (Ward 1976; Sivala 1991b; Hamzat and Clarke 1993), there
exists a limit for each oilseed up to which maximmum oil could be recovered under uniaxial
pressing.

The results of contrast analysis indicated that, for most of the variables, even a

high order polynomial (4th and 5th order) equations could not appropriately describe the
trend of oil recovery fiom the extruded samples for vaxying pressing conditions. This
could be understood from the fkct that, while the trend of oil recovery was asymptotic, the

SAS basically fits only polynomial equations of up to the fifth order. Hence, it is less likely
that an even higher order equation would fit the data and descnie the trend.
Extrusion as a pretreatment to soybean was found to significantly enhance the oil
recovery. Among the three samples evaluated, the Honeymead extruded soy-sample was

found to give a maximum oil recovery of over 90% after 1200 s of uniaxial pressing. The
common pressing conditions optimized for the three extruded soy samples considered in
the study were shallow height (8 m),an applied pressure of 40 MPa, and a temperature

of 90°C. Among the considered variables, the extrusion method, sample height, applied
pressure, temperature, pressing time and the second and third order interactions among
these variables were found to significantly infIuence the oil recovery from extruded soy
samples.

5.4 Uniaxial Pressing of Sunflower seeds

The typical results of oil recovery f?om sunflower seeds compressed uniaxially at
three applied pressures (20, 40 and 60 m a ) , three temperatures (22, 60 and 90°C) and
two sample heights (shallow-8 mm and deep46 mm) are presented in this section. The
detailed results on oil recoveries for these pressing conditions are given in Appendix Table
A4. The measured oil recovery data for three replications, their standard deviation (SD)

and the coefficient of variation (CV, %) are tabulated in Appendix Tables G7 and G8
respectively for small and large size samples.

Fig 5.5 presents the oil recovery over time fiom shallow sunflower seed sample
when pressed at a temperature of 90°C and the applied pressures of 40 and 60 MPa. A
maximum oil recovery of 86.4% was obtained f?om a shallow sunflower seed sample
pressed an applied pressure 40 MPa and a temperature of 90°C. At these pressing
condition, after 120 s of pressing 58.2% of oil was recovered.
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Fig 5.5 E k t of applied pressure, sample heigbts (Mow-8 mn;
deep- 16 mm) and pressing time on oil recovery ern d w e r seed
sample at a temperature of 90°C.

The optimized pressing conditions in present study (an applied pressure 40 MPa and a
pressing temperature of (90°C) are not in agreement with an earlier study (Singh et al.
1984). The authors had reported a m8)Cimum oil recovery of 9 1.O% from a 15 g whole

sunflower seed pressed at an applied pressure of 70 MPa The moisture content of the
pressed seed was 6% (w-b.)and a temperature of20°C was maintained during pressing for

a duration of 7 rnin. These results were, however, also contradictory to several other
studies (Smith and KraybiIl 1933; Mrema 1979; Khan and Hanna 1984) which had

reported a positive effect of increasing temperature. The effect of increasing temperature
consistently increased the oil recovery for all the pressing conditions considered in the
present study. This obsewation was confirmed when the means of oil recovery were
compared and a significant increase in oil recovery was observed with an increasing
temperature Table 5 -5.

a s

e r n -

0

An increase in pressure fkom 20 to 40 MPa increased the oil recovery consistently

for all pressing conditions while an increase &om 40 to 60 MPa had a temperature
dependent effect. At a temperature of 60°C, an increase in pressure from 40 to 60 MPa
increased oil recovery while at 90°C a reverse trend was obserwd (Appendix Table A4).
This reverse trend was, however, not reflected in the comparison of means (Table 5.5) of
oil recoveries at 40 and 60 MPa pressure level and rather a consistent significant increase
in oil recoveries with increasing pressure was obsewed. This may be because of the same

reasons as discussed earIier while discussing the effect of applied pressure on pressing of
extruded soy samples (Section 5.3-2).
Fig 5.5 also presents a typical e f f i of sample height on oil recovery fkom pressing

of sunflower seeds. Like in the case of pressing of extruded soy samples, the shallow (8
mm) sunflower seeds yielded significantly higher oil recovery than the deep samples (16

mm) (Table 5.5 and Appendix Table A4). The optimized pressing conditions were also
same as were for the shallow sunflower seed samples i.e. an applied pressure of 40 MPa,
at 90°C. A maximum oil recovery of 76.0% was obtained for these pressing conditions
compared to a value of 86.4% obtained for shallow samples. Comparison of means for
three replications indicated that there was no significant difference at 5% significance level

among the replications indicating that time of experiments did not effect the oil recovery.
The consistency of oil recovery measurement technique was also reflected through this
comparison (Table 5-5).
The analysis of variance and time e f f i s of the main factors as well as their
interactions on oil recovery fkom pressing of d o w e r seed at various pressing
.

conditions. The sample height (H), pressing temperature (T), applied pressure (P) and
interactions between temperature x pressure (Txl?) and sample height x pressure (HxP)
were found to significantly (Pc0.01) influence the oil recovery at each of the measured
time intervals as well as on a overall basis. The effect of replications (R) and the
interactions between sample height x temperature (Hi) and among the sample height x
temperature x pressure (HxTxP) were, however, found to be insignificant (PXl.05) over
time. The detailed statistical analysis indicating the P-values for time effkcts is presented in
Appendix Table C2.

While analyzing the data statistically, no attempt was made to compare the oil
recoveries obtained fiom extruded soybean samples and the sunflower seeds even though
the pressing conditions were identical. This was mainly because the two oilseeds are
absolutely different in their chemical composition including their oil contents. However,
generally, the oil recoveries from d o w e r seeds were higher than those obtained for
extruded soybean samples (Appendix Table A1-A4). This was more clearly reflected when
the means of oil recoveries fiom two oilseeds were compared. The maximum oil recovery
of 90.6 was, however, obtained in case of Honeymead extruded soy samples compared to
a value of 86.4% for sunflower seed. These results indicated that even for the soft
oilseeds having a high oil content a pretreatment might be a prerequisite if a maximize
possible oil recovery is to be attained fkom certain oilseeds. An oil recovery of over 90%
(90.6%) from the Honeymead extruded soy sample also emphasizes the importance and

necessity of pretreatments in mechanical pressing of oilseeds.
The optimum pressing conditions for both the considered oilseeds (extruded
soybean samples and sunflower seed) were same with an applied pressure of 40 MPa and a
temperature of 90°C for shallow (8 mm) samples. These results highlight the fact that
moderate pressures, higher temperatures and smaller sample heights are more appropriate
for pressing of oilseeds irrespective of their oil contents and chemical composition. It
could, therefore, be possible to theoretidy simulate the oil recovery fkom oilseeds for
varying pressing conditions using some of the fundamental laws of science. The following
section presents the results of the mathematical simulation developed for this purpose.

5.5 Material Properties and Model Validation
This section deals with the results and discussion for the measured material
properties and calculation of predicted values of oil recoveries at various pressing
conditions along with their comparison with the measured values for the two considered
oilseeds. Section 5.5.1 presents the results and discussion on measurement of material
properties while their regression analysis is included in Seaion 5 - 5 2 The evaluation of
the developed model for Honeymead extruded soy sample (henceforth referred to as
extruded soy sample) and sunflower seed sample is presented in Section 5.5.3.

5.5.1

Measurements o f material properties

Following subsections respectively present the results and discussion for the
density of crude oil, coefficient of permeability (k), coefficient of volume change (m)and
the coefficient of consolidation (c) for extruded soy and sunflower seed samples. The

results in each of these subsections have been followed by discussion.
5.5.1.1 Density of the crude oils

Table 5.6 presents the experimentally determined mean values (three replications)
and their standard deviation for the density of the crude oils obtained fkom the soybean

and the sunflower seeds. As might be expected, an increase in temperature reduced the oil
densities. A higher rate of decrease was observed for the sunflower oil (a4.W)than that
for soybean oil (~2.7%).
These measured values of densities (Table 5.6) were used at corresponding
pressing temperatures for calculation of volumetric oil flow (Qf),pressure head across the
sample (AH), coefficient of consolidation (c) as well as while solving the developed model

(Eq.3.23). The predicted values of oil recovery (Q) had an inverse relationship (Eq. 3.23)
with density of flowing fluid. Hence, when other terms were kept constant, theoretically, a
higher value of oil recovery would be expected at higher temperatures of pressing.

TabIe 5.6 Density of crude oil for selected oilseeds at various temperatures
Density (kg/m3) (mean SD)*
Temperature CC)

Oilseed
22

60

90

Soybean

913.3M.7

901.W.8

888.4N.9

Sunflower

9 18.3M.6

900.2M.7

880.9M.7

*Based on three replications

5.5.1.2 Coeflicient of penneability (k)

The results on measured values of coefficient of permeability (henceforth referred
to as permeability or denoted by the symbol (k) are presented in this section respectively
for extruded soy sample and sunflower seed sample. The discussion on these results has

been presented at the end ofthis subsection.
Extruded sov sample

Tables 5.7 and 5.8 summarLe the average determined values of the coefficient of
permeability for extruded soy samples respectively for shdcw (8 rnm) and deep (16 mm)
samples at three temperatures (22,60 and 90°C), three applied pressures (20,40 and 60
MPa) and six time intervals (60, 120, 240, 420, 720 and 1200 s). These values were
obtained employing Eq. 4.7. The raw data for four replications in terms of measured mass
(g) of the oil that flowed through the compressed extruded soy sample at different time

intervals during the measurement of permeabiIity under various pressing conditions is
presented in Appendix Tables G9 and G10 respectively for shallow and deep samples. In
addition, the statistical attributes including the values of standard deviation and the
coefficient of variation are included. The comparison of meam of the measured values of
permeability influenced by replications, the sample height, pressing temperature and
applied pressure is presented in Table 5.9.
The values of permeabiity for the extruded soy samples were found to vary in a
wide range depending on pressing condition and the time of pressing (Tables 5.7 and 5.8).

The lowest value of 0.21xl0-'~
rn/s was measured for the shallow sample compressed for
1200 s at an applied pressure of 60 MPa and at a pressing temperature of 22°C. The

maximum value, also observed for shallow sample, was 403x10-'~mls determined after a
pressing time of 60 s for an applied pressure of 20 MPa and a pressing temperature of
90°C.

The increase in pressing temperature increased the value of penneability for both
the sample heights and for all of the three applied pressures (Tables 5.7 and 5-8). This
effect of temperature on permeability was more clearly visible when the means of the

values of permeability were compared keeping other variable as constant (Table 5.9). The

effect of pressing temperature was obswed to significantly increase the values of
permeability as the means compared were found to be different at 5% significance level.
This observation was true for most of the time intervals at which the values of
permeability were determined. The increase in permeability was relatively higher when the
temperature was raised from the room temperature of 22 to 60°C compared to the

increase observed for a temperature rise fiom 60°C to 90°C. This was particularly true for
the permeability values at time i n t e d s of 240 and 420 s (k3and b) when the difference
between the means of penneability were found to be insignificant for a temperature rise

&om 60 to 90°C (Table 5.9).
The increase in sample heights increased the permeability of the compressed
extruded soy sample for all but the initial time interval of 60 s (Tables 5.7 and 5.8)
particularly for an applied pressure of 20 MPa. The comparison of means of permeability
for two sample heights (Table 5.9) confinned this trend. The value of means at initial time
interval of 60 s was significantly higher (179x10-'~d s ) for the shallow sample (8 mm)

than that for the deep sample (16 mm) (159x10~'~
mls). For remaining time intervals,
however, a reverse trend was observed and a higher values of permeability were observed
for higher sample size.
An increase in applied pressure significantly (P<O.OS) decreased the values of

permeability for both of the sample sizes (Tables 5.7 and 5.8). This decrease was found to
be consistent for each of the six time intervals (Table 5.9). Among four replications used
for determination of the permeability, no sigruticant difference was observed (P>O.OS)
which implied that time of experiment had no effect on measured values and the
measurements were reasonably consistent (Table 5.9).
The factor that was observed to influence the values of permeability the most was
the time of pressing. The values of permeabiIity were found to decrease over time of
pressing (Tables 5.7 and 5.8). This was true for all the pressing conditions of various
temperatures, applied pressures and the sample heights. The maximum values of
permeability for all the considered pressing conciitions were obtained for the first time

interval of 60 s and the minimum values were observed for the h a 1 time interval of 1200
s. The typical trend of decrease in permeability values over time is shown in Fig 5.6 which

presents variation of k values for a shallow extruded soy sample pressed at an applied
pressure of 20 MPa and a pressing temperature of60°C.
The statistical analysis of time effects of main factors including height, pressing
temperature, applied pressure as well as their interactions indicated that these factors
significantly (P<0.01)influenced the values of permeability at each of the six measured
time intervals. The overall no time effect hypothesis was also rejected with high level of

significance (WO.01). These results indicated at a significant time effect of these facton
and their interactions on the values of permeability of the extruded soy samples for the

studied pressing conditions. The detailed results of statistical analysis of the time effects in
t e r n of P-values for various factors are presented in Appendix Table C3.
Sunflower seed samde

The results of the measured values of permeability of the sunflower seeds at three
applied pressures, three pressing temperatures and for six time intervals are summarized in

Measured
-Fitted

Pressing time (s)
Fig 5.6 Variation in the values of coefficient of permeability Q
over time for a shallow extruded soy sample pressed at an
applied pressure of 20 MPa and a pressing temperame of 60°C

Tables 5.10 and 5.1 1 respectively for shallow (8 mm) and deep (16 mm) size samples.
Table 5.12 presents the comparison of means of the measured values at varied pressing

temperatures, applied pressures and sample heights. The raw data for four replications in
terms of measured mass (g) of the oil that flowed through the compressed extruded soy

sample at different time intervals during the measurement of permeability under various
pressing conditions is presented in Appendix Tables G11 and GI2 respectively for shallow

and deep samples. The effect of time on measured values of k for major factors and their
interactions has been presented in Appendix Table C4.
The mean values of permeability of the sunflower seed samples were found to vary

in the range fiom 0.06~10''~to 9 3 5 x 1 ~m/s
' ~ (Table 5.10). Both of these values were
obtained for smaller size samples. The minimum value was obtained for a pressing
temperature of 90°C at an applied pressure of 60 MPa while a temperature of 90°C and a
pressure of 20 MPa gave the rnaxhuxnvalue.

The effect of sample heights, applied pressures, pressing temperatures and time of
pressing on the measured values of permeability for sunflower seed samples were similar
to those observed for the extruded soy samples (Tables 5.10 to 5.12). The difference
among the means of the k values for different replications were also insignificant.

Comparison of permeabilities for extruded sov and sunflower seed sample

Fig 5.7 presents the typical comparison of measured values of permeabilities for
extruded soy and sunflower seed samples at selected sample height (8 rnm), pressing
temperature (90°C) and applied pressure (40 MPa). Two major differences in the
measured values of permeability for two oilseed samples were observed. Firstly, for the
first two time intervals of 60 and 120 s the values of permeability for sunflower seed were

much higher than those obtained for the extruded soy samples. For the later time intervals
however, an inconsistent variation was observed for most of the pressing conditions and
major considered factors. Secondly, the rate of decrease in k values between the time
intervals of 60 and 120 s were quite different for the two oilseeds. For sunflower seed
samples, the drop was abrupt and extremely high, with its range varying fiom 2.8 to 10.1

Table 5.10 Average values of the coefficient of permeability (k) for shallow (8 mm) sunflower seed samples for various applied
pressures and pressing temperatures
Coefficient of permeability, k (x 1 0'12d s )
Pressure 40 (MPa)
Pressure 60 M a )
Time
Pressure 20 (MPal
22°C
90°C
60°C
90°C
60°C
22°C
90°C
60°C
22°C
(s)
200
216
239
396
408
93 5
366
847
888
60
14.8
15.3
16.0
31.0
30.7
113
28.4
104
91.5
120
2.14
2.05
2.41
4.55
3.76
4.21
21.8
18.0
20.9
240
1.29
1.38
0.70
0.74
0.65
1.73
8.77
9.37
420
6-03
0.21
0.58
0.66
0.48
0.25
0.24
3.60
3.89
2.58
720
0.11
0.06
0.24
0.23
0.10
2.05
0,24
1.32
1.88
1200
Table 5.1 1 Average values of the coefficient of permeability (k) for deep (16 mm) sunflower seed samples for various applied
pressures and pressing temperatures
Coefficient of oermeabilitv. k 1x 1 0'12mh.I
Time
Pressure 20 (MPa)
Pressure 40 (ma)
Pressure 60 (MPa)
(s.I
22°C
60°C
90°C
22°C
60°C
90°C
22°C
60°C
90°C

C(

Pressing time (s)

Fig.5.7 Variation in the means of coefficent of permeability over time of pressing
for extruded soy (ES) and sunflower (SF) seed sample for selected pressing
condition. Showing typical trend.

times while for extruded soy samples the drop was s d and smooth and ranged between
2.48 and 3.78 times.

wereI)
The statistical analysis indicated that the changes in sample height @
significantly (P<0.05) affected by the initial sample height and applied pressure while the

effect of pressing temperature was insignificant m . 0 5 ) for both of the considered
oilseeds. The pressing time was dso found to significantly effect (Pc0.05) the changes in
sample height at each of the measured time intervals for both of the oilseeds. The detailed
statistical analysis are presented in Appendix

Tables CS to C7 for extruded soy samples

and Tables C8 and ClO for d o w e r seeds.
Discussion
The decreasing trend of permeability over time was close to an exponential

decrease. Initially, the rate of decrease in k values was vary high followed by a decrease in
the falling rate. Finally the k values stabilized and tended to attain an asymptotic value as
the time of pressing progressed. The pressing time of 1200 s was chosen as in most of the
cases during p r e h k y experiments, by the end of tbis period, the quantity of oil flow
tended to stabilized. Such a trend of decrease in the values of permeability is also observed
for the unsaturated soils (Schiffman 1958).

This nature of the decreasing trend could be understood fiom the fact that initially
when the compression begins, the sample has considerable voids Wed with air. Hence,
more number of capillaries are available in the medium to facilitate the flow of oil and thus

larger flow is obtained. As the time of pressing progresses, more and more voids are
blocked due to sliding, slipping, bending and flattening of the compressed solids and
therefore the capillaries get smaller and even some of them become discontinuous making
the flow of oil difficult. Finally, a point is reached when almost all of the capillaries are
blocked and a very little oil is able to £low through the compressed medium. At this stage,
the change in flow of oil through the medium is negligible and the flow is considered to be
stabilized. Among several other factors, the magnitude of the applied pressure and rate of
its application are the most important factors influencing the reaching of a stabilized
condition for a particular material. The stabilized flow condition is reached earlier for a

higher magnitude of applied pressure. This partly also explains lower values of
permeability obtained at higher applied pressures while other factors were kept constant
(Tables 5.7 and 5.8).
No information is available in literature on measured values of the coefficient of
permeability for oilseeds with which the values obtained in present study could be

compared. However, for rapeseed cake an estimated permeability value of 8 . M 0-l2 m l s

has been reported by Mrema and McNulty (1 985) for the pressing conditions of an applied
pressure of 56 MPa, a pressing temperature of 16°C and for a pressing time of 32 min

(1920 s). If this value is compared with the determined value of permeabiity in this study
for the nearest possible pressing conditions of an applied pressure of 60 MPa, pressing
temperature of 22°C and averaged value for the two sizes, the value of penneability for
extruded soy and sunflower seed sample would respectively be equal to 13x10-'~
and
37x10"~d s . These measured values appear to be quite comparable considering the fict

that the values are for different oilseeds and are not for the identical pressing conditions.
For soils, such a range (<lo-'* m/s) is considered to be practically impervious, and very
fine clay soils belong to this category. The k values for such soils are generally determined
using indirect method such as through measurement of the coefficient of consolidation

(Kezdi 1974).

