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Abstract

Earlier research reported in the literature of plastic extrusion pointed out the
surperiority of a tapered screw for developing high pressure in a short barrel. But

the conveying process in the tapered screw and how pressure was generated were
not explained.

This work is intended to provide a thorough understanding of the conveying
and compaction processes by a tapered screw. A complete theory of the per-
formance of a tapered screw conveyor was developed, based on the conventional

approach which assumes ’plug flow’ , but with the following two modifications:

i. the compressibility of the material was taken into account by using a pres-
sure /density relationship which makes it possible to simulate the density
change with pressure during compaction.

ii. the effect of the slip of material along the screw channel wall was taken into
account in the analysis by using a slip factor Fy, which modifies the down
channel velocity. Slip, by reducing the down channel velocity, leads to a
reduction in the axial velocity and the mass flow rate of the extruder at any
speed of rotation.

The resulting equations express the relationship between the performances of

the tapered screw (mass flow rate and pressure build up) and the screw geometries
and frictional conditions.

A one dimensional differential equation obtained for the pressure build up
indicates that low friction between the material and the screw, and high friction
between the material and the barrel can help the pressure generation process. A
method measuring accurately the coefficients of friction between the material to
be compacted and both the screw and the barrel is proposed.

An experimental rig was designed and developed to measure the pressure in a
tapered screw conveyor for different mass flow rates at four speeds of revolution in
order to confirm the theory. A proposal is made for a better design of inlet to a
8CTEW conveyor.

Comparisons were made between tapered and standard screw extruders with
the same length, which show that the tapered screw is capable of generating a much

higher pressure than the standard screw under the same operationing conditions.
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The experimental results indicate that the predicted pressures agree well with

the measured ones.
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NOTATION

a Compression constant in Equ. (5.1)

a,b,c Symbols for sides of triangle in Fig. (2.5)

a, Acceleration of plug

A System constant in Equ. (2.7)

Ay, A, Contact areas between plug and both barrel and screw shaft
Ai, Ao Surface area of plug where the forces F; and Fg act respectively
Bo Material porosity index

c Compression constant in Equ. (5.1) and (5.2)

C Cohesion in chapter V

C = (D - 2H)/D in chapter II and IV

Co Material initial bulk modulus (MPa)

dzy,dz,,dz  Thickness of plug at barrel, screw shaft and mean radius

D Diameter of standard screw

Dy, D, Diameter of screw barrel and screw shaft
e Landwidth of screw

FE (D-H)D

Eo Specific energy requirement

f Static coefficient of friction

F.,Fs  Resistance forces from casing and flight in chapter I1I

F, Resultant force of F and Fy

F. Centrifugal force of plug in chapter 1V

Fy Gravitational force of plug in chapter IV

Fo Slip factor

g Gravitational acceleration
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K Constant in Equ. (2.7)
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K, Coeflicient of velocity
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L Axial length of screw

L, Axial length of screw channel

m Compression constant in Equ. (5.2)

N Rotational speed of screw

P Pressure within material
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Py Power
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SD Standard deviation
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t Time
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¢} A tapering factor
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¢
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1.1

Chapter 1

INTRODUCTION

A compaction process is recognized as one of most important processes for
densification of unconsolided materials, like baling, wafering and briquetting in
relation to biomass solid materials and residues such as cereal straw, crop husks,
maize cobs and sawdusts, etc. This process involves forcing materials into a con-
fined chamber and subjecting them to high pressure, which reduces the material
volume to a form known as a pellet, wafer, briquette or cube. Since the late 1950,
these processes have gained much interest and popularity. Since then many efforts
have been made to understand the mechanism of the compaction stabilisation for

different types of materials by using different machines.

Biomass Solid Materials and Their Applications

Biomass materials are generated in forestry industry, lumber industry, agricul-
tural and animal husbandry. They comprise wood barks, sawdust, hemp, harls,
the straw of various kinds of grain, corncob, corn stalks and stalk residues, etc..
They are renewable with a great potential. In the world, about 250 million tonnes
of sawdust, close to 200 million tonnes of bark and over 400 million tonnes of other
wood residues are produced each year [ 1 ]. In India, the annual production of the
rice husk is about 20 million tonnes, which is equivalent to 13 million tonnes of
coal [ 2 ]. In Hungary, the opportunity to utilize biomass can be considered at the
volume of 53.4 million tonnes of dry matter equivalent of plant and by-product,
which is more than all the coal produced in that country [ 3 ]. With respect to
the agricultural industry, more than one billion tonnes of cereal are produced each
year in the world, and it seems to increase year by year in accordance with human
demand for food [ 4 |. The previous research shows that the ratio of grain to straw
is about 1:1 [ § ], although it varies with the area and the variety. This means that

nearly one billion tonnes of straw could be obtained each year.

As these materials have many specific physical and chemical properties, such
as nutrient composition, fibre contents, energy and heating values, etc., they can
be utilized for many purposes ( Utilization of straw is shown in Appendix A ),

particularly for animal feeds and as a source of energy. But these materials usually
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have a low bulk density, are costly to transport and difficult to store. This nature
becomes one of the limiting factors for the current applications. Some of these
biomasses are used in paper making industry, some in farms for animal beddings
and feed, some for direct heating with low efficiency. A considerable amount is
treated as a disposal nuisance. Take UK for instance, an average of 13.5 million
tonnes of straw is produced yearly, composed mainly of straws from barley, oat,
and oid seed rape. Roughly half of this straw is baled for use primarily in animal
bedding and feed, and in the growing, storage and protection of some crops. On
farm fuel application consumes some of the rest, with a substantial amount, about
3.5 million tonnes coal equivalent, being either burned in the field, which has
caused a lot of problems, like air pollution, etc., or incorporated into soil | 6 ]. The
straw as fuel is envisaged for both on farm and local industry needs, only about
10 % of the straw produced in UK is presently used for fuel off farm, with little of
this being in the form of briquettes. This situation indicates that the efficient use

of these biomasses could be helped by appropriate densification.

For the use of animal feeds, compacting the materials into dense packages can

bring about the following advantages [ 7 | :

o less product waste during the feeding,

e capable of producing complete mixed rations,

e to improve the utilization of low quality forages.

Due to the disminishing supplies of conventional fuels, such as oil, coal and
natural gas, and instability in world fuel markets, in recent years considerable
interest has fallen onto the energy conversion by using these materials. However
to do this, it suffers from the low volume energy content which makes energy
conversion inconvenient and less efficient. The materials with low bulk density
require large size feed hoppers, large storage space. It also creates problem of
free flow through hoppers by forming bridges and channels. These problems can
be avoided by the densification or compaction. From a practical point of view, a
good quality briquette should be strong and dense enough to resist the breakage
in handling. Previous work (8, 9, 10, 11] shows that to densify biomass materials
needs high pressure. Rice husk with moisture content of 9.24 % (wet basis) needs
as high as 2625 kg/m? pressure to form a dense package ( 1400 kg/m?) at room
temperarure of 30°, 700 kg/m? when the material is heated up to 225° | 2]. Taking

all the aspects into account, an ideal compacting machine should have the following
characteristics :



e capable of generating sufficient high pressure,
o simple structure,

o high efficiency (low energy input and high productivity)

1.2 The Machines Currently Used for Compaction

1.2.1

1.2.2

1.2.3

1.2.4

Machines used for densifying the materials by applying pressure can be classi-
fied into six categories, they are pelleter, briquetter, piston press or piston extruder,

cuber, rolling compressor and screw press | 12 ].