The lower values of coefficients of variation (<100?h) and insignificant difference
observed among the four replications indicated consistency in measured k values. This is
despite the fact that measurement of k values for the mediums with extremely low values

of permeability (<lo-' m/s) is highly prone to errors (Buettner 1985). Small leakage
through test apparatus during flow rate measurements have been reported to have
significant impact on the precision of measurement of permeability @hug et al. 1993). The
effect of various independent variables on the determined values of permeabiIity is
discussed in following paragraphs.

The decrease in the values of permeability with an increase in applied pressure at
each of the six time intervals for both of the oilseeds samples may be due to an inverse

relationship between the values of permeability and the applied pressure differential (AH)
(Eq. 4.7). In addition, the values of k is a finction of the variable void ratio (e) and

considering that the coefficient of compressibility is inversely (= -de/dp) related to the
pressure drop (dp), the k values are expected to drop with an increasing consolidation
pressure.

In addition, the values of the coefficient of pmeabiity Q depends on the degree
of saturation as well as on percent consolidation of the medium at the time of

determination of permeability value. Since in present experiments, despite addition of
external oil, the degree of saturation of the compressed medium was most likely to be
lower than 100% and the medium continued to consolidate, the values of k decreased with

increasing applied pressure. The degree of saturation as well as its variation across the

medium depth has been reported to significantly affect the values of permeability in soils
since three phases including air, water and solids are involved (Kezdi 1974).
One major difference between soil and oilseed is the fact that oilseed under
pressure may release the inside present oil which might lead to error in measurement of oil
flow and finally in getting some unexpected trends. Presence of such factors, which most
Likely was the case in present study, leads to deviation fiom the ideal definition and theory
during measurements.
Pressing tem~erature

The increase in permeability of extruded soy as well as sunflower seed sample with
an increasing pressing temperature could be expected as the viscosity of the oil decreases
with an increase in temperature. This decrease for most of the fiuids is generally related
exponentially with the increasing temperature and is described by the Arrhenius equation
(Heldman and Singh 1981). For vegetable oils such as canola, a modified form of this
equation has been used to predict the decreasing viscosity with an increasing temperature
in the range from 4100°C (Vadke et al. 1988; Lang et al. 1992). Thus, the rate of
decrease in viscosity was relatively lower beyond a certain temperature and thus an
insimcant effect of temperature between 60 and 90°C was observed for the permeability
values at certain time intervals for both of the studied oilseeds (Tables 5.9 and 5.12).

Sample height

The coefficient of p e r m d i t y Q of the compressed medium is a material
property and is expected to remain constant irrespective of the sample height. However,
variation in the values of permeability with changes in the sample height could be

explained with the help of equation (Eq. 4.7) used for calculation of values of k.
For present condition, in which the area of flow (A), applied pressure differential
(AH), and pressing time (t) were kept constant and the initial sample height was nearly

doubled (through doubling the sample weight fiom 10 to 20 g), the possibility of k
remaining constant would materialize only if the quantity of the flowed oil (Q) reduces to

half (Eq. 4.7). However, in practice, it seems that this decrease was less than half and
therefore relatively higher values of k were observed for most of the measured time
intervals.
The possible reason for the higher flow of externally applied oil through thicker
sample seems to be the fact that at a higher sample height, the intensity of applied pressure
decreased. Hence, while the fluid present in samples of two height were applied with the
same external hydraulic pressure heads, the effective applied pressure on the deep sample
was lower. Therefore, a relatively higher flow of oil was observed for this sample which
led to a higher values of permeability for deep height.

The measurement of permeability, in present study, was more towards specific
practical application and its use was intended for solution of the developed simulation.
Hence the measurement procedure was modified accordingly and therefore deviation in
results from the ideal theory of the coefficient of permeability may be expected.
Oilseeds

The higher k values of sunflower seed samples may be attributed to the fact that

initial void ratio and degree of saturation (oil content 43.6%) was much higher in the case
of sunflower seed compared to the extruded soy sample (oil content 21.4%). This led to a
higher rate of oil flow through sunflower seed samples as compared to the case of
extruded soy sample under the same pressing conditions. The higher drop in k values of
sunflower seed samples for the time intervals of 60 and 120 s indicated that initial

settlement due to applied pressure was rwhed much earlier in case of extruded soy
samples than that for the sunflower seed. An abrupt drop in k values of sunflower seed

after an initial time interval of 60 s may be related to presence of a non-homogeneous
medium in sudower seed as over a quarter volume of this seed consisted of hulls. It is

most likely that hulls would have a different compression characteristics.
5.5.1.3 Coeflicient of volume change (m,)

The measured initial (E9 and final heights of the sample (at 3600 s time interval)

used for the calculation of the coefficient of volume change employing Eq. 4.5 are
presented in the Appendix Table G13 and GI4 along with the average deviation and the
coefficient of volume change for the extruded soy sample respectively for shallow and
deep samples. For sunflower seed samples, such data is presented in Appendix Tables GI5

and G16 respectively for shallow and deep samples.

Among several assumptions made for this study, one was that the solids and the oil
present in the compressed oilseed were incompressible. This implied that whatever change

was occurring in sample volume, was due to removal of oil fi-om the two phase liquidsolid system. With a view to investigate this assumption and to determine the possible

magnitude of deformation in the solid particles of the pressed oilseecis, a new term called
the 'volume change ratio CV,)' was introduced specifically for use in present study. It was
defined as the ratio of total volume change occurred in the compressed oilseed medium to
the volume of expressed oil.
For the condition in which the change in the volume of solid particles is zero, the
volume of expressed oil equals the total volume change and thus the value of V, would be
unity. A value larger than 1 when expressed as percentage indicates the percent change in
the volume of the solid particles of the oilseed. Theoreticallyythe value of V, could not be
lower than unity and any such vaiue would indicate an error in measurements for
determination of volumes.

The values of total volume change during compression were calculated through
multiplying the difference between the values of initial and sample height at 1200 s, to the

area of the compression test-cell. The volume of expressed oil was calculated &om the

mean cumulative value of mass of oil measured at the end of 1200 s of pressing during oil
yield measurement experiments at respective pressing condition.
Extruded soy samnles

Table 5.13 summarizes the determined values of coefficients of volume change
(my) and

the volume change ratio V
(),

for various pressing conditions for the extruded

soy samples. The values of m, for the these samples were found to vary in a range fiom
2 . 8 5 ~ 1 0to~ 1 6 . 2 ~ 1 0m2/kN.
~
The lowest value was obtained for the deep size sample

when pressed at a pressing temperature of 22°C and at an applied pressure of 60 MPa.
The highest value was observed for a shallow size sample for a pressing
temperature of 90°C and at an applied pressure of 60 MPa.
The effect of sample height indicated that shallow samples had higher values of
coefficient of volume change for all the pressing conditions. The mean values of 7.56~1o4
and 4 . 4 7 ~ 1 0rn2/k~
~
were observed respectively for shallow and deep size sample. An
increase in pressing temperature was found to increase the values of m, (Table 5.13). This
was found to be true for small as well as large size sample. The statistical analysis

indicated the values of means as 4.46x104, 6.24 xlod and 7.35~10~
rn2/k~respectively
for 22, 60 and 90°C. The effect of increased applied pressure was found to decrease the
values of coefficient of volume change consistently for aIl the pressing conditions. The

mean values of m, were obtained as 9.65x104, 4.48 x104 aud 3.56 xlod m2/kN
respectively for 20, 40 and 60 MPa The effects of sample height, pressing temperature
and applied pressure on the vahes of m, were found to be statistically significant Q<O.O5)
while the difference between the values measured in two replications was found to be
insignificant (P<O.OS).
The values of volume change ratio (V,) for extruded soy samples were found to
vary from 1.O1 to 1-09 (Table 5.13). The minimum value of 1.O1 was observed for a
pressing condition of an applied pressure of 60 MPa and a temperature of 90°Cwhile the

Table 5.13 Values of coefficients of volume change (m,) and the volume change ratio
(V,) for various pressing conditions for extruded soy samples
Sample
Applied
Pressing Coefficient of volume
Volume
height
pressure temperature
change (mv)
change ratio
w a )
ec)
(X 1o4 III~IS)
(v,)
Shallow (8 mm)
20
22
8.33
1 .09
15.2
1.04
60
90
16.2
1.04
40
22
4.28
1 .05
5.OO
1.05
60
7.09
1.04
90
60
22
3 -47
1.05
3.99
1.03
60

Deep (16 mm)

20

90

4.64

1.01

22
60

4.35

1.09
1 .06
1.06
1.09
1.07
1.08
1.06
1.09
1.03

90

6.33
7.51

40

22

3.48

60

60
90
22

4.00
5.41
2.85
3.15
3.32

60

90

maximum value of 1.09 was observed for four different pressing condition three of which
were for deep sample while one was for a shallow size sample.
Sunflower seed samples

The values of coefficient of volume change (m,,) and volume change ratio (V,) for
various pressing conditions for sunflower seed samples are presented in Table 5.14. The
range of rn values for sunflower seed samples were found to vary between 6.13 xlod and
32.7 x10d m2/kN. The lowest value was observed for the deep sample when pressed at an

applied pressure of 60 MPa and a temperature of 22OC. The highest value was determined

at an applied pressure of 20 MPa and a pressing temperature of 90°C.
The increase in sample height decreased the value of m, for sunflower seed. The

mean values of m,,respectively for the shallow and deep size samples were 2 0 . 4 ~ 1 0and
~
1 0 . 5 ~ 1 0m2/kN.
~
The increase in applied pressure decreased the values of m,,.The
04, 13Ax1o4 and 9.42~1
od rn2/k?Jrespectively for
observed values of mean were 23.6~1

20, 40 and 60 MPa. Increase in pressing temperature increased the values of m,for deep
samples while for shallow samples no significant change was observed in the values of ra.
The mean values of 14.8xlod, 15.2xlo4 and 16.4~1
od rn2/k~were obtained respectively
for 22, 60 and 90°C. The effect of applied pressure and sample height was significant
(Pc0.05). In case of pressing temperature whiIe the increase in m,,for a temperature rise

from 22 to 60°C was significant, the increase for a temperature rise &om 60 to 90°C was
found to be insignificant. The means of replication values showed an insignificant w . 0 5 )
difference between two measurements.
The values of volume change ratio (V,) for the sunflower seed samples varied

from 1-03to 1.14 (Table 5.14). The minimum value of 1.03 was obtained in case of two
pressing conditions, both of which were for deep samples. The first condition was of an
applied pressure of 20 MPa at a pressing temperature of 22°C while in second pressing
condition an applied pressure of 40 MPa and a pressing temperature 60°C was observed.

The comparison of values of m, for extruded soy sample and sunflower seed
indicated that the values of m, obtained for sunflower seed were two to four times higher
than those obtained for extruded soy samples depending on the conditions of pressing

Table 5.14Values of the coefficients of volume change (m,,)and the volume change
ratio (V,) for various pressing conditions for sunflower seed sample
Sample
Applied
Pressing Coefficient of volume
Volume
size
pressure temperature
change (mv)
change ratio
Wa)
CC)
(X I ob m2k)
(vd
Shallow (8 mm)
20
22
3 1.8
1.05
60
3 1.7
1.06
90
32.7
1.06
40
22
17.3
1.08
60
17.4
1 .07
90
17.5
1.06
60
22
12.0
1.14
60
12.0
1.10
1.04
90
12.0
Deep (1 6 mrn)

20

40

60

22

60
90
22
60

90
22
60
90

(Tables 5.13 and 5-14). The effect of sample height, applied pressure and the pressing
temperature were similar in case of both the samples. The values of V, were also
relatively higher for surdlower seed samples compared to the extruded soy sample.
Discussion

The approach for determination of coeacient of volume change (m,,) adopted in
this study was in accordance with its definition in soil mechanics. According to which the
coefficient of volume change is basically dculated fkom the maximurn value of volume
change that may occur under certain applied constant pressure. This definition mainly
considers the volume change, that occurs for certain applied pressure, is totally borne by
the solid phase present on the medium and no fi,uther change in the volume of the medium

is expected despite hrther maintenance of the applied constant pressure. Hence, it implies
that m, is not a time dependent property. This is also obvious fiom its units (m2/kN) in

which time does not appear. While the theory of soil mechanics was adopted

for the concept of coefficient of volume change, the method for its determination was little
modified fkom the standard method practiced for soils.
In soil mechanics, the m, values are determined for each pressing conditions by
applying small incremental loads and reaching maximum possible value of volume change
for that particular load. This is done by maintaining the applied load until the change in the
medium volume is virtually ceased. Duration of a constant load is generally kept up to 24
h (Liu and Even 1984). This is followed by application of next higher value of small

increment load and &om various such determined values of m, at several small incremental
loads, the final value of m, for the final load is calculated. This is done with a view to

linearize the generally occurring nonlinear trend of volume change for large loads.

In present study, however, these values were determined by direct application and
maintenance of required loads to obtain planned experimental pressure (20, 40 and 60
MPa) for a duration of 60 min. This approach was followed for mainly for three reasons.

Firstly, the preliminary experiments conducted at room temperature had indicated that
over 80% of the total volume change occurred during first 60 min of pressing. Secondly,
the soil mechanics theory was basically designed to predict the soil settlement over the

yean after a structure had been built on it. While in present case, the process that was
being simulated adopting the theory of soil mechanics was for prediction of settlement for
very short duration of maximum of up to 20 mie Because in practice, no mechanical oil
expression method compresses oilseeds beyond this short duration Hence, it was believed
that determination of m, using a pressing duration of 60 rain would provide a better

simulation than the method of longer duration followed in soil mechanics. Thirdly, with
selected various independent variables (applied pressures, pressing temperature and
sample heights) along with their several levels, the experiments for each of them for
duration like used in soil mechanics, seemed infeasible. This was particularly true for
maintenance of higher temperatures of 60 and 90°C for several days.
With this background, the procedure for measurement of m, was modified for use
in present study. While from an observation of results it seems that the measured values
provide a good approximation of the d u e s of coefficient of volume change for various
pressing conditions. However, a comment on this would be more appropriate after use of
these values in developed mathematical model (Eq. 3Z).
No idormation is available in literature on measured or estimated values of m, for
oilseeds for comparison of the results obtained in the present study. However, according
to the classification of soils based on the values of coefficient of volume change, the values
determined in present study fall in the region of highly compressible soils such as plastic
clay (Jumikis 1967). The effect of various variables is discussed in following paragraphs.

The decrease in values of rn,,with increasing pressure could be explained through
Eq. 4.5 which was used for the calculation of these values. It relates to the values of strain
obtained for the compressed medium under certain pressing conditions. If the m, values
are to remain constant irrespective of applied pressure, the values of strain should increase
in proportion to increase in applied pressures. Hence, when the value of applied pressure

is doubled the strain should doubled as well. However, in practice, the increase in change

in volume of the compressed medium was lower than its proportionate value and therefore
lower values of m, were obtained for higher applied pressures. Increase in strain for

increased applied pressure from 40 to 60 MPa was much lower than that observed for an

increase fiom 20 to 40 MPa. This implied that increase in applied pressure would not
proportionately increase the volume change or the oil recovery values in present context.
This observation was well supported by the oil recovery data obtained at three applied
pressures (20, 40 and 60 ma) for the two considered oilseeds (Fig. 5.2 and 5.5) in
present study.
press in^ temperature

The increase in m, values with increasing pressing temperature may also be
explained through relating it to the values of oil recovery obtained at different
temperatures. The oil recovery was found to increase with increasing pressing temperature
and so were the values of rn,. The vaIues of m, for shallow sunflower seeds were,
however, insignificantly affected by increase in pressing temperature (Table 5.14). This

was perhaps due to the fact that the change in the volume of these samples possibly had
reached their maximum values at the end of period of 3600 s used for its determination for
each of the pressing temperature. On the contrary, in case of deep extruded soy and
d o w e r seed samples, it appears that the determined values at lower temperature were
much less than the possible total volume change for corresponding pressing conditions and
therefore higher values ofm, were obtained at bigher pressing temperatures.
Sample height
Theoretically, for same pressing conditions the value of m, for a particular material

is expected to remain unique irrespective of the sample size. However, the higher values of
coefficient of volume change (m) determined for the smaller size samples indicated that
the magnitude of volume change was higher for smaller sample size for the same applied

constant pressure. The possible reason for this was the fact that the values of oil recovery
from smaller size samples were significantly higher than those obtained for large size
samples (Fig. 5-4 and 5.5). This was considered mainly due to more uniform application of
pressure through the sample height and lower drainage length for the expressed oil. Higher
values of oil recovery from smaller samples caused larger decrease in volume of samples

and thereby higher values of m. were obtained for small size samples. The higher oil

recoveries fiom smaller sample sizes were also explained through the theory presented by
Kormendy (1964).(see section 2.7.3).
Oilseeds

The higher values of m, for the sunflower seed as compared to those observed for
the extruded soy sample may be related to the volume of oil removed from the sample. In
addition, d o w e r seed is much softer and compressible, therefore, a higher value of the
coefficient of volume change were observed for that than for extruded soy samples.
Volume change ratio W-1

The values of volume change ratio (V, ) in case of both the oilseeds indicate that
generally the deformation in solid particles was from 3 to 10% after 1200 s of pressing
(Tables 5.13 and 5.14). It is, however, important to note that these values were calculated
at a point beyond which the actual deformation in solid particles is most likely to incur and
enhance. This is because most of the expressible oil was removed fiom the oilseed by the
end of 1200 s of pressing and applied stress was likely to be borne by the solid pdcles.

This would lead to deformation of solid particles and thereby a W e r increase in the
values of V, should be expected. No any specific trend wdd be observed for changes in
V,values as affected by various independent variables.
The deformation of solid particles of the oilseeds observed is in contrast to an
earlier study (Singh and Singh 1993) in which authors had determined the
incompressibility of the solid particles for rapeseed samples pressed uniaxially. The
magnitude of applied pressure as well as time of pressing used in that study were,
however, much lower with a maximum pressure being 18.7 MPa and a pressing time of
360 s.

5.5.1.4 Coefficient of consolidation (c)

The values of coefficient of consolidation (henceforth denoted through symbol c)
were calculated using the measured values of k, nq, and density of the respective m d e oils

in Eq.3-2 at corresponding pressing conditions.
Extruded soy sample
Tables 5.15 and 5.16 present the calculated mean values of c at various pressing
conditions respectively for shallow and dbep samples. Table 5.17 presents the comparison
of means for among replications, two sample heights three pressing temperatures and
three applied pressures.

The range of the values of c determined for extruded soy samples varied fiom
0.06xl0-' to 60.5x10-' m2/s. The minimum value was obtained for a shallow sample for an

applied pressure of 60 MPa and a pressing temperature of 60 as well as 90°C. The
maximum value was observed for a large sample size pressed at an applied pressure of 60

MPa and a pressing temperature of 22°C. A typical variation of coefficient of
consolidation over time is given in Fig. 5.8 which presents values of c for a shallow
extruded soy sample pressed at an applied pressure of 60 MPa and a pressing temperature

of 60°C.

The increase in sample height increased the values of coefficient of consolidation
while an increase in pressing temperature and applied pressure decreased it. The changes
for each of these factors were found to be statistically significant (P<0.05)at each of the
six time intervals. The comparison of means among replications indicated no significant
difference (Pc0.05). The analysis of time effect for sample height, applied pressure,
pressing temperature and the interactions among these factors were found to significantly
influence the values of c at each of the six time intervals as well as on an overall basis. The
P-values for these effect have been presented in Appendbr Table C11.
Sunflower seed sam~Ie

Tables 5.18 and 5.19 present the values of c respectively for the shallow and deep
size sunflower seed samples for various pressing conditions. Table 5.20 presents the

Table 5.17 Comparison of means of the coefiicients of consolidation (c) for main factor effects at different time intervals for the
extruded sov sam~les
Means* for coefficient of consolidation (10-7 m2/s) at 6 time intervals (cl to c6)
Source
Number of
observations
Time-60 s Time-120 s
Time-240 s Time-420 s
Time-720 s
Time-1200 s
(N)
Cl
cz
c3
c4
cs
C6
Replication (R)

CI

2

4
Sample height (H)
Shallow (8 mm)
Deep (16 mm)

Temperature (T)
22OC
60°C
90°C

Pressure (P)
20 MPa
40 MPa
60 MPa

17.2~
6.49~
2.12~
*Means with the same letter are not significantly different at 5% significance level
24

0.83~

0.3%

0.16~
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Fig 5.8 Typicalvariation of the coefkient of consolidation (c) over
thne of pressing fbr a shallow extruded soy sample at an applied
pressure of60 MPa and a pressing temperature of60°C.

comparison of means of measured c values at different sample heights, pressing
temperatures applied pressures and for replications.

The values ofc for sunflower seed varied in the range from 0.01x10-' to 4 8 . 7 ~ 1 ~ '
m2/s. The minimum value was obtained for a shallow size sample for an applied pressure
of 60 MPa and a pressing temperature of 60 as well as 90°C. The maximum value was
observed for a deep sample for a pressing temperature of 22°C and an applied pressure of
20 MPa

Increase in sampIe height significantly pC0.05)increased the value of c while the
effect of increased pressing temperature was inconsistent (Table 5.20). While an increase

in temperature fkom 22 to 60°C increased the value of c, firther increase to 90°C
decreased it. This effect of pressing temperature was observed to be insignificant in most

of the cases (W0.05). The increase in applied pressure was found to consistently and
significantly (P<0.05) decrease the value of c. No significant (Pc0.05)difference was

Table 5.18 Average values of the coefficient of consolidation (c) for shallow (8 mm) sunflower seed samples for various applied
pressures and pressing temperatures
Coefficient of consolidation. c (x10-7 m2/s)
Time
Pressure 20 (MPa)
Pressure 40
'
Pressure 60 &Pa)

Table 5.19 Average values of the coefficient of consolidation (c) for deep (16 mm) sunflower seed samples for various applied
pressures and pressing temperatures
Coefficient of consolidation, c (x10-7 m2is)
Time
Pressure 20 (MPa)
Pressure 40 (MPa)
Pressure 60 p a )

Table 5.20 Comparison of means of the coefiicients of consolidation (c) for main factor effects at different time intervals for the
sunflower seed samples
Means* for coefficient of consolidation (10'7 m2Is) at 6 time intervals (cl to cd
Number of
Source
observations Time-60s
Time-120 s Time-240 s Time-420 s
Time-720 s
Time- 1200 s

-

(N)

cI

(-a

18
18
18
18

30.8a
30.7a
30.1a
30.6a

7.02a
7.51a
7,27a
7.40a

Shallow (8 mrn)

36

25.9a

Deep (16 mm)
Temperature (T)

36

22OC
60°C
90°C

24
24
24

Replication (R)
1
2
3
4
Sample height (H)

c3

c4

c5

c6

1.71a
1.68a
1.66a
1.70a

0.71a

0.27a

0.69a

0,67a
0.70a

0.28a
0.28a

0.27s

0. lob
0.1 la
0.1 lab
0.1 lab

2.35a

0.40a

0.14a

O.06a

0.03a

35.3b

12.3b

2.98b

1.25b

0.5Ob

0.19b

30.6a

7.43a
7S1a
6.98a

1.65a
1.71b
1.70~

0.7 1a
0.7 1a
0.67a

0.26a
0.30b
0.28b

O.lla
0.12b
0.10a

1,OOa
0,61b
0.47~

0,42a
0,24b
0, 17c

OJ6a
0.09b
0.07~

3 1.2a

.

29.9a
Pressure (P)
20 MPa
24
38.3a
9,91a
2.40a
40 MPa
24
29,4b
6.73b
1.47b
60 MPa
24
24. l c
5.266
1.1%
*Means with the same letter are not significantly different at 5% significance level

observed among the replications.
The analysis of time effects of factors including sample height, pressing
temperature, applied pressure and their interactions were found to be statistically
significant for each of the six time intervals as well as on an overall basis. Only the effect

of replications on each of the six time intervals was found to be insignificant (P<0.05). The
P-values determined for time effects are presented in Appendix Table C12.
Comparison of consolidation coefficient for extruded soy and sunflower seed s a m ~ l e

Table 5.21 presents the typical comparison for the trends of variation of c values
for extruded soy and sunflower seed sample for certain applied pressure (40 MPa),

pressing temperature (90°C) and sample height (8 mm). For sunflower seed sample, the c
values were found to be higher at the initial time interval of 60 s at h o s t all the pressing
conditions followed by a consistent decrease in its values for the later time intervals of
120,240,420, 720 and 1200 s. Secondly, the rate of change as well as the total change in
c values was much larger for the sunflower seed sample than that o b s d for the

extruded soy sample for the time intervals between 60 and 1200 s. These trends
correspond with that observed for the determined values of permeabilities for extruded soy
and sunflower seed samples.

Table 5.21 Comparative values of means of coefficients of consolidation (x10-7 m 2/s) for
extruded soy (ES) and sunflower (SF) seed sample for selected sample height
(8 mm), pressing temperature (90°C)and applied pressure of 40 MPa

Time (s)

ES-10 g

SF40 g

ES-90°C

SF-90°C ES-40MPa

SF-40MPa

Discussion

The coefficient of consolidation (c) indicates the rate at which consolidation would
occur in a compressed medium under certain conditions of pressing. It relates to the rate
of transfer of applied stress fiom liquid phase to solid phase present in the compressed
medium and thereby indicates the rate at which the flow of fluid fiom the compressed

medium would occur. Eq. 3.2 indicates that the value of c is determined mainly by the
values of coefficient of permeability Q and the coefficient of volume change (m). While
the magnitude of settlement depends on the value of coefficient of volume change, the
rate of consolidation is determined by the both the values of coefficients of permeability
Q as well as the coefficient of volume change (m,,). The detemhed values of c, in

present study, were basically calculated from the measured values of k, m. and the density
of flowing fluid at respective pressing conditions. This was in contrast to the approach
followed in soil mechanics, wherein this value is directly measured fiom consolidation test
and is generally used for backward calculation of values of k for highly impervious soils.

This approach was, however, not followed in present study for the reasons discussed
earlier in discussion section on the coefficient of volume change (Section 5.5.1.3).
No information on measured values of c is available in literature for comparison of

the results obtained in present study. Mrerna and McNulty (1985) have, however, reported
4
an estimated mean value of c as equal to 6.3~10
m2is for the rapeseed cake for the same

pressing conditions at which the estimated values of k were presented (see section
5.5.1.2). For the nearest possible pressing condition in present study, the mean value of c

were 4 . 6 lo-'
~ and 5.1~10-'m2/s respectively for extruded soy sample and d o w e r seed
sample. These values appear to be reasonable considering that the values compared are for
different oilseeds and the pressing conditions were also not quite the same.

The decrease in values of c with increasing applied pressure was

i i ~accordance

with the variation observed for the values of k for the both oilseeds. The m,, values had

also shown a decreasing trend with increasing pressure. Hence, on an overall basis the

values of c decreased with an increasing applied pressure. The rate of decrease in values of

c was, however, lower than that observed for the k values in case of the both oilseeds.
Pressing temoerature

The values of k had shown an increasing trend with increasing temperature for the
two considered oilseeds. Hence, according to Eq. 3.2, it was expected that the values of c

would increase with increasing pressing temperature. However, the results (Tables 5.15 to
5.20) obtained showed a decrease in values of c with increasing pressing temperature for

extruded soy sample and an inconsistent effect for sunflower seed samples was obsenred.
This happened due to the m, tern present in the denominator of Eq. 3-2. This tenn
showed an increasing trend with an increase in pressing temperature for extruded soy
sample as well as for deep sunflower seed samples (Tables 5.13 and 5-14). The possible
reasons for this trend were discussed earlier (Section 5.5.1.3). In case of shallow size
s d o w e r seed sampIe, however, pressing temperature had shown a consistently
insignificant effect on the values of m,, (Table 5.14) and therefore an increasing
temperature showed an increasing trend for the values of c (Table 5.18) for all the
pressing conditions.
Sample heiprht

The increase in the values of coefficient of consolidation (c) with an increasing
sample height observed in case of both of the considered oilseeds correspond to the
changes in the values of permeabilities for the two sample heights. Since the values of k
obtained for the deep sample were higher in case of both of these oilseeds (Tables 5.7 to
5.1O), the higher values of c could also be expected for their deep size samples. This trend,

however, does not match with the definition of c based on Terzaghi's theory of
consolidation, according to which a unique value of c exists for a particular material
compressed for certain pressing condition. The higher k values for deep samp1es is
basically, responsible for such a trend. The possible reasons, for which were discussed
earlier (See section 5.5.1.2).

Oilseeds

The higher values of c for first time interval of 60 s for sunflower seed sample
followed by an abrupt drop in its value for the time interval of 120 s was in accordance
with the similar change observed for its k values. Being a highly permeable seed than

extruded soy sample, the rate of its consolidation was observed to be higher.
5.1.1.5 Summary

The values of material properties (15 m, and c) determined in present study for the
two oilseed were determined based on the concepts, assumptions and methodology
practiced in soil mechanics as applicable to the theory of consolidation proposed by
Tenaghi (1943). The range of values obtained for these properties, by and large, fall in
some of the categories of various kinds of soils. However, the trends in variation of these
properties, when examined at micro level, indicate distinct response particularly for
varying pressing conditions. Such deviation fiom the definitions of these material
properties for soils could be expected considering some the basic differences between soil
and oilseed material particles. Some of these aspects were discussed in detail in Sections
3.2 and 3.3. In addition, the basic assumptions of the theory of consolidation which were

unlikely to be satisfied while adopting that theory for simulation of oil expression
mechanism firom oilseeds were discussed. Applicability of these assumptions has been
reviewed here in the light of obtained results fiom the measurement of material properties
of compressed oilseeds.
Results in this study indicated that values of coefficient of permeability (k) and the
coefficient of consolidation (c) varied significantly (Px0.05) over time whereas these are

assumed to remain constant according to the Terzaghi's theory of consolidation. The
sample height also varied significantly during compression, which implied that the strains
were large, this result contradicted the assumption of small strains for compressed
medium. The values of coefficient of volume change

(m)
which is expected to remain

constant varied significantly with variation in sample height. The values of volume change
ratio (V,) indicated that on an average 3 to 9% deformation occurred in solid particles at
the end of pressing duration for which oil recovery was measured. These results are based

on obtained quantitative data and hence direct conclusions could be drawn on these. Some
possible inferences could be drawn based on trends of some results.
The assumption of presence of two-phase system seems to have been satisfied to a
large extent through measuring the sample height &om the point the planned applied

pressure was reached. The presence of hulls in sunflower seed samples perhaps caused

some abrupt changes in behavior of measured material properties, this was contrary to the
assumption of homogeneity of the compressed material. The trends of obtained results had
indications that despite application of external oil during measurement of k the

compressed medium was not M y saturated as this was reflected with decreasing values of
k with increasing applied pressure.

Some material properties of oilseeds including coefficient of permeability Q and
the coefficient of volume change

(m)
which

have not been determined earlier were

measured in present study. A new approach was adopted for measurement of initial
sample height with a view to satisfy the assumption of two-phase system consisting of
liquid and solid phase. The procedure for measurement of coefficient of volume change

(m,,)
for its application in this study was modified fiom the original method followed in soil
mechanics. The modified method was quick, more practicable specially for its application
in uniaxial compression of oilseeds and seemed to be giving reasonable results. However,

some of the inconsistency in measured data might have incwed due to this modifwition.
Adopting the theory and procedure fiom soil mechanics, the coefficient of
permeability (k) at several pressing conditions and for two different oilseeds were
measured. Measured values of material properties compared well with some estimated
values of these properties available in Literature. A final comment on these measurement
would be appropriate at the end of their use in developed mathematical simulation and its
results on its validity based on this data.
5.5.2 Regression analysis for materid properties

The time dependent measured values of the coefficient of permeability Q and the
coefficient of consolidation (c) were subjected to non-linear regression using the software
Tablecurve 2D ( ~ a b l e n w e2D
~ windows', Jandel Scientific, San W e b C 4 v2.01,

1989-1994). The software tabulated various equations fitting the provided data along with
their respective statistid attributes. From among these, the most suitable fitted equation

was selected for use in the model developed in this study (Eq. 3.23). The statistical criteria
used for selection of such an equation is described in following paragraph.
5.5.2.1 Statistical criteria

Two criteria were mainly used for assessing the goodness-of-fit among several
equations fitted to the measured values of k and c. The major criteria used was the values
of Mean Relative Percent Deviation (MRPD, %) calculated using Eq. 4.3. This was done

mainly because the MRPD value indicates the overall mean magnitude of the error
calculated based on the error incurred at each of the measured level, The other criteria
considered to be supportive to the MRPD values was the value of number of runs (R),
which mainly presents the distribution of residuals indicating the direction of error. It is
defined as the number of times the residuals change sign plus one (Beck and Arnold 1977;
Draper and Smith 1981). The expected value of runs E@), equals the number of
independent obsemations plus one divided by two (Beck and Arnold 1977).
For large samples, the closer the R is to E@), the more random the residuals, since
the closeness indicates that there exists neither positive nor negative serial correlation
(Swed and Eisenhart 1943). For small samples (data points) such a criteria may be of less
concern and rather a criteria based on an MRPD value would prove to be more objective
assessment among several models (Yang and Cenkowski 1995). Since in present study,
the number of observations was quite small (being equal to six), the MReD values were
considered to be more appropriate to be used as the major criteria During regression
analysis in present study as well, it was experienced that in cases where the MRPD values
were relatively low (<10%), the overall fit was found to be reasonably acceptable even if
number of runs (R) were lower than the Em).
Some earlier studies (Jayas and Mazza 1993; Yang and Cenkowski 1995) have
also used MRPD as the major criteria and the number of runs as the supporting criteria for
assessment of the fits among several developed models. These studies concluded that the

error indicated by the MRPD values is a better indicator for an overall assessment of the
developed model compared to the criteria of the values of number of runs (R).

in addition to these two values the coefficient of determination (R2), Root Mean
Square Error (RMSE)for each of the fitted equations were recorded. A lower value of
MRPD and RMSE and higher number of runs (R) and a value closer to 1 for coefficient of

determination (R2)indicated a better fit for the measured data.
5.5.2.2 Results

The fitted equations and their statistical parameters for the measured data on
coefficients of permeability (k) and consolidation (c) for extruded soy and sunflower seed
samples for two sample heights at various pressing conditions are presented in Appendix
Tables D3 to D10. Table 5.22, which is typical of the tables presented in Appendix,
presents the fitted equations to the measured values of the coefficient of permeability (k)
for the shallow extruded soy sample at various pressing conditions along with their
empirical constants and statistical parameters. The MRPD values for the fitted equations
varied in the range from 1.0 to 11.4% while the number of runs varied fiom 3 to 6. These
results cover the typical range of these parameters observed in this study for fitting the k
and c data for extruded soy as weU as d o w e r seed sample.
Among all the fitted equation for the data of k and c, the maximurn value of
MRPD of 15.9% was obtained for the deep sunflower seed sample pressed at an applied
pressure of20 MPa and a pressing temperature of 60°C.Fig. 5.9 presents the variation of
values of c for this pressing conditions while Fig. 5.10 presents the distribution of residuals
for this plot. For same pressing conditions, the minimum MRPD value of 1.W was
observed for shallow extruded soy sample. Fig. 5.6 presented the variation of k values
over time for this pressing condition.
The maximum number of runs,equal to 6, were observed for a shallow extruded
soy sample pressed at an applied pressure of 60 MPa and at a pressing temperature of

60°C.The plot for these pressing conditions is presented in Fig 5.8 while the distribution
of residuals is shown in Fig. 5.11. The smallest number of runs (R) were 3 observed for
several of the pressing conditions. Fig. 5.12 presents one of such pressing conditions. The

Table 5.22 Fitted equations, their empirical constants and statistical parameters for the coefficient of permeability (k) for shallow
(8 mm) extruded soy samples pressed at various applied pressures and pressing temperatures
Applied
Pressing
Fitted
Estimated parameters
Model statistical parameters
pressure temperature
equation
k,
k1
R~
RMSE* MRPD** No. of
w a )

CC)

kl=k,,+k,t2
* RMSE-Root Mean Square Error
* *WD-Mean Relative Percent Deviation
90

(X

9.91x109

3.34x106

0.9999

10-9

~/o)

runs (R)

3.77

11.2

3

Measured
-Fitted
0

0

0
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Fig. 5.9 Variation in coefficient of permeability over time of pressing
for a deep (16 mm) sunflower seed sample pressed at an applied
pressure of 20 MPa and a pressing temperature of 60°C.

Pressing time (s)
F i g 5 10 Residuals for the coefficient of permeability data plotted in
Fig. 5.9 indicating the maximum MRPD value obtained among all
fitted equations for measured k and c data in this study.

Number ofruns = 6 ; MRPD= 5.51%

Pressing time (s)

Fig 5.1 1 Residuals for coefficient of permeability (k) data plotted in
Fig 5.6. Showing a fit with m a x i m possible number of nms (6)
and a modrate MRPD value.

MRPD values for this curve were also relatively high (11.4%), thus making it one of
poorest fit obtained among all the fitted equation for the measured data on k and c values.