Pelleter

The pelleting process is illustrated in Fig. 1.1. An outer die ring rotated
against two inner rings forcing materials through the perforation in the outer ring.
The wall friction of the materials passing through these orifices creates a resistance
force, resulting in an applied pressure sufficient to reduce the void volume of the
materials. The resulting length of produce may be broken off at random length or
may be sheared off by a knife. This process is commonly used in the production

for small animal feed.

Briquetter

The briquetting process, as shown in Fig. 1.2, uses two counter rotating wheels
or drums which compress the material into cavities on the perphery of each drum.
This process is used most successfully with inorganic fines and powders, such as

coal dust, metal shavings and also used for the production of charcoal briquettes.
Cuber

The cubing process, as shown in Fig. 1.3, is similar to pelleting process, except
that the dies holes are larger and square in cross section. This is a continuous
extrusion process in which the material is forced through a series of radially situated
dies by an essentric press wheel. The larger outer die ring is kept stationary while

the internal press rotates.

Rolling compressor

The rolling compressing process, as shown in Fig. 1.4, relies on the natural

tendency of forage materials to wrap tightly around rotating shaft. This process
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1.2.5

1.2.6

1.3

is presently used commercially for densifying hay for cattle feed.

Piston press and piston extruder

A piston press uses a plunger to compress the material into a parallel walled
die, as shown in Fig. 1.5. The apparatus is sometimes equipped with a device
to plug one end of the die to provide a back up force against material. A piston
extruder uses a plunger to push materials through a parallel walled or tapered die.
The tapered die creates a high resistive force which provides the back pressure
necessary for adequate material compression. The parallel walled die is usually
much longer than the tapered die. The frictional forces resulting in the long die

provide the required back pressure for material compression.

Screw press for briquetting

One type of screw press is shown in Fig. 1.6. Material is fed continuously into
a conical screw which forces the material into a cylindrical die. This die is often

heated to raise the temperature to the point where lignin flow occured.

Problems from Compaction Technology

Comparing all the types of machines above, it is noticed that each of them has
its own advantages and disadvantages in terms of structure, capacity of pressure
generation and productivity. Piston press or piston extruder is widely used for
both feed and briquette production. Although it has high productivity and better
quality of final product, the structure is relatively complicated. Three sets of
driving mechanism are required for the main plunger, feeder and rejector. Materials
have to be ground before entering the press. Moreover during the reciprocation of
the plunger, the compressed materials in the die would be relaxed. This repeated
compression action would lead to a waste of energy. The specific energy was found
to be 87 kJ/kg in laboratory [13] for compression only, 250 -300 kJ /kg in practice.
Cuber has the advantage of lowering energy and maintenance costs of densification
at the same rate of output, but the resulting cube has low density and durability.
Pelletor is recognized as one which consumes a lot of energy and suitable for powder
materials, but not for fibrous ones. The structures are also complicated. Screw
press can produce good quality briquettes but the high maintenance costs are a
drawback, because of the considerable wear on the screw which have to be rebuilt

rather frequently [ 1 . To some extent, a satisfactory design of the briquetting
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machine would greatly influence the utilization of the huge surplus of the biomass

residues and marketing.

The interests of this work fall on the screw type briquetting machine. Although
it has some disadvantages, the screw press shows the following unique characteris-
tics:

e simple structure,
e continuous extrusion process,
e good quality briquettes,

o heating generated by friction which would helps the formation of the bri-
quettes.

To generate a sufficiently high pressure, a tapered screw is considered in this
work, where the pitch of the screw and its root diameter at the shaft remain
constant, while the outside diameter of the helical screw is teduced. One effect of
the taper is that as the screw diameter decreases along the length of the screw,
the volume is decreased. A material is forced forward by flight of the screw, its

volume is reduced and its density is increased.

1.4 Objectives and Scope of the work

In general terms, this work is focused on the understanding of the compaction
process in a tapered screw for agricultural materials, and to answer those questions
such as: can the screw be used for long fibrous materials? if so, what are the
problems and the solutions to them? Can high pressure be generated within a
tapered screw? if so, what law does this pressure generation follow? etc.. For the

problem concerned, the following objectives are stated:

1. to study the filling performance of fibrous materials into the screw, in-
cluding the effect of the shape of feed opening, screw speed, and length

of the inlet on the throughput, filling efficiency and power consumption,

2. to propose a theoretical expression which can express the pressure build
up within a tapered screw,

3. to study the physical and mechanical properties of agricultural granular
malerials, including the determination of coefficients of friction between

different surfaces, specific weight, pressure ratio etc.,

5



4. to set up a series experiments to confirm the model developed, and make

comparisons of the theory and experiments,

5. to identify the main parameters which are dominant in the compression

process, including the material, geometrical and mechanical parameters.

In terms of scope, this work is ultimately intended to be appliable to agricul-
tural by-products such as sawdust, barley seed, ground barley, long and chopped
wheat straw in the area of agricultural engineering, and in which area all exper-
iments will be carried out. But the model developed could be used for other
arecas where a tapered screw may be applied, like oil or protein extraction, screw
extrusion-cooking in food processing engineering, and even for plastic extrusion,
etc..



(1). Materials (2). Rotating wheel (3). Pellets (4). Knife

Figure 1.1 — Pelleter

Figure 1.2 — Briquetter



Figure 1.3 — Cuber

Figure 1.4 — Rolling compressor



(a) Piston press

1777

(b) Piston extruder

Figure 1.5 — Piston machine
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Chapter II

LITERATURE REVIEW ON A STANDARD SCREW
EXTRUDER

The term ’standard’ used here not only refers to the standard pitch, but the
constant outside diameter of the screw as well in order to distinguish it from a
tapered screw. There is little work found in the literature which directly aims
at the tapered screw. However, because of the similarity in some performances

between them, it is neccesary to carry out a review on a standard screw extruder.

Most analyses of a standard screw are found in chemical engineering for poly-
mer or plastic extrusion processes, where raw materials, usually powders or granu-
lar polymers, are fed into the screw from a hopper, then the materials are conveyed
and melted eventually, with or without external heating through the dies. Final
products from the ends of the screw machines are extrudates. During the whole
process, the physical natures of the materials are changed, from powder or granu-
lar solid to liquid-like melts. So the whole extrusion process is divided into three
sections, namely, solid conveying, melting and melt conveying. The different na-
ture of the materials at each stage requires a different theoretical treatment. The
analysis for the first section is based on ’plug flow’ theory while the analyses for
the other two sections are based on fluid and thermal mechanics. Both concepts
contain a number of assumptions. Since this work is focused on the use of the
screw for conveying and compacting biomass solid materials, the physical nature
of which is more or less similar to that used in the first section of the extrusion,
the plug flow theory is most interesting. The fluid mechanics based theories for
the melting and melt conveying sections treat the materials as fluid, hence several
material parameters are involved, like viscosity, thermal conductivity, etc., which
have not so far been thoroughly studied for biomass solid materials. Obviously it
is not possible to apply this theory to the work, even if the materials used may be
treated as fluids. However the way of carrying out the computation, experimental
work and some conclusions from it, particularly in the melting conveying section,
are useful. A brief review of some aspects of the processes is necessary.
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2.1 Historical

2.1.1

2111

2.1.1.2

Rehkuglar [14] stated in 1958 that the screw used as a conveyor was invented
about 250 B.C. by Archimedes. It was first used to lift water. Flour Mills made
first practical use of the auger conveyor about 300 years ago. Wooden pads placed
in a spiral pattern around a large wooden shaft, conveyed materials in a trough as
the auger rotated. In about 1874, H.W. Coldwell started to develop a helical or
continous flight type conveyor. Tadmor and Klein [15] stated that the first patents
on an extrusion machine using an Archimedian screw were granted to Gray in
England and Royle in the United States. In about 1920, more work was carried
out on screw viscosity pumps by H. S. Rowell and Finleyson. In about 1925, Rowell
and Finleyson conducted the first theoretical research on the screw extruder. The
word 'extrude’ originates in the latin words, 'ex’ (out) and 'truded’ (to thrust).
This closely describes the process itself as 'shaping by forcing through a die’.

Screw extruders essentially contain an Archimedian screw and a cylindrical
barrel. It performs an active role and can be, simultaneously a solid pump, a
conveying and compacting device and an intensive mixer. Since 1950’s, its appli-
cation has been extended in many different areas for various purposes, such as in
agricultural engineering for conveying grains. More theoretical and experimental

work were carried out thereafter.
Applications of screws

Screw conveyors

A large number of screws are used as conveyors in the agricultural and food
industries for handling cereal materials, and in the mining engineering for convey-
ing coal. Screws are ideal conveying devices since they are simple, easy to operate
and can be used horizontally, vertically or in inclined position at different angles.
Fig. 2.1 shows a typical arrangement of a screw conveyor. More about the screw
conveyor will be presented in chapter III.

Screw extruder for polymer processing

A screw extruder has gained much popularity in the chemical-plastic industry
for polymer processing. Solid polymer is pumped forward by the relative move-
ments of screw and barrel, melted and extruded through the discharge end of the
screw, as shown in Fig. 2.2. A lot of research work has been done and will be
reviewed in detail in the following section.
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2.1.1.3

2114

2.1.1.5

2.1.1.6

Screw meat mincers

Screw meat mincers make use of both conveying and pressure generating char-
acteristics that screws hold. With most of the screw mincers, horizontal grooves
are formed in the inside surface of barrel. Since they are handy and simple, screw
meat mincers can be found in most meat shops and restaurants. A photo of a

screw mincer is shown in Fig. 2.3.

Screw cooker extruders

Screw cooker extruders make use of the following functions of screws: (a).
transporting, (b). mixing, (c). compressing, (d). shearing, and (e). heating (by
friction, induction, resistance, etc.). This process achieves a very high flexibility -
a lot of various products, high productivity because of being a continuous process,
and low costs including investment, running, labour and space. Both single and
twin screw extruders are used for different processing conditions. Screw extrusion

cooking provides human foods, animal feed and industrial products.

Screws as measuring devices, dischargers and mixers

Since a screw can provide a constant flow rate per screw revolution under a
certain speed for most of free flowing materials, they are used as measuring devices
in many areas. Based on the same principle, screws are also used as dischargers or
mixers ( Fig. 2.4 ) which give a positive accurate discharge from the bottom of a
bin or a hopper to cope with a multitude of different materials.

Screw presses for biomass material briquetting

This has already been mentioned in chapter I. The earliest development work
on screw press of a conical type was carried out in the USA in the 30’s. During
World War II, a Japanese design, which featured a heated die and a prolonged
central shaft of the screw resulting a hollow briquette, was developed. The designs

have been taken up by the other manufactures in Asia and more recently in Europe

[1].

From the literature, it is noticed that the way for analysing the screw conveyor
is different from that for the screw extruder, although they perform similar to
each other. The pressure generated within materials is neglected when analysing
the conveyor. The conveying performances are predominated by the gravity and
centrifugal forces of the material, assessed by throughput, filling efficiency and the
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energy requirements. When analysing the screw extruder, the body forces become
neglectable and the pressure generated in the material becomes a major parameter
for most of the analyses. The pressure build-up profile along the screw channel

and the pressure/output curves appear to be the main characteristics.

2.2 Plug Flow Theory

2.2.1

One of earliest analysis of the solid transport was given by Decker[ 16 ]. The
variables which control the solids delivery were identified and discussed. Since
he accepted that the material moves axially only, without spiraling, the formulas
derived did not relate well to actual behaviour. But he still drew some important

conclusions, like

1  the friction between plastic and a screw must be as small as possible. Rec-
ommendations : polishing, nickel chrome plating, surface area as small as

possible.

2  the friction between plastic and a barre] wall must be as large as possible.

Recommendations: rough or sanded surface, longitudinal grooves.
3  the filling factor or bulk density of the solids must be high.

Pawlowski | 17 ] assumed that there is no internal shearing in the solid and
made the forces and torque balance on the plug. In 1952, Maillefer [ 18 ] recognized
the problem as one of the frictional differentials. He assumed that no shearing takes
place within the materials, so that it moves as a ’ plug’. Since his analysis was not
made in a curved channels, where the torque is included, some important forces
accompanying the normal forces exerted by the moving flight were missed. Pro-
posed equations are very much simplified, and results incomplete. Most thorough
analyses were performed by Dornell & Mol [ 19 ] in 1952, by Schneider [ 20] in 1969,
by Todmor & Klein [ 15 ] and by Lovegrove & Williams [ 21 ] in 1970, therefore it
is worth reviewing them in more detail.

Dornell & Mol’s theory

Dornell & Mol studied solids conveying in extruders. When plastic materials
filled and moved in the helical channel of the screw, they visualized the material
as a confined solid plug which filled the screw channel. This plug would, when the
screw was rotating, be subject to a pushing force normal to the flight surface. Thus
it would have a tendency to move off along a helical path, normal to flight. When
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the frictional force between the plug and the barrel was the only force acting on the
plug and infinite in the plane normal to the axis, the plug would move along the
screw without turning at all. When there were the other frictional forces trying to
drag the plug around with the turning screw, the forward component of movement
diminished and the delivery rate of the screw dropped. They first defined an angle
of movement of the solid which controlled the delivery rate.

2.2.1.1 Assumptions made in Dornell & Mol’s work

Before theorizing the screw conveying process, they used the following assump-

tions:

1  The plastic in the screw channel behaves as an ’elastic’ plug and can have

internal pressure.

2 The elastic plug contacts all sides of the screw channel, i.e. barrel wall, screw

root, and both the pushing and trailing sides of flight.

3  The pressure may be constant but may also be a function of the channel

length; initial pressure be p; and delivery pressure be p;.

4 The coefficient of friction between the plastic and the metal surface is inde-

pendent of pressure.

5 No internal shearing takes place. Instead the material behaves as a solid
plug. For cube-shaped materials, if the size is greater than one-fourth of the
channel depth this assumption will probably not be far off. For smaller particles

shearing becomes more appreciable.
6 The width of the flight and radial clearance are negligible.

7  The frictional coefficient is the same between plastic and the screw surface

as it is between the plastic and the barrel surface.

8 The gravity and centrifugal forces are negligible.

2.2.1.2 Delivery rate

They expressed the delivery rate as a product of axial velocity of the plug V,
and the plug cross sectional area. The velocity was evaluated by using a geometric

relationship shown in Fig. 2.5. If t is the time for the plug to slide from position 1
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to 2 along the top of the screw channel when the peripheral velocity of the screw
is V, then t = b/V and

a csina Vesina
Vi=g=—7 =5 (2.1)
By the law of sines,
c_ sin 9.9
b = Sin[180° — (a 1 0)] (22)
Then Vsi 9
sin a sin
Ve = sin[180° — (a + 6)] (23)

By identity,
sin{a + 0) = sin a cos @ + cos asin §
Vsinasin§

Ve = sinacos 8 + sinfcosax (2.4)

Rearranging it gives:
_ V tan atané (2.5)
*” tana +tand '

Introducing the peripheral velocity V = xDN, and the cross sectional area,
the delivery rate equation can be written:

Qo _ x2Dh(D — h)tanatané 26
N~ tana + tanf (26)

In order to calculate the flow rate with Equation (2.6), it is necessary to know
the value of the solid movement angle a, relative to a plane perpendicular to the

axis of the screw.