Fig. 5.13 presents the residual plot for this curve. The values of coefficient of
determination (R3 were over 0.99 for all the fitted equations and mostly lower values of

RMSE were observed in most of the cases (Table 5.22).
Several figures presented (Fig. 5.6 and Figs. 5.8 to Fig. 5.12) present the extreme
cases of variation of MRPD values and the number of runs. Ideally, an MRPD value of
about 5 to 10% may generally be desired for indicating an excellent fit obtained through
regression analysis. The minimum number of runs should be equal to or greater than 3.5
for this study which had six measured independent observations (Beck and Arnold 1977).
However, as was evident from the presented results (Appendix Tables D3 to D10) that in
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Fig. 5.12 Variation in the coefficient of permeability over time of
pressing for a shallow extruded soy sample pressed at an applied
pressure of 40 MPa and a pressing temperature of 60°C.
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Fig. 5.13 Residuals for the coefficient of permeability data plotted
in F i g 5 12. Showing a fit with high MRPD value and a lower
number of runs.

half of the total fitted equations the MRPD values were less than 6%, for 17% equations
error was between 6 and lo%, for 300/0 of the fitted equations the error was between 10
and 15% and in only one case the MRPD value crossed 15% (15.9??). Over 6P?%of the

Wed equations had number of runs greater than 3.5 while remaining had a value of 3.
These results on regression analysis might appear to be little far fiom the ideal. However,
the fact remains that the equations considered most suitable and selected for use in this
study are not necessarily the possible best ones. The guideline used for selection of these
equations is discussed here.
The best possible fits were obtained using the software (Tablecurve 2D)when no
restriction was put on the number of coefficients in the model. The fitted model had quite
low values of MRPD, higher number of runs and other excellent supportive statistical
attributes. However, the number of coefficients in such models was quite large generally
varying in the range fkom 6 to 10 and the nature of such higher order equations was fairly
complex. Considering the fact that the fitted empirical equations for k as well as c were to
be used W e r in the developed model (Eq. 3.23) proposed to be solved through
numerical integration, selection of such equations would have made the data analysis
extremely complex.
Considering the possible complexities involved, no attempt was made in this study
to fit the exact equation to the material properties data. Hence, the equations in present
study, were selected fiom the list of simple fit equations in which number of coefficients

were restricted to two. Most of these equations were based on transformation of the y axis
values or the logarithmic transformation of x and y data. This method enables nonlinear
equation to be fitted by the linear procedures and some excellent fits were obtained even
with only two coefficients. Such an approach provided an opportunity to fit several
common equations to the measured data and thus enabled in better interpretation of the
trends in variation of material properties. Use of such equations was more likely to
enhance the understanding of correlation between material properties and the oil recovery
prediction equation simulated in this study @q. 3.23). Hence, efforts were made to
provide maximum possible generality to the developed empirical equations for several

varying independent variables through selecting common equations for these varying
dependent variables.
The results obtained indicated that the time dependent variation of coefficient of
permeability Q and coefficient of consolidation for extruded soy and sunflower seed
sample for various pressing conditions could be represented by three different empirical
equations having two empirical constants. These equations for coefficient of permeabiity
were as follows:

Ink = ko + k, h(t)

where:

b,kl=empirical constants for the coefficient of permeability (k).
Fig. 5.6 shows the fitted values obtained using Eq. 5.1 while the Fig. 5.8, 5.9 and
5.12 present the trend of variation fitted using Eq. 5.2. While these forms of fitted

equations have been shown for the time dependent variation of

4 they also represent the

form of fitted equation for the variation of c over time obtained for identical pressing
condition. This is obvious because the values of the coefficient of consolidation (c) were
obtained by dividing the values of k data with certain constant values of m,, for that
pressing condition (Eq. 3-2). The values of statistical parameters including R ~MRPD
,
and

the number of runs (R) were also identical as those obtained for k data while the values of
determined empirid constants and the RMSE were different.
For shallow size extruded soy sample two equations (Eqs. 5.1 and 5.2) were found
to appropriately describe the variation of k and c over time for all the pressing conditions
(Table 5.22). For the deep extruded soy sample equation Eq. 5.3, for shallow and for deep

sue d o w e r seed sample respectively Eq. 5.1 and 5.2 were found to be adequately
describing the variation of k and c for all the pressing conditions. This indicated that while
the sample height of an oilseed mainly determines the trend of variation of k and c
irrespective of pressing conditions, the magnitude of the material properties seems to be
the controlling f'kctor that determines the magnitude of oil recovery that would be
obtained fiom an oilseed under certain pressing conditions.
5.5.3 Evaluation of the developed model

The regression equations developed in preceding section for the time dependent
variation of the coefficients of permeability k(t) and the consolidation c(t) were used for
solution of the mathematical simulation (3.23) for prediction of oil recovery at different
time intervals. The detailed procedure for evaluation of the developed model was
presented earlier (Sections 3.6 and 4.5.1).
The calculated values of B. (Eq. 3.24) and B1 (Eq. 3.25) at various pressing
conditions are summarized in Appendix Tables Dl and D2 respectively for extruded soy

and sunflower seed samples. The increase in applied pressure and pressing temperature
increased the values of B. and B1while an increase in sample height decreased them. This

is obvious from the nature of Eqs. (Eq. 3.24 and 3.25) in which an applied pressure is
directly proportional to the values of Q while an increasing temperature decreased the
values of density of the flowing fluid. The initial sample height (H) determined by the
sample weight, had an inverse relationship with the Q. Hence, theoretically, an increase in
an applied pressure and pressing temperature contributes positively towards increasing the

oil recovery £?om compressed oilseeds while with an increasing sample size a reduction in
the values of Q should be expected.

Some typical results of the model predicted values of oil recoveries and their
comparison with corresponding measured d u e for the two oilseeds is presented in this
section. The results for each of the considered pressing conditions along with their
graphical presentation for extruded soy and sunflower seed samples are respectively
presented in Appendix E (Tables El to Table E9) and Appendix F (Tables F1 to F9). The
discussion on these results has been given in the last subsection.

5.5.3.1 Extruded soy samples
Table 5.23 summarizes the average values of errors (MRPD, %) and the number of
runs (It)between measured and mode1 predicted values of oil recoveries for the extruded

soy samples at various pressing conditions. For extruded soy samples, the MRPD values
varied in the range from 6.2% to 30.9% while the number of runs were between 1 and 4.
The minimum value of 6.2% was observed when a shallow size extruded soy sample was
compressed for the pressing condition of an applied pressure of 60 MPa and a pressing
temperature of 90°C (Fig. 5.14). The maximum value for the Percent Relative Deviation

(PRD)was -12.3% observed to be at the time interval of 1200 s and the minimum value
being 1.3% at a time interval of 240 s (Table 5.24). The number of runs (R) for this m e
were observed to be three which was second maximum when compared with other
obtained fits for the shallow size extruded soy samples for various pressing conditions.
The most favorable values of these two important statistical evaluation parameters
(h4RPD and R) made this prediction to be the best. This was among all the fits for various

pressing conditions considered in the present study for the extruded soy samples. The
maximum number of runs @ = 4) among alI the extruded soy samples were obtained for

another shallow sample pressed at 20 MPa and a pressing temperature of 22OC (Fig. 5.15).
This fit, however, had an MRPD value which was more than double (14.0%) the value
observed for the best fit condition (Table 5.25).
The maximum value of error (MRPD) in prediction of oil recovery among the
extruded soy samples was 30.9%. This also occurred for the shallow sample when pressed
at an applied pressure of 20 MPa and a pressing temperature of 90°C (Fig. 5.16). The
developed model for these pressing conditions was found to under predict for all but the
one value at a time interval of 1200 s which over predicted by about 3.8% (Table 5.26).
The major share (about 85%) o f f s total error was due to highly under predicted values
of oil recoveries at 60 and 120 s time intervals. These values were respectively 98.9 and
58.1% which accounted for 53.3 and 3 1.3% of the total 30.9% error. This indicated that

at later times of pressing (time interval between 720 and 1200 s) the predicted values
approached the measured values and finally at 1200 s an over prediction of 3.8% was
observed. The number of runs (R) for this fit were also quite low having a value of 2

Table 5.23 Average values of error (Mean Relative Percent Deviation, %) and the
number of runs (R) between measured and the model predicted values of oil
recoveries fiorn extruded soy samples at various pressing conditions
Sample
Applied
Pressing
Mean relative
Number of
height
pressure
temperature
percent deviation
I l l n S @)
Shallow (8 mm)

Deep (16 mrn)

(MPa)

("C)

20

22

(%)
14.0

4

Pressing time (s)

Fig. 5-14 Comparison of measured and model predicted values of oil
recoveries for shallow (8 mm) extruded soy sample at an applied
pressure of 60 MPa and a pressing temperature of 90°C, showing
minimum MRPD value fit (for data see Table 5.24).

Table 5.24 Values of measured and model predicted oil recoveries
presented in Fig. 5.14.
Time
Oil recovery (YO)
6)
Measured
Predicted
0
0.00
0.00
60
45.8
50.5
120

240
420
720
1200

56.2
66.8
78.5

58.4
67.7
81.7
85.9

90.6

88.7

99.6

MRPD (%)

RE'D
(%)
0.00
-10.3
3.68
1.3 1
3.94
-5.49
-12.3
6.18
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Fig. 5.15 Comparison of measured and model predicted values of oil
recoveries for shallow (8 mm) extruded soy sample at an applied
pressure of 20 MPa and a pressing tempertature of 22"C, showing
maximum number of runs (for data see Table 5.25).

Table 5.25 The values of measured and model predicted oil recoveries
presented in Fig. 5.15.
Time
Oil recoverv (%IRPD
(s)
Measured
Predicted
(%)
0.00
0.00
0
0.00
-

.

s .
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200
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800
Pressing time (s)

1000
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Fig. 5.16 Comparison of measured and model predicted values of oil
recoveries for shallow (8 mm) extruded soy sample at an applied
pressure of 20 MPa and a pressing temperature of 90°C, showing
maximum MRPD value (for data see Table 5.26).

Table 5.26 The values of measured and model predicted oil recoveries presented
inFig. 5.16
Time
Oil recovery (%)
RPD
(s)
Measured
Predicted
(YO)
0
0.00
0.00
0.00
60
8.73
0.09
98.9
120
12.5
5.23
58.1
240
23.5
18.6
20.9
420
33-9
32.6
3.86
720
45.8
47.6
-3.77
1200
61.6
61.6
0.00
MRPD (%I
30.9

indicating a systematic pattern in distribution of residual.
The variation of the MRPD values for the deep (16 mm) extruded soy samples
varied in a range of 8.95 to 17.7% (Table 5.23). This range was much smaller than that
observed for the shallow samples with values between 6.92 and 30.9%. Fig. 5.17 presents
the results of measured and the model predicted values of oil recoveries for the pressing

conditions at which minimum of error (an MRPD value of 8.95) between model predicted
and the experimental values were obtained. The pressing conditions for this fit were an
applied pressure of 20 MPa and a pressing temperature of 90°C. The number of runs for
this fit were only two as initially model under predicted until 420 s followed by an over
prediction for the last two time intervals of720 and 1200 s (Table 5.27). The maximum
value of PRD was observed at 120 s of pressing with a value of 18% while the minimum
deviation was observed at 1200 s of time interval with a value of -1.6 1%.

Fig. 5.18 presents a typical fit obtained for the deep extruded soy samples. This fit
is for the optimized pressing conditions for uniaxial pressing of these samples at which the

maximum of oil recovery was obtained. The pressing conditions were of an applied
pressure of 40 MPa and at a pressing temperature of 90°C. The MRPD value for this fit
was 16.0% with the a maximum value of 39.9% at 60 s interval (Table 5.28). The model
under predicted the values of oil recoveries up to an interval of 420 s followed by an over
prediction towards the later part of the pressing time. Hence, most of the error in
prediction incurred during initial part of the fit and at later part of pressing values of
measured and model predicted oil recoveries approached the closer values. Thus in most

of the cases the value of number of runs was two, indicating a systematically patterned
distributed residuals.
553.2 Sunflower seed samples

Table 5.29 summarizes the average values of error measured through determining
the MRPD values and the number of runs (R) for shallow and deep sunflower seed
samples pressed at various pressing conditions in present study. The MRPD values for
sunflower seeds were found to be in relatively much higher range (32.1 to 64.5%) than
that obtained for the extruded soy samples (Table 5.23). In addition, the values of number

Pressing time (s)
Fig. 5.17 Comparison of measured and model predicted values of oil
recoveries for deep (16 mm) extruded soy sample at an applied
pressure of 20 MPa and a pressing temperature of 90°C (for data see
Table 5.27).

Table 5.27 The values of measured and model predicted oil recoveries presented
in Fie. 5.17
Time
Oil recovery (%)
WD
(s)
Measured
Predicted
(%)
0
0.00
0.00
0.00
Y

I -Predicted 1

0

200

400

600
800
Pressing time (s)

1000

1200

Fig. 5.18 Comparison of measured and model predicted values of
oil recoveries for deep (16 mm) extruded soy sample at an applied
pressure of 40 MPa and a pressing temperature of 90°C,showing
typical trend (for data see Table 5.28).

Table 5.28 The values of measured and model predicted oil recoveries presented
in Fig. 5.18
Time
Oil recovery (%)
RPD
(s)
0

Measured
0.00

Predicted
0.00

(%)
0.00

420
720
1200

57.9
61.2

55.6
63.6
71.4

3.99
-3-93
-3.38

69.1

MRDP (%)

16.0

Table 5.29 Average values of error (Mean Relative Percent Deviation, %) and
the number of runs (R)between measured and the model predicted values
of oil recoveries fkom sunflower seed samples at various pressing conditions
Sample
Applied
Pressing
Mean relative
Number of
height
pressure temperature
percent deviation
nUB @I
Shallow (8 mm)

Wa)

ec>

(%)

20

22
60
90
22
60
90
22
60
90

32.1
41.3
46.6
48.0
61.3
62.3
56.7
61-0
64.5

40

60

2
1
1
1
1

1
1
1
1

of runs (R) was the lowest possible (1) indicating a maximum possible systematidy
patterned distribution of residuals. Both of these features indicated that fits obtained from
developed model were much inferior for the sudlower seed samples for almost all the
pressing conditions. Results W e r showed a contrast trend in prediction error through
developed model. While model consistently under predicted for the shallow samples, it
was found to over predict for all the deep samples.

The smallest MRPD value of 32.1% for the shallow sunflower seed samples was
obtained for the pressing condition of an applied pressure of 20 MPa and a pressing
temperature of 22°C. Fig. 5.19 illustrates the comparative measured and predi~ted~values
for these pressing conditions. The model was found to highly under predict the oil
recoveries during initial time intervals. The under prediction reduced gradually and finally
at 1200 s time measurement an over prediction of 5.7% was observed. The maximum
contribution to the total mean error of 32A% came &om the error observed at the first
time interval (60 s) with a value of 99.6% followed by 59.8% for the time interval at 120
(Table 5.30). Hence, 82.2% of the total mean error occurred during initial 120 s of
prediction. This trend was typical for the shallow sunflower seed samples.

The maximum error for the shallow sunflower seed sample was of the magnitude
of 64.5% obtained at an applied pressure of 60 MPa and a pressing temperature of 90°C
(Table 5.3 1). Fig. 5.20 shows the comparative measured and the predicted values for these
pressing conditions. Like for the case of minimum error, in this case also, the maximum
error incurred for measurement at initial time interval (60 s) with a value of 99.7% which
was equivalent to 25.8% of the total error. The prediction error decreased with time of
pressing however, even at the end of 1200 s of pressing the error remained as high as
52.4% indicating consistency in prediction error for each of the time interval the PRD

values were calculated.

The values of error for the deep sunflower seed sample was lower then that for the
shallow size samples. The range of this error indicated by the MRPD values varied f?om
23.7 to 39.5% (Table 5.29). However, as in case of shallow sstizples the values of the

number of runs remained to the lowest possible value of 1 for all the pressing conditions
examined in this study.The model was found to over predict oil recoveries consistently
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Fig 5.19 Comparison of measured and model predicted values of oil
recoveries for shallow (8 mm) sunflower seed samples at an applied
pressure of 20 MPa and a pressing temperature of 22"C, showing
minimum MRPD value fit (for data see Table 5.30).

Table 5.30 Values of measured and model predicted oil recoveries presented
in Fie. 5.19.
Time
Oil recovery (%)
RPD
6)
Measured
fredicted
(%)
-

- -

--

-

--

-
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Fig. 5.20 Comparison of measured and model predicted values of oil
recovery for shallow (8 mm) sunflower seed sample at an applied
pressure of 60 MPa and a pressing temperature of 90°C, showing
the maximum MRPD value fit (for data see Table 5.31).

Table 5.3 1 The values of measured and model predicted oil recoveries presented
in Fig. 5.20.
Time
Oil recovery (%)
RPD
0
60

Measured
0.00
31.1

Predicted
0.00
0.09

420
720
1200

75.8
79.5
83.2

35.0
38.2
39.6
MRPD (%I

(s)

(%)

0.00
99.7

53.8
51.9

52.4
64.5

for the deep sunflower seed sample in contrast to consistent under prediction for shallow
sunflower seed samples.
This minimum error observed was an MRPD value of 23.7% observed for the

pressing condition at an applied pressure of 40 MPa and a temperature of 90°C for the
deep sample (16 mm). Fig. 5.21 presents the comparative measured and predicted values
for these pressing conditions. The miilEimumPRD value of -34.7% was observed at
the time interval of 60 s followed by a value of -28.3% at 1200 s time interval (Table
5.32). This indicated that during intermediate time intentals (particularly at 120 and 240 s)
the values of error were in relatively lower. The consistent over prediction by model for all
the time intervals implied that the number of runs were only one which indicated a highly
systematic patterned trend for the residuals.
The maximum error of 39.5% for the deep sunflower seed sample was observed
for the pressing conditions of 40 MPa and a pressing temperature of 22°C. Fig. 5.22
shows the comparative measured and the predicted values for these pressing conditions.
As in earlier cases, the maximum PRD value was observed for the measurement interval of
60 s with an emor of -65.2% which was equivalent to the 27.4% of the total error (Table

5.33). The errors at remaining five time intervals were consistent with the PRD values
remaining in the range of -30.2 to 38.5%. The number of runs remained 1 as observed in
earlier cases.
5.5.3.3 Discussion

The results presented in preceding subsection indicated at an error in prediction
through developed model. The discussion on these results would be benefited if the
sensitivity analysis of the developed model in relation to measured material properties was
presented first.
Sensitivitv analysis of develo~edmodel vis-ii-vis material ~ r o ~ e r t i e s

Three major material properties including coefficients of permeability 0,
consolidation (c) and volume change (m)
appeared in the developed model (Eq.3.23).
This analysis was intended to find how the values of these properties individually and in

Presssing time (s)
Fig. 5.21 Comparison of measured and model predicted values of oil
recoveries for a deep (16 mm) sudower seed sample pressed at an
applied pressure of 40 MPa and a pressing temperature of 90°C, showing
minimum MRPD value curve (for data see Table 5-32).

Table 5.32 The values of measured and model predicted oil recoveries presented
in Fig. 5.2 1.
Time
Oil recovery (%)
RPD
6)
Measured
Predicted
(%)
0
0.00
0.00
0.00
60
38.1
51.4
-34.7

MRPD (%)

23.7

Pressing time (s)
Fig. 5.22 Comparison of measured and model predicted values of oil
recoveries for deep (16 mm) sunflower seed sample at an applied
pressure of 40 MPa and a pressing temperature of 22'C, showing
maximum MRPD value curve (for data see Table 5.33).