Evaluation of a through forces & torque balance equations

To analyze the forces acting on the plug and further to consider the force and
torque balance equation, they retained the true helical nature of the geometry,
chose a reference plane perpendicular to the axis of the screw as shown in Fig. 2.6.
They took only the frictional forces and the pressure force within the plug, and
stated that the frictional force between the plug and the barrel is in the direction

of the material movement angle a since the plug moved in that direction relative
to the barrel.
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2.2.2

After they have analyzed all forces acting on the plug, the balance of the forces
was made perpendicular to the reference plane and torque balance made parallel
to it. Finally they found:

cosa = Ksina+ C(Ksinf, + Ccosb,) + -2?H(KC tand, + E*)+

HE | - = . vy P2
——5sin@(Ecosfd + Ksinf)ln — 2.7
Ly ( ) 2\ (2.7)

Where the parameter K can be expressed as

" 1-p,tanb

This equation shows that the material movement angle a is a function of the
screw geometries, frictional conditions and the pressure ratio p;/p;.

To test the equation obtained, some experiments were made with three different
sizes of the screws. The agreement between calculated and measured values of the
delivery rate at given conditions was very good.

Schneider’s theory
With Dornell & Mol theory, the pressure increment dp over the channel length

increment dz can be written as:

dp __pmWi(cosa - Ksina) — 2Hp,(E cosf + K sin6) — W,u,(cos8,C + K sin¥,) 9
az WH(E cos + K sinf) (28)

This equation shows an exponential nature of pressure p as a function of the

channel length z for a given screw.

In 1969, Schneider noticed that for many elastoplastic solids compressed within
a cylindrical (or a rectangular) box, a difference arose between the normal stresses
in the active and passive directions. He improved the previous theory by changing
the assumption about ’isotropic’ pressure. The pressure along the channel (direct
compressive pressure) p was taken as reference and the constants of the propor-
tionality were specified, such as kyp , ksp and k;p are the pressure at the screw
root, flight edge and the barrel surface respectively. The final equation obtained is
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dp _ (fz_p) ppH(cosa — K sina) (k.,p

dz ' D ’DEcosf(Ktand+ E)

_)_L
D (S +e)cosb

_(klp)p, cos§,HC(K tanb, + C)

D’ DEcosb(Ktan8 + E) (2.9)

The first term on the right-hand side of the equation represents the frictional
force at barrel surface which tends to increase the pressure. The other two terms

represent the frictional drag offered by the flight and screw root respectively.

2.2.3 Tadmor & Klein’s theory

Then in 1970, Tadmor and Klein | 15 | studied the screw extrusion process in
three different sections, and examined each of them separately. In analyzing the
solid conveying process, they followed the Dornell and Mol’s approach but with
some modifications. Among them, the width of the flights was incorporated into
the derivations and different frictional coefficients were assumed on the barrel and

screw root.

They explained the conveying mechanism of the materials in the channel by
assuming that screw is stationary and barrel rotates, then driving force for the
movement of the material is the frictional force between the barrel surface and the
solid plug. The frictional forces between plug and screw, on the other hand, retard
the motion of the plug.

They used two models to approximate the extrusion process. The simplest
model they used is to confine the plug between two infinite parallel plates moving
relative to each other as shown in Fig. 2.7(a). Another model is a moving solid
plug confined to a rectangular channel as shown in Fig. 2.7(b). The upper plate,
representing the barrel, moves at a constant velocity and at an angle to the down

channel direction.

2.2.3.1 Assumptions in Tadmor & Klein’s work
They used the following assumptions:
1  The solid polymer in the screw channel behaves like a continuum.
2  The plug contacts all sides of the channel.

3  The channel depth is constant.
18



4  The velocity of the plug is constant in time and uniform in space.
5  The pressure is a function of down channel direction only.
6 The coefficient of friction is independent of pressure.

7 The flight clearance, the gravitational forces and density changes of the plug
are neglected.

2.2.3.2 Flow rate

They expressed the flow equation of the solid plug in terms of the unknown
velocity in the axial direction V; as shown in Fig. 2.8. Since this velocity is
independent of the channel depths, the flow rate or delivery rate was obtained by
multiplying this velocity by the cross sectional area of the plug:

v [ 2R — =5 )dR 2
Q. = "‘/a.(" ~ sind) (2.10)

To evaluate the velocity Vj;, they used a velocity diagram (in Fig. 2.9), from
which the following relationship holds for the angle a

Vol
t = P .
ana Vo= Vi tan G, (2.11)
Rearrangement of the above equation gives
L4
tan atanf;
Vot = Vbtana-{-tanob (2.12)

As can be seen, although the methods used by both Dornell & Mol and Tadmor
& Klein were different, the resulting equation for evaluating the axial velocity was

the same.

The final expression for the volumtric flow rate was:

Qv tanatané,

Lanalan® (*(p?_ p?)- L
N-T btana+tan05[4(Db Dy) - o3 (2.13)

If the flight width is negligible, the above equation becomes identical to that derived
by Dornell & Mol.
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2.2.3.3 Forces and torque balance equations

They used a different way to set up the force and torque balance equations. As
shown in Fig. 2.10, one layer or element was taken within the channel in the direc-
tion perpendicular to the screw flight, and the forces acting on it were analyzed.
The frictional force between the plug and the barrel was recognized as a driving
force for the plug to move, and acting on the plug at the plug movement angle a.
All these forces can be broken up into axial and tangential components. A force
balance was made along the screw axis while a torque balance made about the axis.
Since there was an additional force acting on the pushing flight, eliminating this
force from the forces and torque balance equations gives the following expression

for evaluating the plug movement angle a:

A Hu, . D -
cosa= Ksina+2——sinfy(K + — cot b
Wy s b D, )

Wb oK+ -gf-cot 6,)
b

Wiy
WH1 . . D avy. P2
+———sin6(K + —cot ) In — 2.14
Wy zp pp ( Dy ) 51 ( )

This equation becomes identical to Dornell and Mol’s equation when including
two simplying assumptions, namely that u, = y; and that width of the flight may
be neglected.

The above equation may be rewritten as:

cosa=Ksina+ M (2.15)

Then the movement angle can be directly obtained from the following equation:

. VI+K:E-M:I-KM
sina = 11 K2 (2.16)

2.2.3.4 Pressure build-up or pressure profiles

The equation of pressure build-up along the screw they obtained was quite
similar to that given by Dornell & Mol. Equations (2.8) and (2.9) may be written
as:

dp

z = Ap (2.17)
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where A is a constant for a given screw, material and flow rate, so that the pressure
build up has the form:

p=pett (2.18)
where p; is the initial pressure at z = 0.

It shows that apart from the effects of the screw geometry and frictional prop-
erties, the final pressure is also proportional to the initial pressure p;. Therefore

p1 becomes a crucial quantity in the theory.

To consider the effect of the initial pressure, Tadmor and Klein suggested that
the weight of the material in the hopper was the determining factor and gave an

equation to predict it :

2f KoY
-2

thg [1 —e (

n=gre (2.19)

Where R, is the radius of the hopper, p is the bulk density of the materials,
f is the static coefficient of the friction, Y is the height of the materials in the
hopper and the Kp is the ratio of the pressure acting in the lateral direction to the
pressure acting in the vertical direction. Kp can be estimated from the following

equation:

1-sinay,

Ko =
0 1+sinay,

Where ay, is the 'angle of internal friction’ which is close to the angle of repose.

However, Lovegrove and Williams | 21 ] argued that this is not the case by
using the fact that pressure can still be generated even if there is no height of the
materials in the hopper. They stated that the gravitational and centrifugal forces
within the materials are the necessary and inevitable origin of pressure gradient.

2.2.4 Lovegrove and William’s theory

2.2.4.1 Improvement of the screw extrusion theory
They extended the theory in two aspects:

1 inclusion of the gravity and centrifugal forces into their analysis. The final
equation allows for the pressure to build up exponentially along the channel
from zero initial pressure.

21



2.24.2

2 development of a two dimensional theory which considers shearing within ma-
terial particles and makes the theoretical analysis more close to the real ex-
trusion situation from which it is observed that the shearing must exist in the

materials because the velocity at the barrel is much greater than at the screw

shaft.

About the effect of the centrifugal forces, Lovegrove [ 22 | pointed out that
they had two opposite effects. In the hopper, material will tend to be thrown out
of the screw as it rotates, thus making it more difficult for the screw to pick up
the material. On the other hand once inside the screw and contained within the
barrel, centrifugal force must increase the contact pressure between the material
and the barrel, thus assisting the flow along the channel. To include the gravity
and centrifugal forces into analysis, the channel is assumed to run in a purely hoop
direction when the helix angle is small ( 8, = 17.8° for a standard pitch screw ).
It follows that the stresses in both tangential and down channel direction are the
same (p, = p,). The way of doing this is interesting but complicated. Although it

is probably closer to the actual case, there remain so many assumptions.

Argument about the no shearing and no slip assumptions

Lovegrove argued that the assumption that the plug behaves as a continuous
solid was a rather sweeping one, although these types of materials were loose
and free flowing. He observed with a transparent barrel that particles moved
relative to each other, especially when the material is uncompacted. Under certain
circumstances, slip or shearing did occur within the granular mass in a screw
channel. But he further concluded that it was not possible to replace the 'plug
flow’ by 'shear flow’, because in the case of loose material, a large scale deformation
could take place at a critical stress state. Although the theory they developed may
be used to analyze the situation which exists in solids being conveyed by screw, it
was not possible to calculate slip velocity.

Lovegrove & Williams further stated that ’ obviousl)" if there is a velocity
gradient over the depth of the channel, then the material next to the screw root
will move less quickly relative to the screw than that next to the barrel surface’.

This suggests that the output rate predicted by the plug flow theory would be
optimistic.

Lovegrove [ 23 | in 1979 pointed out that the simpliest criterion for the plug flow
breakdown was that if the maximum ratio of the shear stress to direct compressive
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stress reached a certain value (which can be termed the internal coefficient of

friction) then slip occured.

In Tadmor & Klein’s work, they stated that 'no slip’ assumption means the
velocity of the fluid at a solid boundary equals the velocity of the boundary itself,
or a zero velocity at the stationary wall. They also reviewed the previous work on
investigating the validity of the assumption, but those reports were contradictory.
It was difficult to reach a final conclusion. Finally they stated that for the purpose
of predicting the performance in processing equipment, the no slip assumption

seemed to be a reasonably good one.

Pearson [ 24 | in 1985 pointed out that rigid boundaries would be associated
with fixed or moving metal parts that contain the polymer flow. At such bound-
aries, the velocity of the wall can usually be prescribed as a function of position
on the wall and time. The no-slip condition required that the velocity of fluid was
equal to the velocity of wall. Some materials have been shown to slip. Under these
circumstances, although the normal velocity is continuous, the tangential compo-
nent will not be continuous. He concluded that the slip velocity will be parallel to
the wall shear stress, but the scalar ’ factor of the proportionality’ may depend in

a complicated way on the stress at the wall.
Other problems in solids conveying process by a screw

Effect of material size on the feeding process

In analyzing the solids transport by a screw, Pearson also mentioned that
granules or powder can be defferentiated by their sizes or dimensions. Granules
had a bigger size (usually larger than 1 mm in diameter) than powders (usually
less than 100 pm in diameter).

When powders were fed into the screw through a hopper, some difficulties arose
from the fluidizing effect of the air that they entrain and which had to be squeezed
out of them, involving counter-current air flow in the feeding zone. This problem
was also mentioned by Lovegrove [ 23 |, who called this type of fine material
'difficult material’. To solve it, he used a compactor system (in Fig. 2.11) in which
a vertical screw was used in a barrel section at the bottom of a conical hopper,
forcing material down into the main extruder feed opening. At the same time, a

vacuum compactor was used to remove air and some volatiles before the material
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entered the extruder. This was recognized as a better alternative in many cases,

although some weak points could still be noticed.

Stress state of solids material within a screw channel

Lovegrove (1979) stated that in general pressures will change not only along
the screw channel but also across the channel. Indeed pressure will also change
over the depth of the channel. So the real situation is that the pressures may
vary in three directions, which requires a full three dimensional analysis. But it is
too complicated to get this model. So far most of the theoretical work has been
one dimensional, that assumes pressure changes only along the channel. A two
dimensional analysis was performed by Lovegrove, which allows the pressures to
vary both along and across the channel, and the pressure change over the depth
of the channel was allowed for by an averaging process. This approach provides a
reasonable approximation but makes the problem much more complicated | 24 |,

because of the inclusion of gravity forces which vary cyclically as the screw rotates.

As concluded by Lovegrove, the deeper the subject is examined, the greater
and more complex the problems that were found.

Major Factors and Their Effects on the Pressure Build up

The main factors have been identified in the previous work and the effects dis-
cussed. They are screw dimensions, like screw pitch, diameter, channel depth and
flight clearance, operation conditions, such as screw speed and barrel temperature,

and material parameters. The effects of them are listed as follows .

Screw speed

Screw speed is recognized as the single most important variable. It is also
most often varied because it is easier to control. The theoretical work on the
melt conveying section shows that the pressure profiles exhibit a maximum along
the channel at the point where the maximum flow rate equals the drag flow, no
pressure gradient is needed to compensate for the difference between drag flow
and actual flow rate. At low speeds, the pressure increase has to be sufficient
to compensate for the low drag flow. However as screw speed increases, while
maintaining the flow rate constant by means of a valve or a variable die at the
discharge end of the screw extruder, the maximum pressure profile is gradually
eliminated, and a monotonically rising pressure profile is obtained. This effect was
experimentally checked by Tadmor and Klein [ 15 ] for low density polyethylene
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at the speeds ranging from 20 - 120 rev/min. The agreement of predicted values
to experimental results varies from good at lower speed to poor at high speeds, at
which the measured value is greater than the calculated value. They did not give
the causes of this. Another effect of increasing the speed is to cause an increase in

extrudate temperature, and a decrease in temperature fluctuation.

Mass flow rate

The mass flow rate at constant speeds decreases with increase of die pressure,
but the explanation of the decrease is different, depending upon the simplified
model, linearly for the Newtonian isothermal model and in the more complex way

for Non-Newtonian fluid models. It is also affected by the barrel temperature.

The pressure profiles increase monotonically at low flow rate, but with the
increase of flow rate, the pressure profiles exhibit 8 maximum. This effect is caused
by the ability of the barrel to drag more polymer than the net flow rate of the melt
at each location, and depends upon the other operational conditions, like barrel

temperature, screw geometry.

A similar conclusion was also reached by Lovegrove [ 25 | who used dimension-
less values of pressure and flow rate in presenting the output/pressure character-

i1stics curves.