Table 5.33 The values of measured and model predicted oil recoveries presented
in Fig. 5.22.
Time
Oil recovery (%)
RPD
(s)
Measured
Predicted
("A)
0.00
0.00
0
0.00

MRPD (Yo)

39.5

combination influenced the predicted values of cumulative oil recovery.
From among the three properties, the values of m,,do not appear in the model but
its effect is reflected in the values of c (Eq.3.2). Hence, for all practical purposes, the
effect of the values of k and the c directly influenced the predicted values of oil recovery
(Q, m3). To find the effect of each of these two properties, some hypothetical changes

were made in their values. For doing this, one of these was kept constant while the other
one was varied. Theoretically, it would not be possible @q. 3.2) to keep c as a constant
while the values of k were varied, however, it was done in this analysis to characterize the
individual effect of these two parameter on the predicted values of Q. In addition, the

combined effect of these two properties was analyzed. From among several analysis
conducted through varying the values of these properties, typical results are presented
here.

Initially, the measured values of k were increased by 10% of their original values.

This automatically increased the values of c (Eq. 3.2) and the increased values of these
properties were subjected to regression analysis. The fitted empirical constants were
substituted in the developed mathematical model (Eq.3.23). The percent change (positive

or negative) obtained based on predicted values of Q from original data and that from
10% increased data indicated the combined effect of 10% increase in values of k and c.

For finding the effect of variation in k, the measured k values were increased by 10%
keeping the c values as constant. The new empirical constants for k

(k.and k1) were

substituted in the developed model while retaining the original value of estimated constant
for c (c,and cl). Liewise the e f f i of change in the individual values of c was determined

by keeping the values of k as constant.
Fig. 5.23 presents the trends of change in the values of oil recoveries due to
increase in the individual values of k and c as well as combindly for both (k and c
together) for the fitted Eq. 5.1. For an increased 10% value of k, the predicted values of Q

increased almost constantly by 10% for all the time intervals. This trend was consistent
for all the three regression equations fitted to the material property in this study (Eqs. 5.1
to 5.3). Hence, increasing k showed a positive and directly proportional increase in the
predicted values of Q.

In contrast to a positive effect observed for increasing 15 the

increase in the

values of c and wmbindly for k and c showed a consistently decreasing trend in the
predicted values of oil recovery (Fig. 5.23). The magnitude of such decrease was much

higher for individual effect of c than that observed for combined effect of k and c. These
trends were consistent for all the three fitted equations (Eq. 5.1 to 5.3). Generally, it
seemed that the combined effect of k and c on the changed values of oil recoveries was in

between the two values of decrease for k and c. This was likely due to some compensating
effect of the contrast effect observed for individual increase of k and c. The magnitude as
we1 as the rate of decrease for such predicted values of Q varied depending up on the

nature of fitted equation as well as within individual equations (based on the observation
during several such analysis). Generally, for Eqs. 5.1 and 5.3 the decrease in the predicted
Q values decreased over time while for the Eq.5.2 the decrease in predicted values was

nearly constant.
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Fig 5.23 EBkct of 10% increase m the dvalues of
coefficients of permeability 0,consolidation (c) and both on model
predicted values of oil recoveries while using Mted Eq. 5.1.
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From this analysis, it could be inferred that the values of material property c

f l i e d the predicted values of Q the most. This could fbrther be obvious fiom the nature
of the developed model (Eq. 3.23) in which any change in the value of c is to the power
based on the exponential. Hence, its effect is proportionately higher compared to the that
of the values of k Since the power of c to the exponential is negative, increased value of c
would obviously decrease the predicted value of Q. From the oil recovery point of view,
when an oilseed is compressed under uniaxial compression the most important property
which seems to be controlling the rate of oil recovery is, therefore, the consolidation
coefficient of that oilseed. However, since the value of c is not independent and is basically
related to the values of k and m, through Eq. 3.2, these material properties (k and

m)

automatically assume an equal importance. Hence, while an increasing individual value of
k would proportionately increase the value of oil recovery, it would have an adverse effect

on oil recovery due to its presence in the material property c, which is negative to the base
of exponential. The factors which seems to be controlling and optimizing the values of k

and c during the processes of uniaxial compression is the coefficient of volume change
(I@. Tactically, a higher value of k as well as m,,would help keeping a lower value of c

and thereby higher oil recovery fiom a compressed oilseed may be obtained. These
properties, as indicated from the results presented earlier (section 5-52), are significantly
influenced by the applied pressure, pressing temperature and the sample height besides the
time of pressing. Hence, to achieve an optimized condition of pressing so as to maximize
the oil recovery during uniaxial pressing of oilseeds would require much intensive

knowledge and clearer understanding of these materid properties and their relationship to
various pressing variables. This study was a small initial step towards that direction.
Analysis of errors in model ~redictedvalues

Analysis of errors observed in measured and model predicted value appeared to
have several trends. While the nature of error for the extruded soy was reasonably random
and the magnitudes of error appeared justifiable, the errors observed in the case of
sunflower seed samples was a cause of concern. By and large, in order of magnitude the
trends of errors could be summarized as follows:

1.

total under prediction of the oil recovery values by the developed model, as
observed for shallow (8 mm) sunflower seed sample for nearly all the pressing
conditions;

2.

total over prediction in almost all deep (16 mm) sunflower seed sample;

3.

High under prediction for initial 120 s of pressing time as observed for most of
the extruded soy samples when compressed at 40 and 60 MPa.
The consistent under prediction with extremely high magnitude of error (MRPD

values of over 60%) for shallow sunflower seed indicated at the fact that the value of the
consolidation coefficient (c) was much higher than what it should actually be. Since, the
value of c was not directly measured but was obtained through calculation using Eq.3.2,

the error in this term indicates at high measured value of k or the lower measured values
of m, Hence, with a view to find the cause of error, the data of these two measured
properties was reviewed and analyzed.
The error seemed to be in measurement of the oil flow values during the initial 60 s
of the measurement of coefficient of permeability experiments. As also o b s d while
presenting the comparison of k values of extmded soy and sunflower seed (see section
5.5.1.2 and Fig. 5.7), the values of k were exceptionally higher for the initial 60 s. When

the initial value of oil flow (at 60 s time interval) were reduced in steps, the extent of error
and under prediction reduced considerably. For example, when the flow rate for the initial
time interval (60 s) was reduced to one-third of its originally measured value for the
shallow sample pressed at 40 MPa and a pressing temperature of 60°C, the MRPD value
reduced &om 6 1.3% to 14.6% and the R value increased &om 1to 2, indicating at an over
prediction at the final time interval of 1200 s.
It seems due to the presence of hulls, the initial void ratio of the sample were too
high which enabled very high flow rate for the initial part of the measurement when oil at

high hydraulic heads (20 to 60 MPa) were applied. After several initial fiaction of seconds
(5 to 10 s), the sample had been compressed enough to have been formed to offer its

original resistance to flow and therefore consistent values of flow were obsenred.

Secondly, the values of coefficient of volume change (m,,)were determined based
on a time internal of 3600 s instead of longer times followed in the standard methodology
of soil mechanics. Hence, the values of m, which increases with time was little under
calculated through the procedure followed in this study. If this value was increased by
about 200/0, the value of c would decrease proportionate1y and thereby the consistent
under prediction would be reduced considerably. However, while theoretically this looks
logical, it does not seem to be applicable since in remaining cases inciuding that of
extruded soy samples such measwed values of m,were found to be reasonably applicable.
The over prediction in case of the deep M o w e r seed sample indicated at lower
value of c than expected. To increase this value, either k should be increased or m, should
be reduced. Accordingly, when k values were increased by about 20%, for the pressing
condition of 40 MPa and a pressing temperature of 22"C, the error reduced siBnificzultIy
from an MRPD value of 39.5% to 14.4%. While, this indicated at under measurement of k
values at the initial time interval, it is contrary to the interpretation of occurring error for
shallow d o w e r seed samples and does not seem to apply.
The analysis of results for d o w e r seed thus indicated that this seed was in
violation of some of the assumptions met by the extruded soy sample which yielded
relatively better fit using the same simulatio~The major possibility is the fkct that
Sunnower seed is highly non-homogeneous material due to the presence of hulls which
contribute over 25% of its total weight. The hulls must be having different consolidation
characteristics than that of the inner soft seed. Hence, perhaps incorporation of two values
of c, one each for hull and other for its kernel might help in reducing the inconsistency of
the results. Secondly, the seed contained over 43% oil, which might be oozing out during

measurement of permeabiity experiments and would be leading to errors in the oil flow
quantities measured at different time intervals. These enors significantly influence the
values of measured k and thereby the values of c. Hence, compression characteristics of
the d o w e r seeds appear to be more complex than that of homogeneous extruded soy
samples and warranted further investigation.

The under prediction of the oil recoveries during initial pressing time intervals
indicated that the values of k as well as c were too high for this time interval. The error of

little over measurement of flow during initid several fractions of time appears to be
causing this. This error is quite possible considering the fact that a manually operated
pump was used for application of high values of hydraulic head. This pump took several
seconds to reach the applied pressure initially and thus more oil flew in the mean time. An
automatic constant pressure application is likely to reduce such measurement errors.
The errors other than those discussed in preceding paragraphs were mostly random

in nature as indicated by the MRPD values and the number of runs (Tables 5.26 and 5.32).
At first instance, these might generally appear to be on higher side than are generally
expected or desired for a developed model. The range of acceptable error in prediction
through developed simulation, however, should vary with the nature of the involved
measurements in experiments, kind of mathematical model developed (empirical or
theoretical) and most importantly, the method adopted for solution of the developed
model,

The predicted values, in this study were obtained fiom the measured values of
material properties. When experimentally measured values are used for solution of the
theoretically developed model, ideal fits are seldom achieved, more so,when dealing with
the biological materials. The earlier studies on simulation of the mechanical oil expression
under uniaxial compression (Sivala et al. 1991a, Singh and Singh 1991, Mrema and
McNulty 1985) had adopted approach of estimating the model parameters suitable to the

experimentally measured values of Q data followed by their use in theoretically developed
model. The model predicted values in this study were truly predicted as no measured
values of Q were used in their solution.

In addition to the above factors contributing to the errors, the fact remains that the
theory of consolidation originally developed for the soils was adopted for the simulation
for the uniaxial compression of oilseeds. Several of the assumptions based on which this
theory was developed were observed to be f a fiom being satisfied (see sections 3.2, 3.3.
5.1.1.5). Considering these factors the errors observed for the extruded soy samples

should be acceptable while the causes of systematically patterned error for sunflower seed

may be attributed to over measurement of oil flow during experiments on measurement of
the coefficients of permeability as well as to the presence of non homogeneity in the

compressed material. It is however, interesting to note that the values of permeability were
measured for nearly saturated conditions while their they are being applied for simulation
of a process in which the degree of saturation was in the range of 50% (for extruded soy
sample).
5.5.3.4 Effect of varying material properties in mathematid simulation

One of the objectives of this study was to

test the hypothesis that the material

properties including the coefficients of permeability (k), and consolidation (c) vaty with
time and their incorporation in the mathematical simulation would improve the prediction

accuracy of the developed model. While results presented earlier established the significant
time effect on these material properties (see section 5.5.1) the effect of incorporation of
these properties in the developed mathematical simulation is presented in this section.

In the mathematical simulations developed so far (Sivala et al. 1991% Singh and
Singh 1991, Mrema and McNulty 1985) for the uniaxial compression of oilseecis, the

constant mean values of the material properties including the coefficient of permeability

0 and consolidation (c) were used.

Such values obtained through estimation approach

were considered to be the mean of the values determined at the initial and the finaI time
intervals. To identify the effect of incorporating the time dependent variation of these
properties, the prediction results obtained fiom two approach were compared for several
pressing conditions for both of the considered oilseeds in this study. For this purpose, the
measured k and the c values at the time intervals of 60 and 1200 s were averaged and
were substituted in the developed model. The predicted values obtained from the two
models were compared.
Figs. 5.24 and 5.25 present the typical comparison of the measured and model
predicted values obtained from the approach of constant mean values of k and c. For the
oilseeds and pressing conditions, these figures (Figs. 5.24 and 5.25) respectively
correspond to the earlier presented results in Figs. 5.15 and Fig. 5.2 1 using the approach
of time varying material properties for prediction of oil recovery values.

The extent of error for the extruded soy sample was quite high (MRPD>1000%)
with the predicted values being 2 to 43 time for the time intervals between 120 and 1200 s

Pressing time (s)
Fig. 5.24 Comparison of measured and model predicted values
using constant values of coefficients of permeability and
consolidation for deep (16 mrn) sudower seed sample pressed
at an applied pressure of 20 MPa and a pressing temperature of
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Fig. 5.25 Comparison of measured and predicted values using
constant values of coefficients of permeability and the
consolidation for deep (16 mm) s d o w e r seed sample
pressed at an applied pressure of 40 MPa and a pressing
temperature of 90°C.

(Fig. 5.24). For the initial time interval of 60 s the model over predicted over thousand
times and therefore the MRPD value was in thousands.

In contrast to the results for the extruded soy sample, the error were much
reasonable for the sunflower seed samples (MWD 27.5%)).For the time intend of 60 s
the error was even lower (24.5%) than the values obtained fiom the model predicted
values (34.7%) obtained through incorporating the time dependent material properties
(Fig. 5.21).
The nature of the predicted value curves obtained using constant (Fig. 5.24 and
5.25) as well as varying material properties (Figs. 5.15 to 5.22) indicated at one common

theory i.e. the flow of expressed oil under uniaxial compression is high for the initial time
of pressing followed by decrease in flow until it completely ceases. The two approaches,
however, differed when the rate of change of expressed oil over time of pressing were

compared. In the theory of using constant values of material properties (Figs. 5.24 and
5.25) the rate of change in flow of expressed oil was abrupt fiom very high flow to almost

zero flow after initial time (60-240 s) of pressing. In contrast to this, the rate of flow of
expressed oil was gradual and quite smooth when the varying material properties were
used. Comparison with the measured values of expressed oil indicated that the latter
approach was more close to the actual and therefore lower values of error were observed.
The two Figs. 5.24 and 5.25 also indicate at the inconsistency in the prediction
when the approach of approximation through mean values was used following which some
serious prediction error may be expected. Hence, the use of time varying material
properties which produced consistent and more accurate prediction of oil recovery for
longer time of pressing would certainly be advantageous and is therefore recommended.
5.5.3.5 Salient features of the developed model

The mathematical simulation developed in this study takes in to account the time
dependent variation of some of the material properties including the coefficient of
permeability Q and the coefficient of consolidation (c) which were so fkconsidered as

constant in earlier developed models. Secondly, in contrast to all earlier studies which
solved the developed models using the approach of estimating parameters, the model in

this study was solved by measuring the necessary material properties which were not
determined so far. Hence, the model presented here is quite transparent as it directly
relates the material properties with the predicted values of oil recovery over time of
pressing instead of group of material properties or some dimensionless numbers. Thirdly,
the developed model reasonably comprehensive as it successllly accommodated the
variation of some of the important independent variables including the low and high oil
content oilseeds, varying applied constant pressures, pressing temperatures and the sample
height. No earlier developed model was tested for so many varying pressing conditions.

The magnitude of errors was high but could be justified considering the variation among
the used oilseeds and the nature of the involved measurements and the adopted solution
technique.
The results of this simulation indicated that the theory of consolidation basically
developed for soils provided appropriate analogy for oilseed expression under uniaxial
compression. The theory was adopted and the experiments were conducted to meet the

basic assumptions of the theory. For example, the initial height of the sample was the
height at which it was believed that over 80-90% of the air had escaped through the
medium if not the total air. This helped in increasing the degree of saturation of oilseed
sample which was otheMlise quite low. The permeability was measured at segmented
intervals of time instead of cumulative permeability which was leading to inappropriate
results. Such modification provided more accurate and realistic simulation of the
mechanism of the involved physical process.

5.6

Contribution of Research
The study has contributed to the advancement of knowledge in the area of

mechanical pressing of oilseeds in general and for soybean and sunflower seeds in

particular. For the first time it has been established that using mechanical pressing over
90% of oil could be recovered from soybean. Recent advances made in the extrusion

cooking of soybean seems to be contributing significantly in this direction.

While the significance of material properties of oilseeds including coefficients of
permeability, volume change and consolidation has been discussed in the past, no effort

was so fa made to develop the experirnentai set up and measurement technique for
determination of these properties. In this study, these properties were determined
successfirlly at most of the pressing conditions that are likely to encounter in mechanical
pressing of oilseecis. These included several applied pressures, pressing temperatures and
sample heights. In addition, two oilseeds with widest possible range of oil content (1845%) among common vegetable oilseeds were included. Hence, it is likely that the results

obtained in these study would be applicable to other oilseeds as well.

The developed theoretical model successlily incorporated the time dependent
variation of determined oilseed material properties for most of the varying pressing
conditions with reasonable error. Extensive research data were obtained for these material
properties and was used for solution of the developed model. Never before a theoretically
developed mathematical model for uniaxial compression of oilseeds was solved using the

measured material properties. In addition, a distinct relationship between the oil recoveries
obtained fiom the compressed oilseed during mechanical pressing and their material
properties for various pressing conditions was established. It was demonstrated that
incorporation of time dependent material properties in the mathematical simulation
improves the oil recovery prediction.
Mechanical removal of over 90% oil fiom soybean would help in production of
protein-rich defatted soy flour at low cost for malnutrient population of the developing
countries. In addition, it would help eliminating use of pollution and fire hazardous
chemical solvents. The knowledge advanced in understanding of the mechanism of

mechanical oil expression is likely to be useM for the designers and researchers to better
evaluate the process and equipment.

CHAPTER 6

SUMMARY AND CONCLUSIONS
The major objectives of this study were to maximize the oil recovery fiom soybean
using mechanical oil expression technique and to develop a mathematical model for

uniaxial compression of oilseeds incorporating time dependent variation of some important
material properties including the coefficients of permeability and consolidation. In
addition, it was proposed to develop techniques and experimental setup for measurement
of these properties at various pressing conditions and use them for validation of the
developed model.
Two relatively new pretreatments including enzymatic hydrolysis and extrusion
cooking of soybean were considered. Since, the extruded soy samples yielded
exceptionally high oil recovery (over 90%), the study focused on mechanical pressing of
extruded soybean samples processed fkom three kinds of extruders and processing
conditions. For validation of the developed mathematical model, in addition to extruded

soy samples, sunflower seed samples were included. Other variables considered included
three pressing temperatures (22, 60 and 90°C), three applied pressures (20, 40 and 60

MPa) and two sample heights (8 and 16 mm). The summary of results obtained &om this
research work and the conclusions drawn are as follows:
1.