Screw pitch or helix angle

Tadmor and Klein {15] performed a series of computer simulation processes for
several polymers. Their results show that as screw leads (pitch) increase, pressure
at the die passes through a maximum which is quite close to optimum helix angle
for maximum flow rate. Screw pitches smaller than the square pitched screw, lead
to a sharp drop in pressure at the die. The advantages in going beyond square
pitched screws are not significant. Thus the theory supports the practical selection

of square pitched screws, which appears to be close to optimal.

Channel depth and screw length

Channel depth is a dependent variable, depending upon the screw diameter

and root diameter, the change of which would cause a change in helix angle.

At lower pressures, a deeper screw gives higher throughput, but at higher
pressure, a shallower screw will give higher output.
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Pressure profiles will increase with the increase of the screw length, so will the

power requirement.

Flight clearance

Because of the wear of the flight in operation, flight clearance increases with the
use, therefore the effect of it is of interest. The pressure decreases with increasing
radial flight clearance, the cause of which is the leakage of the material across the
flight. In normal operations a lower discharge pressure represents a lower pressure
drop across the die and directly leads to a reduction in the production rate. To

compensate for this loss , the rate of the screw rotation has to be increased.

Since for the melt conveying process, the theoretical analysis is based on the
fluid mechanics, the frictional properties of materials are not accounted for, thereby

the effects of them on the pressure build-up are not included.

2.4 Melting and Melt Conveying Theory - Computational Pro-

cess
In the area of chemical engineering, there are a large number of publications on
the studies of the melting and melt conveying process in a screw extruder [ 26 -35 ].
Most of those are based on the fluid or thermalmechanics of viscous materials. The
flow of the material in the channel can be treated as Newtonian or NonNewtonian
flow and the equations of the continuity, momentum and energy can be applied to

the analysis for those two sections.

A more thorough work was reported by Tadmor and Klein [ 15 ], who set up
a series of theoretical models for each extrusion section of a plastic extruder. The
calculation is stepwise, starting from the hopper. Input data contain information
on the physical sizes of extruder, such as length and diameter, accurate geometrical
data on the screw, like flight clearance, flight width and screw lead (pitch), as
well as the channel depth at each section. The operation condition includes the
rate of the screw rotation, flow rate and barrel temperature profile. The physical
parameters of the polymer are also required to be input. The computation is
performed in small axial increment at each of which, pressure and temperature
can be worked out by using the right set of equations, then simulates the density
and geometry change, and then repeats it until the solid bed remains constant.
This is, in fact, a simulation process which enables all variables to be simulated

and be taken as initial data for next calculation.
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They also pointed out that the axial increment is an arbitrary matter of choice.
For their case, they found it should not be more than 1” in constant and at the
compression and decompression sections, it should be much smaller. The smaller

this value, the more accurate the results.

Dyer [ 36 | studied the single screw extrusion of a polymer melt by using
the numerical solution. He assumed the density of the polymer is constant and
treated the flow as steady, so that the equations governing the extrusion process
(conservation of the mass, momentum and energy) can be written. Then the
boundary conditions are derived, subjected to the governing equations. Solving

these equations gives the dimensionless values of pressure and extrusion rate.

The computational process used by Lovegrove [ 22 ] is also a simulated one.
For his two-dimensional analysis, he used a numerical technique called 'the method
of characteristics’. The results are reasonable and interesting, but the process is

complicated.

A computer-aided optimal melt screw design was given by Helmy and Parnaby
[ 37 ]. They argued that a number of very useful theoretical design models have
not been widely used in design offices. A major reason for the poor utilization of
available theoretical models is the way in which they are formulated. To decide the
optimal design routine, they start with a set of equations in terms of screw variables
(geometries) and particular parameters of the polymer to be used. Then these
equations are combined in a form of an objective function which is to be maximized
or minimized in the design process, depending upon the objective function chosen.
In their studies, the objective function is the screw pumping efficiency defined as
the energy gained by the polymer divided by the energy supplied in the form of
drive power.

Then in 1980, Attalla and Podio-Guidugli [ 38 ] conducted a work called 'on
modeling the solid conveying zone of a plasticating extruder’. They crudely as-
similate the complicated thermomechanical process that the granulated polymer
undergoes to the steady flow of an incompressible viscous fluid with spherical inde-
formable structure. They started with the general balance or imbalance equation,
and accepted a simple constitutive equation and finally arrived a closed-form so-

lutions for velocity, spin and temperature of granules.

A more recent work on the practical use of computer programs for the design
and operation of thermoplastics screw extruder was given by Cox and Fenner | 39 }

in 1984. Again they used a series of melting models and gave two programs which

27



2.5

2.6

can be used to design the drive requirements and screw dimensions for processing
various thermoplastics.

Methods of Restricting the Mass Flow Rate

In the literature, two major methods were found to restrict the mass flow rate.
One is to use a control valve at the discharge end of a screw which would alter the
mass flow rate without requiring a change in screw speed. Tadmor & Klein used

this method in their experiments.

Horrighs [ 40 ] reported in 1986 that the control of mass flow rate of screw
extruders can be achieved by adjusting the axial displacement of the screw shaft.
As they concluded, its advantageas are that the constant compaction pressure
can be obtained when changing the mass flow rate, thus the products of very
uniform consistency are achieved, because the pressure variation that accompany
the speed control or baffle control system usually employed are eliminated. They
further claimed that the screw can be extended rearwards some distance beyond
the material intake zone. In comparison with this method, the first one is simple

and easy.

Experimental Work

In the earlier work, experiments were focused on the throughput only. Com-
parison was made of the predicted values, where in most of cases back pressure was
neglected, and measured values. The pressure profile was measured in later work.
In Lovegrove’s work [ 22 |, a feed pocket was made up of transparent material for
observation. To measure the pressure generated in the material in the channel, he
used a standard extrusion type transducer which was placed in the barrel wall. It
records the values of radial direct stress in the material which passes underneath
it. To restrict the output from the screw and cause a build-up in pressure, he used
a loading ring which was filled inside the piece of barrel that projects beyond the
end of the screw. When the ring is in contact with the end of the screw, flow is
cut off. A load is applied to the ring by a lever arm and via a loading cage. When
the effective pressure in the material is sufficient to overcome the applied load,
the ring is forced away from the end of the screw, the material escapes into the
central space. The measurement is complicated. Alternatively, another simpler
way was used by Tadmor and Klein, who only use a valve at the discharge end of
the screw. Properly adjusting the valve will alter the output without requiring a

change in screw speed. It appears to be easier to apply. The pressure in their work
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was measured by a pressure gauge. One problem with it is that the polymer melt
may enter the gauge, but can be overcome by using silicone grease. The general

principle is quite similar to that used by Lovegrove.

2.7 Screw Extruders With Grooved Feed Zone

In Lovegrove’s work { 23 | in 1979, it is called 'non conventional feed arrange-
ment’, by which he used axial grooves in the first 3-5 diameters of barrel wall,
which in effect produce a very high coeflicient of friction in the circumferental di-
rection. He concluded that by using a grooved feed section, it is possible to obtain
over twice the flow rate achieved with the same depth of the screw as a conven-
tional feed section, when running granular materials. The main cause is that with
a grooved feed section, the rotation of the materials with the screw is minimized
so that the axial movement and hence the throughput are brought to a maximum.
Another advantage from his work is a much more positive feed with good early

pressure generation and excellent extrusion stability.