The enzymatic hydrolysis to different forms of preconditioned soybeans (soygrits,
soyflake and extruded soy) indicated that fkom among 14 different enzymes used, only

two enzymes namely Driselase and bacterial protease were found to have a positive
effect when extracted mechanically. Using these enzymes a maximum increments of

about 13.5% for soyflakes and 10.5% for the soygrits could be obtained in their oil
recoveries. While the enzymatic hydrolysis of soybean exhibited the potential for
improving the oil recovery fiom mechanical pressing of preconditioned soybeans, the
extent of increase was not enough to justify the use of expensive and limited in

production enzymes to enhance the oil extraction from soybean using mechanical
method.
2. Extrusion as a pretreatment to soybean was found to sigdcantly enhance the oil

recovery during mechanical oil expression Among three extruded soy samples
evaluated, the Honeymead extruded soy samples yielded a maximum oil recovery of
90.6% after 1200 s of uniaxial pressing while for raw sunflower seed samples, a

The common pressing conditions
optimized for these maximum oil recoveries from two oilseeds were, the shallow
sample height (8 mm), an applied pressure of 40 MPa, and a pressing temperature of
maximum of 86.4% of oil recovery was obtained.

90°C.This indicated that small sample size, moderate pressures and high temperatures
create the optimum pressing condition for mechanical pressing of oilseeds irrespective
of their oil contents.
3. Among the considered variables, the sample height, applied pressure, pressing

temperature and the interactions among these variables were found to signiticantly
influence the oil recovery from extruded soy as well as sunflower seed samples. The
increase in pressing temperature increased the oil recovery while an increase in sample
height decreased it. The effect of applied pressure showed an increase in oil recovery
up to an applied pressure of 40 MPa followed by a decrease or an equilibrium in oil
recovery values beyond that. The extruding equipment and processing conditions used
for preparation of extruded soy samples were also found to significantly influence oil
recovery during mechanical oil expression.
4. The comparison of the values of coefficients of permeability for the extruded soy and

the sunflower seed samples indicated that the sunflower seed samples had significantly
higher values of coefficient of permeability for initial time intervals of 60 and 120 s than
those obtained for extruded soy samples for the same time intervals. The decrease in
the values of permeability for d o w e r seed samples between the time intervals of 60
and 120 s was abrupt and high compared to the extruded soy sample which had a small
and smooth decrease.
5. The values of the coefficient of permeability Q decreased significantly (Pc0.05) with

increasing time of pressing. An increase in pressing temperature increased the values of

coefficient of permeability while an increasing applied pressure decreased it. For deep
samples, higher values of permeability were obtained. These effects were mostly
significant (P<0.05) and consistent for extruded soy as well as for d o w e r seed
samples.
6. The values of the coefficient of volume change (m)
were found to be two to four times

higher for d o w e r seed samples than that obtained for the extruded soy samples.

Increasing pressing temperature increased the values of the coefficient of volume
change while an increase in the applied pressure and the sample height decreased them.
7. Changes in values of the coefficients of consolidation (c) as influenced by the pressing

time, applied pressure and sample height corresponded to the changes in the values of
the coefficient of permeability. However, in contrast to a positive effect of increasing
pressing temperature on the values of coefficient of permeability, the values of the
coefficient of consolidation decreased with increasiag pressing temperature for the
extruded soy samples and an inconsistent temperature effect was observed for the
d o w e r seed samples.
8. Measured values of the coefficient of permeability Q and the coefficients of

consolidation (c) for the extruded soy and sunflower seed samples were found to be in
close agreement with the corresponding estimated values available in literature for the
canola oil seed cake.
9. For various pressing conditions, the variation in the values of the coefficients of

permeability Q and the consolidation (c) with respect to time could be expressed
through simple linearized logarithmic and inverse fitted equations having two estimated
coefficients. Mostly, for each sample height, one common equation was found to fit the
time dependent variation of these material properties. These results indicated that the
trends of the oil recovery can be classified based on the initial sample height.
10.The results obtained indicated that several of the basic assumptions of the Terzaghi's

theory of consolidation were violated during oil expression under uniaxial compression.
These included the significant decrease in the values of material properties including the
coefficients of permeability (k) and the consolidation (c) over time of pressing. Such
decrease indicated that despite addition of external oil during measurement of

permeability experiments, the medium was not l l l y saturated. Secondly, on an average
3 to 10D? deformation in the solid particles for both the considered oilseeds were

measured. Hence, the assumption that the solid particles remain undeformed during
compression was not met. Thirdly, the values of sample height and thereby the medium
volume decreased significantly over time of pressing hence the assumption of small
strains was violated. F o d y , the presence of hulls in the d o w e r seed samples was

understood to lead to some high magnitude of error in developed simulation The
assumption of two-phase system containing solid and liquid phase seemed to have been
satisfied to a large extent through following the modified approach of measuring initial
sample height.
11.For the extruded soy samples, the range of errors (iidicated through an Mean Relative

Percent Deviation, %) between the measured and model predicted values of oil
recoveries was between 6.2 to 30.9?% and number of runs (R) were between 1 and 4.
These errors were justified considering that model was solved using measured values of
the material properties on the contrary to the so far followed method of estimating the
parameters. For sunflower seed samples the this range was between 32.1 and 64.5%
and the number of runs (R) were between 1 and 2. The high magnitude and
systematically patterned error for sunflower seed were attributed to the nonhomogeneity of the sunflower seed due to presence of the hulls as well as some over
measurement of the values of the coefficient of permeability for this oilseed during
initial time of measurements.

l2.The sensitivity analysis of the material properties in the developed mathematical
simulation indicated that the magnitude of oil recovery was influenced the most by the
values of the coefficient of consolidation (c) which was inversely related to the values
of oil recovery. Contrary to this, the values of oil recoveries were directly proportional
to the individual effect of the coefficient of pemeabiity Q. However, the direct
proportionality of the coefficient of consolidation with the coefficient of pemeability

makes the phenomena complex. The combined eff'ect of the two factors had an inverse
relationship with the predicted values of oil recovery. The coefficient of volume change

(m) contributed in the values of oil recovery through its presence in the equation used

for calculation of the property of coefficient of consolidation. It was observed that

since these material properties are si@cantly innuenced by the pressing conditions, an
optimum value of these need to be obtained in order to maximize the oil recovery for

which fixther research efforts seem necessary.

13.The effect of incorporating the time dependent material properties in the developed
mathematical simulation rather than following the conventional approach of using the

constant mean values of the material properties was analyzed. It was demonstrated that

much more accurate and consistent prediction in magnitude as well as in the trends of
the oil recovery would be obtained following the approach of using varying material
properties.
14.The developed mathematical simulation which incorporated the variation of material

properties, predicted the values of oil recoveries with reasonable accuracy for various
pressing conditions and for several oilseeds having highly contrast chemical
composition. It was solved using measured material properties, which were not
determined for oilseeds before, rather than adopting the conventional convenient
approach of estimating the parameters for its validation. The study also demonstrated
the comprehensive applicability of the Terzaghi's theory of consolidation for soils.
Despite violation of several assumptions, the theory with minor modifications in
experimental technique, provided a good analogy for prediction of oii recovery under

uniaxial pressing of oilseeds for several considered variables. Such a system might be
considered to be beyond its originally intended application.

CHAPTER 7
SUGGESTIONS FOR FUTURE WORK
Based on the findings of the this study, following suggestions are made for future
research in the mechanical expression of oil fiom oilseeds:
1. A similar study is required on pressing of extruded soy samples as soon as they exit

&om the extruder in the hot semi-fluid state. This would help establishing, in how much
short time, such a high oil recovery (over 90%) could be attained at various pressing
conditions. This should follow experiments on screw pressing on optimized pressing

conditions and oil recoveries should be monitored.
2. There is a need to standardize the measurement techniques for the material properties

of oilseeds including the coefficient of permeability, volume change and the
consolidation. This should be done based on the methodology practiced for
measurement of these properties for soils. Such an approach is likely to improve the
simulation of mechanical pressing of oil expression adopting the Terzaghi's theory of
consolidation However, for practical applicability of developed techniques,
modifications might be necessary.
3. With basic methodology now developed, data should be obtained for various oilseeds

on these material properties and it should be correlated to their respective oil recoveries
obtained for various pressing conditions. Such an approach is likely to help develop a
better correlation between these material properties and the oil recovery characteristics.
4. While dealing with the materials of non-homogeneous nature, such as the sunflower

seed used in present study, it may be appropriate to determine the material properties
separately for the major non homogeneous constituents and then incorporate them in
the simulation.
5. Koemendy's (1974) pressing theory and expression theories proposed by (Shirato
1970;1979) may be explored for development of mathematical model for oilseeds.
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Average oil recovery over time 6om deep (16 mm) Super Soy
extruded soy sample for various applied pressures and pressing
temperatures
Average oil recovery over time &omshallow (8 mm) sunflower seed
sample for various applied pressures and pressing temperatures
Average oil recovery over time &om deep (16 mrn) d o w e r
seed extruded soy sample for various applied pressures and
pressing temperatures

Page

Table Al. 1 Average oil recovery over time from shallow (8 mm) Honeymead extruded soy sample for various applied pressures
and pressing temperatures
Oil Recoverv. (%)
Time (s)
Pressure 20 p a )
Pressure 40 (MPa)
Pressure 60 (MPa)
60
120
240
420
720
1200

22°C
0.00
0.84
4.25
9.62
13.0
17.8

60°C
0.14
6.58
20.5

90°C
8.73
12.5
23.5

29.9

33.9

42.0
55.6

45.8
61.6

22OC
14.2
26.6
36.5
41.7
51.9
55.4

60°C
23.9
35.6
45.8
53.5
64.6
66.5

90°C
5 1.8
61.6
69.6
83.6
88.7
90.6

22°C
20.6
37.8
47.2
58.0
66.2
67.3

60°C
33.2
42.4
56.1
69.2

'

74.7
76.7

90°C
45.8
58.4
67.7
81.7
85.9
88.7

Table A1.2 Average oil recovery over time from deep (1 6 mm) Honeymead extruded soy sample for various applied pressures

and Dressing- temDeratures
Time (s)

Pressure 20 @Pa)

Oil Recoverv. (%)
Pressure 40 (MPa)

Pressure 60 p a )

Table A2.1 Average oil recovery over time from shallow (8 mm) Quincy extruded soy sample for various applied pressures
end pressing temperatures
Oil Recoverv* (%)
'
Time (s)
Pressure 20 iMPa)
Pressure 40 m a )
Pressure 60 M a \

Table A2.2 Average oil recovery over time from deep (16 mm) Quincy extruded soy sample for various applied pressures
and pressing temperatures
Oil Recoverv (%)
Time (s)
Pressure 20 @4Pa)
Pressure 40 (MPa)
Pressure 60 (MPa)
F

Table A3.1 Average oil recovery over time from shallow (8 mm) Super Soy extruded soy sample for various applied pressures
and pressing temperatures
Oil Recoverv (%\
.
Time (s)
Pressure 20 &Pa)
Pressure 40 (MPa)
Pressure 60 &Pa)
.

.

-

- - - . --

-

Table A3.2 Average oil recovery over time from deep (16 mm) Super Soy extruded soy sample for various applied pressures
and press in^ temperatures
Oil Recoverv f%\'
Time (s)
Pressure 20 (MPa)
Pressure 40 (MPa)
Pressure 60 (MPa)
a

,

Table A4.1 Average oil recovery over time fiom shallow (8 mm) sunflower seed sample for various applied pressures and
pressing temperatures
Oil recoverv (%I
Time
Pressure 20 (MPa)
Pressure 40 (ma)
Pressure 60 @Pa)
(s)
22°C
60°C
90°C
22°C
60°C
90°C
22°C ' 60°C
90°C

Table A4.2 Average oil recovery over time fiom deep (16 mm) sunflower seed sample for various applied pressures and
pressing temperatures

Time
(s)

Pressure 20 (MPa)
22°C
60°C
90°C

Oil recovery (%)
Pressure 40 ( W a )
22OC

60°C

90°C

Pressure 60 (MPa)
22OC
60°C
90°C
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Table
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Values of constant hydraulic head (AH) applied across the sample

during measurement of coefficientof permeability (k) for extruded
soy and sunflower seed samples for various pressing wnditions
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Table B 1Values of constant hydraulic head (AH) applied across the sample
during measurement of coefficient of permeability (k) for extruded
soy and sunflower seed sample for various pressing conditions

Applied

Pressing

Pressure

temperature

@Pa)

CC)

Pressure head across the sample

Extruded soy

(m)

Sunflower seed

(m)

APPENDIX-C
Table

C1

Title

Analysis of variance and time effects of main factors and their interactions
on oil recovery,(OR) measurements for three extruded soy samples

C2

255

Analysis of variance and time effects of main factors and their interactions on coefficient of consolidation (c) of extruded soy samples

C12

254

Analysis of variance and time effects of main factors and their interaction
on sample height, H(t), during uniaxial pressing of extruded soy samples

Cl1

253

Comparison of means of sample height, H(t), at different time
intervals during uniaxial pressing of the sunflower seed samples

C10

253

Average values of sample height, H(t), during pressing of deep
(16 rnm) sudower seed sample for various pressures and temperatures

C9

252

Average values of sample height, H(t), during pressing of shallow (8 mm)
sunflower seed sample for various pressures and temperatures

C8.2

25 1

Analysis of variance and time effects of main factors and their interactions

on sample height, H(t), during uniaxial pressing of extruded soy samples
C8.1

250

Comparison of means of sample height, H(t), at different time
intervals during uniaxial pressing of the extruded soy samples

C7

250

Average values of sample height (Ht) during pressing of deep (16 mm)
extruded soy sample for various pressures and pressing temperatures

C6

249

Average values of sample height @&) during pressing of shallow (8 mm)
extruded soy sample for various pressures and pressing temperatures

C5.2

248

Analysis of variance and time effects of main factors on the
coefficient of permeability (k) of d o w e r seed samples

CS.I

247

Analysis of variance and time effects of main factors on the
coefficient of pexmeability Q of extruded soy samples

C4

246

Analysis of variance and time effects of main factors and their interactions
on oil recovery (OR) measurements for sunflower seed samples

C3

Page

256

Analysis of variance and time effects of main factors and their interactions on coefficient of consolidation (c) of sunflower seed samples
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Table C5.1 Average values of the sample height, H(t), during pressing of shallow (8 mm) extruded soy sample at various
applied pressures and pressing temperatures
Sample height H(t) (x1 u3m)
Time
Pressure 20 (MPa)
Pressure 40 ( m a )
Pressure 60 (MPa)

Table C5.2 Average values of the sample height, H(t), during pressing of deep (16 mm) extruded soy sample at various
applied pressures and pressing temperatures
Sample height H,(x 1O" m)
Time
Pressure 20 (MPa)
Pressure 40 (MPa)
Pressure 60 (MPa)
90°C
22°C
60°C
60°C
90°C
22°C
22°C
60°C
90°C
(s)
0

16.1

15.8

15.7

15.1

15.0

14.8

14.4

14.3

14.3

Table C7 Analysis of variance and time effects of main factors and their interactions on sample height, H(t), during uniaxial pressing
of extruded soy samples
P-values* for changing sample height during pressing at 8 time intervals (Hoto H7) Test of no time
DF
Source
0s
60 s
120 s
240 s
420 s
720 s
1200 s
3600 s effect hypothesis
Ho
Hi
H
2
H3
Ho
H5
'H6
H
7
P-values
Replication (R)
Sample height (H)
Temperature (T)

g

t
4

Pressure (P)
TxP
HXP

HXT
HXTXP
Model (P-0.0001)
Error
Total
*P-value of <O.Ol and x0.05 respectively indicate a significant time effect at 1% and 5% significance level

Table C8.1 Average values of the sample height, H(t), during pressing of shallow (8 mm) sunflower seed sample for various
applied pressures and pressing temperatures
Sample hei~htH(t) (xlo-' m)
Time
Pressure 20 M a )
Pressure 40 (MPa)
Pressure 60 ma)

Table C8.2 Average values of the sample height, H(t), during pressing of deep (16 mrn) sunflower seed samples for various

and messing temPeratures
a ~ ~ l i ePressures
d

Sample height H(t) (x1u3m)
Time

Pressure 20 M a )

Pressure 40 &¶Pa)

Pressure 60 Wa)
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Table
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Title

Values of BOand Bl (as defined in Eqs. 3.24 and 3 -25 ) for various
pressing conditions for extruded soy samples

D2

259

Values ofBo and B1 (as defined in Eqs.3.24 and 3.25 ) for various
pressing conditions for sunflower seed samples

D3

Page

260

Fitted equations, their empirical constants, and statistical parameters
for coefficient of permeability (k) for shallow (8 mm) extruded soy
samples for various pressing temperatures and applied pressures

D4

Fitted equations, their empirical constants, and statistid parameters
for coefficient of consolidation (c) for shallow (8 mm) extruded soy
samples for various pressing temperatures and applied pressures

D5

Fitted equations, their empirical constants, and statistical parameters
for coefficient of permeability (k) for deep (16 mm) extruded soy
samples for various pressing temperatures and applied pressures

I36

Fitted equations, their empirical corkants, and statistical parameters

for coefficient of consolidation (c) for deep (16 mm) extruded soy
samples for various pressing temperatures and applied pressures

D7

Fitted equations, their empirical constants, and statistical parameters
for coefficient of penneability (k) for shallow (8 mm) sunflower seed
samples for various pressing temperatures and applied pressures

D8

265

Fitted equations, their empirical constants, and statistical parameters
for coefficient of consolidation (c) for shallow (8 mm) sunflower seed
samples for various pressing temperatures and applied pressures

D9

Fitted equations, their empirical constants, and statistical parameters

for coefficientof permeability Q for deep (16 mm) sunflower seed
samples for various pressing temperatures and applied pressures
D 10

Fitted equations, their empirical constants, and statistical parameters
for coefficient of consolidation (c) for deep (16 mm) sunflower seed
samples for various pressing temperatures and applied pressures

266

Table D 1 Values ofB, and BI (as defined in Eqs. 3.24 and 3-25)for various pressing
conditions for extruded soy sample
Sample
Applied
Pressing
Values of
Pressure
height
temperature
B0
Bt

(m2)

20

("C)
22

523
534

40

60
90
22

(MPa)

Shallow (8 mm)

60
90

22
60
90

Deep (16 mm)

503

1074
1102
1139
1700
1724
1804

(1/m2)
37607
39535
40040
42718

43865

45058
47596

48947

50355

Table D2 Values of B. and B1(as defied in Eq. 3.24 and 3.25) for various pressing
conditions for sunflower seed sample
Sample
Applied
Pressing
Values of
Pressure
height
temperature
B0
BI
Wa)
(T)
(m2)
(1/m2)
Shallow (8 mm)
20
22
492
36252
60

Deep (16 mm)

20

40

504

36695

Table D4 Fitted equations, their empirical constants and statistical parameters for the coefficient of consolidation (c) for shallow
(8 mm) extruded soy samples pressed at various temperatures and applied pressures
Applied
Pressing
pressure temperature
(MPa)
("C)
20

22

Fitted
equation
Inc=c0+clnn(t)

90
co'=c0+cl
t2
*RMSE-Root Mean Square Error

**MRPD-Mean Relative Percent Deviation

Estimated parameters

Model statistical parameters

MRPD** No. of
(%)
runs (R)

CO

CI

R~

RMSE*
(x 1()-a)

22.66

41,95

0.9999

72.0

1.88

5

13 1 . 1

0.9999

0.96

11.2

3

3.89~10~

Table DS Fitted equations, their empirical constants and statistical parameters for the coefficient permeability (k) for
deep (16 mrn) extruded soy sample pressed at various temperatures and applied pressures
Model statistical parameters
Applied
Pressing
Fitted
Estimated parameters
k,
kl
R~
RMSE*
MRPD** No,of
pressure temperature
equation
(MPa)
("C)
(x 10-I*)
(%)
runs (R)
20

22

90

Ink=k,,+klln(t)

Ink=b+klln(t)
*RMSE-Root Mean Square Error;
* *WD-Mean Relative Percent Deviation

-16.75

-1.33

0.9999

1.42

6.24

3

-17.58

-1 -44

0.9999

0.50

9,03

3

Table D6 Fitted equations, their empirical constants and the statistical parameters for the coefficient of consolidation (c) for
deep (1 6 rnm) extruded soy sample pressed at various temperatures and applied pressures
Applied
Pressing
pressure temperature

Fitted
equation

Estimated parameters
CO

C1

R*

Model statistical parameters
RMSE*
MRPD** No,of
(x 1va)
(%)
runs (R)

(MPa)

("C)

20

22

lnc=co+clln(t)

-6.60

-1.33

0.9999

0.32

6.24

3

90

Inc=cO+c1h(t)

-7.13

-1.44

0.9999

1.74

9.03

3

* RMSE-RootMean Square Error
**MRPD-Mean Relative Percent Deviation

Table D9 Fitted equations, their empirical constants and statistical parameters for the coefficientof permeability (k) for deep
(1 6 rnm) sunflower seed samples pressed at various temperatures and applied pressures
Applied
Pressing
Fitted
Estimated parameters
Model statistical parameters
pressure temperature
equation
k,
I
R~
RMSE*
MRPD** N a o f
(MPa)
("C)
(XI 04
(x 106)
(x 10'")
(%)
runs (R)
20
22
k-'=k,,+k, t2
0.65
0.29
0.9997
40.4
13.7
4

k-'=k,,+kli2
* RMSE-Root Mean Square Error
* *MRPD-Mean Relative Percent Deviation
90

2.15

1 .03

0.9998

9.03

13.3

4

Table Dl0 Fitted equations, their empirical constants and statistical parameters for the coefficient of consolidation (c) for deep
(16 mm) sunflower seed samples pressed at various temperatures and applied pressures
Applied

Pressing

pressure temperature
(MPa)

c'c)

20

22

Fitted

Estimated parameters

equation

CO

(X

c-'=c0+clt2

*RMSE-Root Mean Square Error

**MRPD-Mean Relative Percent Deviation

c1

R~

35.30

0.9997

104)

7.81

Model stlctistical parameters
RMSE* MRPD** No.of
(x 10-a)
(%)
runs (R)
3.34

13.7

4
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Table El. 1 Comparison of measured and model predicted values of oil recoveries for shallow (8 mm) extruded soy sample at an
applied pressure of 20 MPa and a pressing temperature of 22°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
0
60

0.00
0.00

0.00
0.00

120

0.84
4.25

0.71

240
420
720
1200

0.0

27.4
15.6
-1 5.4
1.94
-13.3

9.62
13.O

4.90
9.43
14.7

17.8

19.6

- 10.2

MRPD(%)

14.0

0

200

400

600

800

1000

1200

Pressing time (s)
Fig. E 1.1 Comparative measured and predicted values

Table El .2 Comparison of measured and model predicted values of oil recoveries for deep (16 mm) extruded soy sample at an
applied pressure of 20 MPa and a pressing temperature of 22°C
Time
Oil recovery (%) RPD
Measured Predicted
(%)
0
)
0
0 Measured
60
-Predicted
120
240
420
720
1200

0

200

400

600

800

1000

1200

Pressing time (s)
MRPD(Y0)

13.2

Fig. El .2 Comaparative measured and predicted values

Table E2.1 Comparison of measured and model predicted values of oil recoveries for the shallow (8 mm) extruded soy sample at a
applied pressure of 20 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
n
60
w
(s)
Measured Predicted
(%)

0

200 400 600 800 1000 1200

Pressing time (s)

W

D (%I

13.6

Fig E2.1 Comparative measured and predicted values

Table E2.2 Comparison of measured and model predicted values for the deep (16 mm) Honeymead extruded soy sample
at an applied pressure of 20 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
-94 0
L
0
0.00
0.00
0.0
0 Measured
60
9.4 1
8.45
10.2
-Predicted
120
16.1
12.9
19.9
240
420
720
1200

21.3
25.3

30.8
34.1

18.5
23.3
29.2
34.5

MRPD(%)

13.2
I

7.66
5.23
-1.37
9.58

0

200

400

600

800

1

1000 1200

Pressing time (s)
Fig. E2.2Comparative measured and predicted values

Table E3.1 Comparison of measured and model predicted values of oil recoveries for the shallow (8 mm) extruded soy sample at a
applied pressure of 20 MPa and a pressing temperature of 90°C
Time
Oil recoverv (%I
RPD
(s)
Measured Predicted
("h)
$
V
0
0.00
0.00
0.00
E
a Measured
60
8.73
0.09
98.9
C)
120
12.5
5.23
58.1
Q)
k
240
23.5
18.6
20.9
.q
420
33.9
32.6
3.86

8

g

1200

61.6

61.6

Pressing time (s)

0.00

Fig E3.1 Comaparative measured and predicted values
h)
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4
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Table E3.2 Comparison of measured and model predicted values of oil recoveries for the deep (16 mm) extruded soy sample at an
applied pressure of 20 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
WD
60
(s)
Measured Predicted
(%)
V

0

60

120

0.00
14.0
21.9

0.00

12.2

18.0

0.0
13.2
18.0

Measured
-Predicted
0

20
k

0

MRPD(%)

8.95

200

400

600 800
Pressing time (s)

1000 1200

Fig. E3.2 Comparative measured and predicted values

Table E4.1Comparison of measured and predicted values of oil recoveries for shallow (8 mm) extruded soy sample at an
applied pressure of 40 MPa and a pressing temperature of 22°C
Time
Oil recovery (%)
PRD
60
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
-128
32.4
60
14.2
33.4
-25.4
120
26.6
240
36.5
35.9
1.79
41.1
1.57
420
41.7
0 200 400 600 800 1000 1200
720
51.9
49.5
4.68
1200
55.4
57.9
-4.55
Pressing time (s)

5

1

1

1

I

I

Fig. E4.1 Comparative measured and predicted values
Table E4.2Comparison of measured and predicted values of oil recoveries for deep (16 rnm) extruded soy sample at an
applied pressure of 40 MPa and a prassing temperature of 22OC
Time
Oil recovery (%)
PRD
(sl
~ e a s u r e d predicted
(%I
b
a

0
a Measured

-Predicted
720

39.0

40.1

-2.63

1200

43.7

44.7
MRDP(%)

-2.30

10.8

0

200

400

600 800 1000 1200
Pressing time (s)
Fig. E4.2Comaprison of measured and predicted values

Table E6.1Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) extruded soy sample at an
applied pressure of 40 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
0

0.00

0.00

0.00

60

51.8

48.6

6.31

120
240
420
720
1200

61.6
69.6

52.3
61.9
74.7
88.7
97.1
MRDP (%)

15.2
11.1
10.6
0.00
-7.22

83.6
88.7
90.6

0)

a Measured

-Predicted

20

0

-

I)

0

200 400 600 800 1000 1200

Pressing time (5)
Fig. E6.1 Comparative measured and predicted values
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Table E6.2 Comparison of measured and predicted values of oil recoveries for the deep (16 mm) extruded soy sample at an
applied pressure of 40 MPa and a pressing temperature of 90°C
Time
Oil recovery (Oh) RPD
(s)
Measured Predicted
(%)
0

0.00

0.00

0.00

I-predicted I
u

1200

69.1

71.4
MRDP (%)

-3.38
16.0

0

200

400

600

800

1000 1200

Pressing time (s)

Fig E6.2 Comaparative measured and predicted values

Table E7.1 Comparison of measured and predicted values of oil recoveries for shallow (8 mm) extruded soy sample at an
applied pressure of 60 MPa and a pressing temperature of 22°C
Time
Oil recovery (Oh)
RPD
(s)
Measured Predicted
(%)
0

0.00

0.00

0.00

60
120

20.6
37.8
47.2

39,7

-92.3

43.0
50.0
59.3

-13.6
-5.73

240
420
720
1200

58.0
66.2
67.3

69.1
77.0
MRPD (%)

-2.25
-4.45
-14.4
22.1

-Predicted
0

oy
0

I

200

1
400 600 800 1000 1200
Pressing time (s)
I

1

I

1

Fig.E7.1 Comaparative measured and predicted values
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Table E7.2Comparison of measured and predicted values of oil recoveries for deep (16 m)extruded soy sample at an
applied pressure of 60 MPa and a pressing temperature of 22OC
Time
Oil recovew
* .(%I
. M@
(s)
Measured Predicted
(%)

I
a Measured

-Predicted

720
1200

49.3
54.9

50.3
-2.13
55.8
-1.70
MRPD (YO) 17.7

0

200

400 600 800 1000 1200
Pressing time (s)
Fig. E7.2 Comarative measured and predicted values

Table E8.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) extruded soy sample at an
applied 1xessure of 60 MPa and a pressing
- temperature of 60°C
Time
Oil recovery (%)
RPD
(3)
Measured Predicted
(%)
-Predicted

400 , 600 800 1000 1200
Pressing time (s)

MRPD (%)

11.2

Fig.E8.1 Comparative measured and predicted values

Table E8.2Comparison of measured and predicted values of oil recoveries for the deep (16 mm) extruded soy sample at an
applied pressure of 60 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%I
0

0.00

0.00

0.00

60

32.7

43.2

120

42.0
47.2
51.4
53.7
57.2

18.6
28.3
38.5
46.0
53.2
59.3

10.4
0,87
-3.67

MRPD(%)

16.9

240

420

720
1200

32.6
18.3
I

0

I

200 400 600 800 1000 1200

Pressing time (s)
Fig.E8.2 Comaparative measured and predicted values

Table E9.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) extruded soy sample at an
applied pressure of 60 MPa and a pressing temperature of 90°C
Time
Oil recoverv"(%\
RPD
.,
(s)
Measured Predicted
(?X)I -- 0
60

0.00
45.8

0.00
50.5

120

58.4
67.7

56.2
66.8

81.7
85.9
88.7

78.5
90.6
99.6

240
420
720
1200

MRPD(%)

0.00

- 10.3
3.68
1.3 1
3.94
-5.49

-12.3
6.18

20

0

0

200

400

600

800

1000 1200

Pressing time (s)
Fig. E9.1 Comaprison of measured and predicted values

Table E9.2Comparison of measured and predicted values of oil recoveries for the deep (16 mm) extruded soy sample at an
applied pressure of 60 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
Measured
60
36.2
20.8
42.6
-Predicted
120

46.2

3 1.3

32.3

1200

65.4

66.1

-1 .07
17.19

MRPD(%)

Pressing time (s)
Fig. E9.2 Comparative measured and predicted values

APPENDIX-F
Table

F1

Title

Page

Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an

280

applied pressure of 20 MPa and a pressing temperature of 22°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 60°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 90°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 2Z°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 60°C
Comparison of measured and model predicted values of oil
recoveries for shaliow and deep d o w e r seed sample at an
applied pressure of 40 MPa and a pressing temperature of 90°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 22°C
Comparison of measured and model predicted values of oil
recoveries for shallow and deep sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 60°C
Comparison of measured and model predicted values of oil recoveries

for shallow and deep sunflower seed samples at an applied pressure
of 60 MPa and a pressing temperature of 90°C
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Table F1.l Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 22OC
Time
Oil recovery (Oh)
RPD
(s)
Measured Predicted
(??)
0
0.00
0.00
0.00
60
12.7
0.05
99.6
120
25.4
10.2
59.8
240
37.6
30.2
19.7
420
45.7
42.9
6.16
0
200 400 600 800 1000 1200
720
53.0
52.1
1.78
Pressing time (s)
1200
56.2
59.4
-5.74
MRPD(%)
32.1
Fig F1.l Comparative measured and predicted values
*

Table F1.2 Comparison of measured and predicted values of oil recoveries for the deep (1 6 mm) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 22°C
Time
Oil recovery (%)
RPD
~n
(s)
Measured Predicted
(%)
8h 60
0
0.00
0.00
0.00
Measured
r 7

--

-Predicted

1200

47.9

62.4
MRPD(%)

30.3

37.5

Pressing- time (s)
..
Fig F2.2Comparative measured and predicted values

Table F2.IComparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 60°C
Time
Oil recovery (Oh)
RPD
80 (s)
Measured Predicted
(%)
n
0.00
0.00
0.00
0
16.6
0.21
98.8
60
-Predicted
30.6
i 20
8.29
72.9
240
44.2
27.9
37.0
420

720
1200

53.2
57.8

62.4

41.7

53.0
62.0
MRPD (%)

21.6
8.37

0.74
41.3

I

I

400 600 800 1000 1200
Pressing
- time (s). .
Fig F2.1 Comparative measured and predicted values
0

200

Table F2.2 Comparison of measured and predicted values of oil recoveries for the deep (16 mrn) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
a
Measured
60
20.2
34.3
-71.8
-Predicted
40.1
-6.75
120
37.6
44.7
49.0
-9.54
240
I

I

I

-

720
1200

51.4
53.5

62.6

66.8
MRPD (%)

-21.7
-25 .O
-24.9

Pressing time (s)

-

Fig. F2.2Comparative measured and predicted values

Table F3.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
("3)
0
0.00
0.00
0.00
Q)
60
18.7
0.02
99.9
0 Measured
2 40
-Predicted

1200

69.8

62.7
MRPD(%)

10.2
46.6

Pressing time (s)
Fig F3.1 Comparative measured and predicted values

Table F3.2 Comparison of measured and predicted values of oil recoveries for the deep (16 mm) sunflower seed sample at an
applied pressure of 20 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
100
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
8028.0
41.8
-49.4
60
120
37.6
49.7
-32.2
240
47.6
60.3
-26.6
-Predicted
420
54.8
68.0
-23.9
720
58.3
75.8
-30.0
0

8

I

MRPD (%)

-32.9

0

I

1

1

1

200 400 600 800 1000 1200

Pressing time (s)
Fig F3.2 Comparative measured and predicted values

Table F4.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 22°C
Time
Oil recovew#(%)
RPD
.,
(s)
Measured Predicted
(%)
Measured
-Predicted

200

0

400

600 800 I000 1200
Pressing time (s)

Fig F4.1 Comparative measured and predicted values
I

Table F4.2 Comparison of measured and predicted values of oil recoveries for the deep (1 6 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 2Z°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
a
Measured
60
24.2
40.0
-65.2
-Predicted
120
35.5
48.5
-36.7
240
45.0
58.6
-30.2

I

I

1

1200

55.4

76.7

-38.5

MRPD(%)

39.5

I

1

Pressing time (s)
Fig F4.2 Comparative measured and predicted values
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Table F5.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
80
(s)
Measured Predicted
(%)
a
&
0.00
0.00
60
0
0.00
e
a.3
a
60
25.6
0.07
99.7
> 40 120
47.0
1.38
97.1
8
-Predicted
-0
2
20
240
63.4
31.3
50.6
a
420
68.7
39.2
43 ,O
O
0.
a
720
72.1
44.2
38.7
0 200 400 600 800 1000 1200
75.0
46.1
38.5
Pressing time (s)
1200
MRPD(%)
61.3
Fig FS.1 Comparative measured and predicted values
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Table F5.2Comparison of measured and predicted values of oil recoveries for the deep (16 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 60°C
Time
Oil recovery (%)
RPD
(s)
Measured Predicted
("h)
0
0.00
0.00
0.00
60
120

29.3
39.9

42.9
5 1.6

-46.5
-29.5

240
420
720

49.1
55.4
61.1

62.6
70.7
77.3

-27.5
-27.7

1200

65.2

82.0

MRPD(%)

-26.6
-25.8
30.6

a

-Predicted
1

I
1

0

200

400

600

800

1000 1200

Pressing time (s)
Fig F5.2 Comparative measured and predicted values

Table F6.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
n
9 100
0)
Measured Predicted
(%)
g, 80 0
0.00
0.00
0.00
6 0 - . a
60
120
240

32.6
58.2

68.0

0.0

99.9

12.7
30.0

78.2
55.9

*

8

-.

40

.
7
0

0.
0

~

-Predicted

I

I

I

200

400

600

g

I

800 1000 1200

Pressing time (s)

MRPD(%)

63.6

Fig. F6.1 Comparative measured and predicted values

Table F6.2Comparison of measured and predicted values of oil recoveries for the deep (16 mm) sunflower seed sample at an
applied pressure of 40 MPa and a pressing temperature of 90°C
Time
Oil recovery (%)
RPD
n
(s)
Measured Predicted
(%)
w
0
0.00
0.00
0.00
Measured
Q)
60
38.1
51.4
-34.7
-Predicted
120
53.6
63.4
-18.3

400 600 800 1000 1200
Pressing time (s)
Fig F6.2 Comparative measured and predicted values
0

MRPD(%)

23.7

200

Table F7.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 22OC
Time
Oil recovery (%)
RPD
g'
80
b
6) Measured Predicted
(%)
w
0
0
0
0
0.00
0.00
0.00
i? 6o 0 Measured
60
25.0
0.2
99.2
40 120
45.8
16.4
64.3
o
-Predicted
2 20 240
61.8
32.3
47.8
a
0 0.
420
68.2
38.0
44.3

%

I

720
1200

70.5
73.3

40.3
42.6

42.8
41.9

MRPD(%)

56.7

0

200

400

L

I

El

600

800 1000 1200
Pressing time (s)

Fig F7.1 Comparative measured and predicted values

Table F7.2 Comparison of measured and predicted values of oil recoveries for the deep (16 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressing tenlperature of 22°C
Time
Oil recovery (%)
RPD
n
(s)
Measured Predicted
(%)
w
$
0
0.00
0.00
0.00
P
40
20

-Predicted
0

200

400

600

800

1000 1200

Pressing time (s)
MRPD(%)

33.7

Fig F7.2 Comparative measured and predicted values

Table F8.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 60°C
Oil recovery (%)
RPD
Time
9
0Measured Predicted (%)
0
0.00
1 a Measured
60
99.2
-Predicted
120
69.3
240
51.8
420
47.5
0
200 400 600 800 1000 1200
b

e

1

720

49.8

1200

48.5

1

Pressing time (s)
Fig F8.1 Comparative measured and predicted values
8

Table F8.2 Comparison of measured and predicted values for the deep (16 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 60°C
RPD
n
Time
Oil recovery (%)
(s)
Measured Predicted
(??)
u
o
0.00
0.00
0.00
a Measured
60
60
34.0
49.7
-46.1
80 40
-Predicted
120
46.7
61.3
-3 1.4
20
240
55.3
73.4
-32.7
a
0
0
420
61.8
81.9
-32.6
0
200 400 600 800 1000 1200
720
66.8
87.6
-3 1.O
Pressing time (s)
1200
70.3
92.3
-3 1.3
MRPD(%) 34.2
Fig F8.2 Comparative measured and predicted values
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Table F9.1 Comparison of measured and predicted values of oil recoveries for the shallow (8 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressing temperature of 90°C
Oil recovery (%)
RPD
n
Time
(s)
Measured Predicted
(%)
100 t, s
80
0
0.00
0.00
0.00
0
Measured
60
3 1.1
0.09
99.7
9 60-•
60
-Predicted
Q 40
120
55.3
14.3
74.1
20-,/
120
240
65.9
29.5
55.2
2
n
a
0,
V
420
75.8
35.0
53.8
0 200 400 600 800ii8000 1200
720
79.5
38.2
51.9
Pressing time (s)
83.2
39.6
52.4
1200
1200
MRPD(%)
64.5
Fig F9.1 Comparative measured and predicted values
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Table F9.2 Comparison of measured and predicted values of oil recoveries for the deep (16 mm) sunflower seed sample at an
applied pressure of 60 MPa and a pressi:ngtemperature of 90°C
RPD
Time
Oil recovery (%I
(s)
Measured Predicted
(%)
0
0.00
0.00
0.00
Measured
-Predicted
I .