A similar conclusion was given by Albert Kramer [ 41 ] in 1988, who showed
more experimental data about the influences of grooves with different angle and
pitches on the final throughput for blown moulding of HDPE and blown film extru-
sion of LDPE. The number of the grooves is determined in relation to the diameter
of the screw (D/5 - D/10) and helically grooved bushes were used at different angles
ranging from 5-15°. The results show that the throughput curves for the helically
grooved bushes and D/5 axially grooved bushes lie close together. The combined
effect of the grooves gives an increase of more than 30 % in throughput. From
experience, he gives another three advantages:

1 a throughput rate increases in direct proportion to the torque,

2 transport rates are nearly independent of pressure up to high pressure values,
and constant in time,

3 melt temperatures increase only slightly with screw speed.

Although a grooved feed zone can bring about some disadvantages, like severe
machine damage etc., its use appears to be increasing, and it has enabled manufac-
turers to process particular materals and to make plastic components or finished
products with desired properties, to an extent, which would not have been possible
without grooved extruders.
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2.8 Summary

Solid conveying with a screw is a complex process and for some time attempts
have been made to analyse the process so that a better understanding can be ob-
tained. So far the theory has been developed from basic 'plug flow’ to an advanced
two dimensional analysis.

In the plug flow theory, solid materials were treated as a nut on a screwed
rotating shaft. The frictional force between the plug and barrel is recognized as a
driving force to move the plug forward, while the other frictional forces from the
surfaces of the screw would retard the motion of the plug movement. Although the
way of finding the axial velocity by Dornell & Mol is different from that by Tadmor
& Klein, the resulting equation is the same. By considering the forces acting on the
plug and solving the forces and torque balance equations, the movement angle may

be found. Then the conveying velocity and flow rate can be obtained accordingly.

The validity of some assumptions in the plug flow theory has been questioned,

because the following important factors were still missing:

1 compressibility. In all the previous analyses, material bulk density was consid-
ered to be constant with both pressure and time. It is obviously not the case
for loose solid materials, since the density is very sensitive to the pressure. For
some agricultural materials, it increases with pressure significantly. This will
be discussed in Chapter V.

2 frictional properties. Frictional coefficient was thought of constant in the plug
flow theory. In fact, it is also a variable, depending upon the stress, tem-
perature, moisture content ( Detailed in Chapter V). Although reliable data
on frictional coefficients is difficult to obtain, the inclusion of this effect with

pressure and moisture content could make the results more predictive.

3 effect of slip. In most cases, slip of material does occur within the screw
channel. But due to the complexity in analyzing the slip, its effects were not
included in the previous work.

The above problems need to be investigated further so that the screw extrusion
process can be better described.

The solid flow within a screw channel requires a full three dimensional analysis,
so that the velocities and the pressures in the along channel direction, the cross
channel direction and over the channel depth can be included. But to obtain
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such a model is often difficult because there remains so many uncertainties. One

dimensional model is commonly used in practice.

The main factors affecting the screw extrusion process are the screw geometries,
materials properties and the operational conditions, such as screw diameter, pitch,
length, frictional properties of materials and screw speed, etc. Material sizes also
affect the screw performances a great deal. Either if material size is too big or it
is too small, the difficulties in feeding the materials into the screw channel arise.

More work on dealing with this problem is expected.

The screw performances can be improved greatly if the inside surface of barrel
is roughened by making some longitudinal grooves. The number of the grooves is
determined in relation to the diameter of the screw (D/5 - D/10).
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Figure 2.1 — A typical screw conveyor

Figure 2.2 — Schematic view of a single screw extruder for polymer

processing
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Figure 2.3 — Screw meat mincer

Figure 2.4 — Screw discharger
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bigure 2.5 —— Geometric relationships for evaluating the conveying

velocity

Figure 2.6 — Forces acting on the solid plug - Dornell & Mol’s model
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Figure 2.7 — Tadmor & Klein’s model for analysing screw extruder
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(a). A plug is confined between two parallel plates

(b). A plug is confined within a channel
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Figure 2.8 — Section of the solid plug
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Figure 2.10 — Forces acting on a plug - Tadmor & Klein’s model

Figure 2.11 — Compacting system
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Chapter 111

FILLING PERFORMANCE OF A SCREW CONVEYOR
FOR AGRICULTURAL MATERIALS

When considering the adaption of a screw for use in conveying and compacting
biomass solid materials, particularly in relation to fibrous materials such as cereal
straw, the first question to arise is the filling of the materials into the screw. As
stated in chapter II, the filling performance was assessed by throughput capacity,
filling efficiency and specific energy requirement. The prominent effects of some
parameters on the performances would appear to have been well documented in the
literature, like screw pitch, screw diameter, for conveying free flowing materials.
But these have always been related to the materials used. The experience tells
that material size has a very strong influence on the screw performance. Long size
materials can lead to a blockage when it is fed into the screw. This necessitates an
investigation into the filling performance of the screw conveyor for different sizes

of materials.

This chapter is concerned with the understanding of the filling process of both
free flowing and long fibrous materials into a horizontal screw conveyor. The
conveying concept of the screw for free flowing materials is briefly reviewed, and
the theory of the screw extrusion is introduced, by which the filling efficiency of the
screw can be related to the screw geometry, frictional coefficients, and be predicted
theoretically. The influences of the screw geometries and frictional coefficients are
then analyzed. The conveying process of the screw for long fibrous materials are
analyzed in more detail. The problems encounterd and the solutions to them are
discussed. A series of experiments were carried out in order to identify the main
parameters which predominate the filling process of the screw for both types of
materials. The results are discussed.

3.1 Conveying Performances of Free Flowing Materials

Screws used as horizontal, inclined or vertical conveyors were studied by Gut-
yar [ 42 ] in 1956, by Rehkuglar [ 14 ] in 1958, by A.Vierling and Sinhn [ 43 |
in 1960 and by Rehkuglar & Boyd | 44 ] in 1962. It was later on experimentally
examined by O’Callaghan and Fallon [ 45 ] in 1962 for granular agricultural ma-

terials. To evaluate the output capacity, they assumed that pressure within the
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materials was neglected, and bulk density of the materials was constant during
the transportation within the screw channel. Filling efficiency, output and power
consumption, as well as effects of the screw geometry, screw speed were studied
by using the dimensional analysis method. The parametric study of the factors
influencing the filling performances were experimentally studied by Burkhardt |
46 ] in 1967, by Rehkugler | 47 ] in 1967 and by Brusewitz & Perssion | 48 | in
1969.

Throughput Capacity

Throughput of a screw conveyor was considered to be the product of the screw
cross sectional area and axial velocity of material movement, following the same
role as that for the screw extruder. To simplify calculation, Gutyar and other
researchers [ 43, 45 | neglected the effects of the screw shaft diameter and the area
occupied by the flight. After having theorized on the forces acting on a particle in

the screw housing, they gave an equation to predict the volumetric flow rate:

v = %quSN (3.1)

Where, 7 is the filling efficiency, S is the screw pitch, Dy is the diameter of the

screw and N is the screw speed.
This equation can also be found in British Standard (BS 4409 : part 3 : 1985).

This equation shows that the output rate is a linear function of the screw speed
N for a given screw, when the filling efficiency 7 is constant. However it does not
include the term of frictional coefficients, therefore the effects of them cannot be
seen quantitively. It appears that the overall effects of the other parameters rather
than those included in the equation are reflected in the filling efficiency 7 which

was conventionally determined by the experiments.