1200

72.6

I

95.4

MRPD(%)

-31.4
30.5

Pressing time (sI
Fig F9.2 Comparative measured and predicted values

APPENDIX-G
Table

G1

Title

Page

Measured values of oil recovery over time at various temperatures
and pressures for shallow Honeymead e x t ~ ~ d soy
e d samples

29 1

Measured values of oil recovery over time at various temperatures
and pressures for deep Honeymead extruded soy samples

Measured values of oil recovery over time at various temperatures
and pressures for shallow Quincy extruded soy samples
Measured values of oil recovery over time at various temperatures

and pressures for deep Quinq extruded soy samples
Measured values of oil recovery over time at various temperatures

and pressures for shallow Super Soy extruded soy samples
Measured values of oil recovery over time at various temperatures

and pressures for deep Super Soy extruded soy samples
Measured values of oil recovery over time at various temperatures

and pressures for shallow sunflower seed samples
Measured values of oil recovery over time at various temperatures

and pressures for deep sunflower seed samples
Measured values of flow (g) over time for determination of
coefficient of permeability at various temperatures and pressures

for shallow Honeymead extruded soy samples
Measured values of flow (g) over time for determizliftion of
coefficient of permeability at various temperatures and pressures
for deep Honeymead extruded soy samples

Measured values of flow (g) over time for determination of
coefficient of permeability at various temperatures and pressures

for shallow sunflower seed samples

292

GI2

Measured values of flow (g) over time for determination of
coefficient of permeability at various temperatures and pressures

for deep sunflower seed samples
G13

302

Measured values of sample height @&)
during pressing for determination
of coefficient of permeability and volume change at various temperatures
and pressures for shallow Honeymead extruded soy samples

G14

303

Measured values of sample height @) during pressing for determination
of coefficient of permeability and volume change at various temperatures
and pressures for deep Honeymead extruded soy samples

GI5

Measured values of sample height (Ht) during pressing for determination
of coefficient of permeability and volume change at wious temperatures

and pressures for shallow sunflower seed samples
G16

Measured values of sample height (I4) during pressing for determination

of coefficient of permeability and volume change at various temperatures
and pressures for deep sunflower seed samples
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Table G1 Measured values of oil recovery over time at various temperatures and pressures for shallow (sample height-8mm;
weight-10 goil content-2.14 g) Honeymead extruded soy samples
Oil recovery (g)
Pressure (20 MPa)
Pressure (40 MPa)
Pressure (60 MPa)
T, Time
Replication
Statistics
Replication
Statistics
Replication
Statistics
3 MeanS.D.CV(% 1
2
3 Mean S.D.CV(%)
3 Mean S.D.CV(%)
1
2
1
2
("C) (s)
22

600.00 0.00 0.00 0.00 0.00 0.00

0.29 0.30 0,33 0.31 0.02 6.23

0,43 0.39 0,45

0,42 0.03 6.54

O O N O O U

P:'J?*ec?-

Table G3 Measured values of oil recovery over time at various temperatures and pressures for shallow (sample height - 8 mm;
weight - 10 g; oil content-2.21 g) Quincy extruded soy samples
Oil recovery (g)
Pressure (20 MPa)
Pressure (40 MPa)
Pressure (60 MPa)
Tp Time
Replication
Statistics
Replication
Statistics
Replication
Statistics
("c) 6) 1 2 3 Mean S.D. CV(%) 1 2 3 Mean S.D.CV(O/o) 1 2 3 3eananS.D. CV(%)
22
60 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.10 0.13 0.12 0.02 14.3 0.43 0.49 0.41 0.44 0.04 8.97

Table 0 4 Measured values of oil recovery over time at various temperatures and pressures for deep (sample height46 mm;
weight-20 g; totaloil content-4.42 g) Quincy extruded soy samples
Oil recovery (g)
Pressure (20 M a )
Pressure (40 MPa)
Pressure (60 MPa)
T, Time
Replication
Statistics
Replication
Statistics
Replication
Statistics
1
2
3 Mean S.D. CV(%) 1
2
3 Mean S.D.CV(% 1
("C) (s)
2
3 ~ e a S.D.
i
CV(%)
22
60 0.00 0.00 0.00 0.00 0.00 0.00 0.37 0.46 0.38 0.40 0.05 12.1 0.48 0.57 0.55 0.53 0.05 8.70
--

Table G7 Measured values of oil recovery over time at various temperatures and pressures for shallow (sample height-8 mm;
weight-10 g; total oil content-4.34 g) sunflower seed samples

T, Time
("C)
22

Oil recoverv (e)
Pressure (40 MPa)
Pressure (60 MPal
Replication
Statistics
Replication
Statistics
2
3 Mea S.D.CV(%)
1
2
3 Mean S.D. CV(%)
1
12.2 0.88 0.97 0.77 0.87 0.10 11.4 0.96 1.19 1.10 1,08 0.12 10.9

Pressure (20 MPa)
Replication
Statistics
2
3 Mean S.D.CV(%
1

(s)
60 0.48 0.61 0.57 0.55 0.07

Table G8 Measured values of oil recovery over time at various temperatures and pressures for deep (sample height46 mm;
weight-20 g; total oil content-8.68 g) sunflower seed samples

T, Time
(s)
60
120
240
420
720
1200
60 60
120

(OC)

22

t
4

P

240
420

720
1200

90

60
120
240
420

720
1200

Pressure (20 MPa)
Replication
Statistics
1
2
3 Mean S.D.CV(%)
1.48 1.36 1.69 1.51 0.17 11.0
2.12 2.44 2.59 2.38 0.24 10.1
3.15 3.05 3.53 3.24 0,25 7.84
3.74 3.47 3.92 3.71 0.23 6.14
3.95 3.78 4.21 3.98 0.22 5.42
4.12 3.99 4.38 4.16 0.20 4.82
1.49 2.06 1.70 1.75 0.29 16.5
3.21 3.52 3.05 3.26 0.24 7.42
3.82 4.21 3.61 3.88 0.31 7.92
4.21 4.49 4.02 4.24 0.23 5.48
4.58 4.61 4.20 4.46 0.23 5.11
4.62 4.81 4.48 4.64 0.17 3.56
2.68 2.51 2.10 2.43 0.30 12-27
3.21 3.50 3.06 3.26 0.22 6.87
4.07 4.38 3.94 4.13 0.23 5.47
5.01 4.76 4.51 4.76 0,25 5.25
5.28 5.04 4.85 5.06 0.22 4.26
5.51 5.15 5.12 5.26 0.22 4.13

Oil recoverv (e)
Pressure (40 MPa)
Replication
Statistics
1
2
3 Mean S.D.CV(%)
2.35 1,94 2,02 2.10 0.22 10.4
3,28 2.78 3.18 3.08 0.27 8.70
4.20 3.58 3.95 3,91 0,31 7.90
4.57 4.07 4.47 4.37 0.27 6.09
4.69 4.40 4.83 4.64 0.22 4.69
4.87 4.60 4:97 4.81 0.19 4.01
2.44 2.36 2.82 2.54 0.25 9.73
3.42 3.25 3.72 3.46 0.24 6.85
4.23 4.03 4.51 4.26 0.24 5.66
4.99 4.59 4.85 4.81 0.20
5.50 5.05 5.36 5.30 0.23
5.83 5.40 5.75 5.66 0.23

2.99
4.20
5.40
5.84
6.12
6.38

3.58
4.93
6.03
6.30
6.47
6.64

3.36
4.81
5.91
6.35
6.59
6.79

3.31
4.65
5.78
6.16
6.39
6.60

Pressure (60 MPa)
Replication
Statistics
3 Mean S.D. CV(%)
1
2
2.63 2.21 2.27 2.37 0.23 9.6
4.08 3.57 3.75 3.80 0.26 6.81
5.01 4.50 4.69 4.73 0.26 5.45
5.30 4.97 4.95 5.07 0.20 3.87
5.58 5.24 5.31 5.38 0.18 3.34
5.88 5.34 5.46 5.56 0.28 5.10
2.80 3.31 2.74 2.95 0.31 10.6
3.99 4.36 3.81 4.05 0.28 7.01
4.97 4.70 4.72 4.80 0.15 3.08

4.24

5.32 5.57

5.19

5.36

4.36
4.05
8.92
8.36
5.75
4.55

5.97 5.90

5.52

5.80

5.87

6.10
2.95
4.21
5.27
5.97

6.31
0.30
2.65
0.39
3.91
0.33
4.98
0.28
5.68
0.24 3.77 5.95
0.20 3.10 6.10

6,12
3.23
4.58
5.47
6.07
6.18
6.37

2.96
4.15
5.37
6.15

6.29 6.14
6.43

6.30

0.20
0.24
0.22

0.29
0.34
0.26
0.25
0.17
0.17

3.66

4.13

3.66
9.78
8.06
4.86
4.19

2.84
2.76

Table G9 Measured values of oil flow (g) overtime for determination of coefficient of permeability at various temperatures and
pressures for shallow (Sample height-8 mm;weight40 g ) Honeymead extruded soy sample
Pressure (20 MPa)
Tp Time
Replication
Statistics
( O C (s) 1
2
3
4 Mean S.D. CV(%
22

\O

60 3.86 4.40
60 1.06 0.94
120 0.66 0.58
180 0.44 0.48
300 0.51 0.48
480 0.43 0.47
60 60 4.71 5.09
60 1.21 1.23
120 0.81 0.69
180 0.62 0.55
300 0.58 0.60
480 0.62 0.52
90 60 5.71 6.40
60 1.31 1.20
120 0.84 0.69
180 0.64 0.56
300 0.65 0.55
480 0.60 0.53

4.20
1.04
0.57
0.49
0.43
0.45
5.28
1.10
0.74
0.58

0.50
0.55
5.91
1.26
0.77
0.64
0.58
0.63

4.59
0.89
0.67
0.53
0.44
0.42
5.36
1.06
0.71
0.56
0.49
0.53
6.17
1.10
0.71
0.58
0.54
0.57

4.26
0.98
0.62
0.48
0.46
0.44
5.1 1
1.15
0.74
0.58
0.54
0.56
6.05
1.22
0.75
0.60
0.58
0.58

0.31
0.08
0.05
0.03
0.03
0.02
0.29
0.08
0.05
0.03
0.05
0.04
0.30
0.09
0.07
0.04
0.05
0.04

7.28
8.33
8.54
7.25
7.55
4.86
5.72
7.14
7.08
5.38
9.96
7.86
5.03
7.48
9.23
7.07
8.80
6.81

Oil flow (g)
Pressure (40 MPa)
Replication
Statistics
1
2
3
4 Mean S.D. CV(%
2.33 2.69 2.36 2.22 2.40 0.20 8.50
1.10 1.23 1.19 1.05 1.14 0.08 7.15
0.72 0.75 0.65 0.68 0.70 0.04 5.83
0.38 0.34 0.34 0.35 0.35 0.02 5.39
0.22 0.21 0.19 0.20 0.21 0.01 6.34
0.16 0.14 0.15 0.13 0.14 0.01 6.85
3.05 2.66 2.69 2.82 2.80 0.18 6.35
1.09 1.29 1.27 1.17 1.20 0.09 7.78
0.64 0.78 0.75 0.66 0.71 0.07 9.40
0.42
0.29
0.20
3.66
'1.15
0.72
0.42
0.24
0.09

0.49 0.42 0.48
0.33 0.32 0.32
0.16 0.18 0.17
3.05 3.40 3.29
1.10 1.27 1.30
0.83 0.89 0.76
0.47 0.53 0.51
0.26 0.27 0.25
0.11 0.11 0.09

0.45
0,31
0.18
3.35
1.20
0.80
0.48
0.26
0.10

0.04
0.02
0.02
0.25
0.10
0.08
0.05
0.01
0.01

8.73
6.19
9.88
7.53
8.07
9.54

9.77
4.99
10.45

Pressure (60 MPa)
Replication
Statistics
1 2
3
4 ~ e a S.D.
n CV(%)
2.11 2.08 2.48 2.16
0.99 0.82 0.88 0,92
0.540.53 0.47 0.55
0.28 0.27 0.25 0.24
0.20 0.18 0.17 0.19
0.10 0.10 0.09 0.1 1
2.65 2.14 2.40 2.45
0.91 0.88 1.01 1.02
0.73 0.68 0.81 0.79
0.33 0.30 0.36 0.30
0.21 0.18 0.21 0.21
0.11 0.10 0.12 0.12
2.22 2.33 2.65 2.59
1.09 0.89 0.92 0.94
0.63 0.66 0.73 0.61
0.34 0.39 0.38 0.32
0.24 0.27 0.24 0.21
0.13 0.15 0.14 0.13

2.20 0.18 8.34
0.90 0.07 7.52
0.52 0.04 6.80
0.26 0.02 7.02
0.18 0.01 6.58
0.10 0.01 9.37
2.41 0.21 8.57
0.96 0.07 7.23
0.75 0.06 7.86
0.32 0.03 8.43
0.20 0.01 6.65
0.11 0.01 8.37
2.45 0.20 8.33
0.96 0.09 9.23
0.66 0,05 7.90
0.36 0.03 8.34
0.24 0.02 9.81
0.14 0.01 5.62

Table GI0 Measured values of oil flow (g) over time for determination of coefficient of permeability at various temperatures and
pressures for deep (sample height-16 mm; weight-20 g) Honeymead extruded soy sample
Oil flow (d
Pressure (20 MPal
Pressure (40 MPa)
Pressure (60 MPa)
T, Time
Re~lication
Statistics
Re~lication
Statistics
Redication
Statistics
("C (s) 1
2 3
4 Mean S.D.
CV(% 1
2 3 4 Mean S.D.
CV(% 1 2 3 4 Mean S.D.CV(%)
-

22

-

-- - -

60 1.56 1.93 1.69 1.62 1.70 0.16 9.37 1.34 1.63 1.55 1.48 1.50 0.12 8.04 1.27 1.49 1.56 1.50 1.45 0.13 8.92

Table G11 Measured values of oil flow (g) overtime for determination of coefficient of permeability at various temperatures and
pressures for shallow (Sample height-8 mm; weight4 0 g) sunflower seed sample
Oil flow (R)
Pressure (20 MPa)
Pressure (40 MPa)
Pressure (60 MPa)
T, ime
Re~lication
Statistics
Replication
Statistics
Replication
Statistics
(OC
(s)
1
2
3
4 Mea S.D.CV(% 1
2 3
4 Mea S.D.CV(% 1
2
3
4 MeanS.D.CV(%)
22 60 12.2 13.5 13.7 11.1 12.6 1.23 9.76 12.6 12.4 10.5 10.6 11,s 1,12 9.71 10.3 11.8 9.45 9.66 10.3 1.06 10.3

Table G12 Measured values of oil flow (g) overtime for determination of coefficient of permeability at various temperatures and
pressures for deep (sample height46 mm; weight-20 g) sunflower seed sample
Oil flow (R)
Pressure (20 MPa)
~ r e s s u ~ MPal
~~40
Pressure (60MPa)
Tp Time
Replication
Statistics
Replication
Statistics
Replication
Statistics
('C) (s) 1
2
3
4 Mea S.D. CV(%
1
2
3
4 Mea S.D.CV(%
1
2
3
4 Mean S.D.
CV(%)
22 60 4.12 4.92 4.20 4.61 4.46 0.37 8.34 4.65 3.82 4.09 4.45 4.25 0.37 8.80 3.66 4S2 3.81 4.22 4.05 0.39 9.70
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Table GI 5 Measured values of sample height during pressing for the determination of coefficients of permeability and volume
change at various tem~eraturesand Dressures for shallow (8
. mm) sunflower seed sam~te
Height (10" m)
Pressure (20 MPa)
Pressure (40 MPa)
Pressure (60 MPa)
T,r Time Re~lication
Statistics
Replication
Statistics
Replication
Statistics
.
1
2
MeanAv.Dev.CV(% 1
2 Mean Av.Dev.CV(%
1
2 Mean Av,Dev, CV(%)
w

I

1

r

n

No.

H1

Title
An example MATLAB p r o m file for solution

of developed model (Eq. 3 -23)for Mted Eq. 5.1
An example program file (Clanguage) for solution

of developed mathematical model
An example SAS file used for analysis of variance, time

effkcts and comparison of means for repeated measurements
of oil yield (YLY6)for sunflower seed sample at 6 time
intervals of (60, 120,240,420,720and 1200 s) comparison

ofmeans and time effects of independent variables

Page

An example MATLAB program fde for solution of developed model (Eqo 3.23)
for fitted Eq. 5.1

function xdot = barg(t,x)
BO = 503;

B1537607;

k0 = -32.16;

kl = 41.95;
CO = -22.66;

cl = 41-95;

xdot = zeros(l.1);
xdot(1) = BO*exp(kO+k1Aog(t)) *exp(-@ 1Y(exp(cO+(c 1Aog(t))))));

to = 2; tf = 1200;
xo = [O] ;
[t,x] = ode45('Eqn5.l',tO,<xO);

[rn,n] = size(t)
for i = 1:m
sprintf('?Ad\t\t%l.te\n', t(i),x(i))
end
PW,~)

An example program fde (in C language) for solution of
the developed model

fp-fopen("Q.dat",
w);
prinwlEnterthe f
h
fvalue of time: ");
scarq"'f',&tf);
delM.5;
q=Q
for(t=Z;t<+,t+--delt)
(
q+=Bo*exp(kO+ k 1Aog(t)) *exp(-B 1 *t*(exp(cO+clAog(t)))) *delt;
prinql'\n t = %f\tq=?%2.4eU,t,q);
fprintqfp,"t= %f\tq = %2.4e \nN,t,q);

1
prinW1nEntersom value:");
scanf("%dW,&i);

return 0;

1

An example SAS file used for analysis of variance, time effects and cornperison of

means for the repeated measures of oil yield (Yl-Y6) for sunflower seed sample at 6
time intewds of (60,120,240,420,720,1200 s):

Option LS = 78;
data;

infile 'Sunflower.dat';
inputRWTPY1 YZY3Y4Y5Y6;

Proc GLM;
Class R W T P;

model YLY6 = R W T P T*P W*PT*W TfW*P;

Repeated time 6 (60, 120,240,420,720, 1200) polynomiaVshort summary.,
Means R W T P Duncan;
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