In the screw extrusion theory as reviewed in chapter II, the volumetric flow
rate can be predicted by using equation (2.13), therefore the volumetric flow rate

per revolution Qyy, can be expressed as:

tanatanf, r , 9
A Tip? L 2
btana+tan0;,[4(Db D) -5 (32)
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For convenience, dimmensionless flow rate may be defined as:

tan a tan 6,

Q= Yana + tan 6 (33)

3.1.2 Filling efﬁciency

Filling efficiency or volumetric efficiency, as stated by previous researchers |
45, 46 | is defined as the volume of material delivered per revolution Q,, divided

by volume of the screw per screw pitch or thread @Q,, and can be expressed as :

Q‘UT
= 34
"=, (3.4)
For a given screw, @, is constant. There are several simplifications. For instance,
Q, = %DES

T
or @Q,= Z(Dz - DE)S

However, a more accurate expression could be :

Q. = (5(0f - D3y - =&

—~1s (3.5)

5
Substituting it and equation (3.2) into equation (3.4) gives :

tan a

n (3.6)

~ Yana + tan 6y

It is interesting to notice that the filling efficiency can be predicted theoret-
ically, although for a fairly long time it has been recognized as an experimental

parameter.

Equation (3.6) suggests that the filling efficiency would never be 1 for any
positive helix angle 6, and must smaller than 1. This equation relates the fill-
ing efficiency 7, through the parameter conveying angle a, to screw geometries,
frictional properties and pressure generated in the materials during the traveling
in the screw. When the standard screw is considered as a conveyor, the pressure
build-up ean be assumed to be negligible, that is p; = ps. Thus equation (2.14)
reduces to:
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3.1.3 Discussion of equations (3.3) and (3.6)

The curves of the filling efficiency and dimensionless flow rate calculated from
equations (3.6) and (3.3) versus screw pitch with different screw shaft diameter D,
are presented in Fig. 3.1 (a) (b), where screw diameter Dy is 70 mm, pj = g, = 0.3
and flight width e = 5 mm ( Computer program is presented in Appendix B
). These curves show that both the filling efficiency and dimensionless flow rate
decrease with increase of screw shaft diameter D, and can be maximized with
scrtew pitch. But the optimum screw pitch appears to be different for both of
them. The optimum screw pitch for maximum filling efficiency increases with the
increase of D, , wherea the optimum screw pitch for maximum flow rate decreases
with increase of D, . The optimum screw pitch for maximum filling efficiency
does not always bring about the maximum flow rate. This clearly indicates that
filling efficiency and flow rate are two different parameters, and we cannot have
both at maximum. The selection of screw pitch can be made according to different
applications. In most cases, higher values of both are expected. Assessment could
be made by an overall parameter { which is equal to 77g. The curves of { against
screw pitch with different screw root diameter D, is shown in Fig. 3.1(c). These
curves show that { can be maximized in terms of screw pitch, and optimum screw
pitch appears to be around the standard screw pitch length, at which both filling
efficiency and flow rate remain higher.

Selection of D, is sometimes based on the particular application. For instance,
screw expellers for protein extraction and screw extruders for plastic extrusion
have bigger screw shafts than that for screw conveyors. These curves infer that
as shaft diameter increases, screw pitch should decrease around standard pitch to

keep the overall performance at maximum.

Fig. 3.2(a), (b) shows the effects of frictional properties on filling efficiency,
dimensionless flow rate and overall performance, where Dy =70 mm, D, =20 mm
and pp and p, are assumed to be the same, varying from 0.1 to 0.5. It can be
seen from these curves that when equal frictional condition exists in the conveying

process, screw capacity decreases with the increase of coefficients. The optimum
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screw pitch increases with increase of pj for maximum filling efficiency, while it
decreases with increase of pu for maximum flow rate. The overall performance is
also found to be around standard screw pitch for specified friction condition. The
curves in Fig.3.2 (c) suggest that the screw pitch should be bigger or smaller than
standard screw pitch for lower or higher coefficients of friction respectively in order

to achieve higher overall performances.

These equations also allow the effects of different friction condition between
material and barrel yuj, and between materials and screw flight p, to be analyzed.
Fig.3.3 shows that the screw performance increases with increase of u;, but the
increment is not continuous. Under the condition considered, when varying pj from
0.2 to 0.6, the performance curves approach the same level. With the increase of
fty, the optimum pitch appears to increase from standard pitch length, to keep the
overall performance at maximum. The effects of u, are shown in Fig. 3.4. With
the increase of u,, the screw capacity is decreased rapidly, and the optimum screw

pitch decreases.

Figs. 3.5 and 3.6 show the effects of screw outside diameter Dj on the screw
performance. It can be seen that for a given friction condition, the maximum
performance can be achieved when screw pitch is around the standard pitch length.

Varying D, does not change this nature.

It is not surprising that the screw pitch has an optimum value. When screw
pitch is very small, the material will rotate with little forward movement, which is
quantitatively described by the conveying angle. Therefore the filling efficiency is
low. As pitch increases, conveying angle increases, so does the filling efficiency.
the pitch continues increasing from optimum value, the conveying angle is reduced,

which results in a decrease of overall performances.

Over the past three decades, there have been numerous studies of the per-
formance of screw conveyors. The inter-relation between overall performance and
geometrical, and frictional parameters seemed not to be well understood. The
standard pitch was experimentally found to give better performance. The anal-
yses in this work give a theoretical support to it. In practice, the screw outside
diameter D, is selected according to a particular application. How to select the
screw root diameter and pitch with given friction conditions are the questions fol-
lowed by. This analysis provides a way to select them under given friction and
operating conditions.
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3.1.4 Specific energy

Specific energy is usually worked out by taking into account the mass flow rate
and power requirement, and power is related to the torque needed to rotate the
screw. A theory concerned with prediction of torque was given by Metcalf [ 49 ] in
1966. His interests were in the screw conveyor for coal, but the principles are the
same. The expression given was found difficult to apply. However in practice, the
torque can be measured by using a strain-gauged transducer. Hence the power Py

and specific energy Ey can be worked out as :

Py = #NT/30000 (3.8)

Eq = 60Po/Qm (3.9)

Where, Py is the power, kW, N is rotational speed, rev/min, T is torque, Nm, Eq
is specific energy, kJ/kg, @, is throughput rate, kg/min.

3.2 Filling Performances of Fibrous Materials

3.2.1

In the course of an experimental program with helical screws working within
a stationary cylindrical casing, it was observed that there were frequent blockages
when trying to feed long fibrous materials like straw into a screw conveyor, whereas
when feeding free flowing granular materials such as grains, there was no such a
difficulty. To understand the problem, and improve it, it is neccessary to analyze

the feeding process for the long materials.

Analysis of the process

When a bundle of straw is fed into the screw gravitationally from the hopper
above the screw, as shown in Fig. 3.7(a), it is forced forward by the screw flight.
There is a tendancy for the straw to be wedged between the moving flight of the
screw and the edge of stationary casing (Fig. 3.7 b,c,d). Meanwhile, the material
is forced into contact with the edge of the casing, when part of the materials is in
the channel, being forced forward by the flight, and part is outside of the casing
being retarded by the edge. The cutting process occurs at this stage. If the ribbon
is cut off completely, it will fall into the channel and be moved forward, and if it
is not, the ribbon will slide toward the corners of the opening by the rotation of

the screw to form a blockage which choked the inlet to the conveyor.
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3.2.2

The cutting process is another complex one, and presence of which makes it
even more complicated to analyze the extrusion of long fibrious material by the
screw. However there is considerable evidence in the literature | 50, 51 | that many
researchers have been concerned with how the cutting process takes place and
how the process conditions can be controlled. O’Dogherty | 50 | in 1982 reviewed
forage chopping in detail. The cutting performance is dependent upon the material
properties, such as shear strength, modulus of rigidity, bulk density, friction, and
upon cutting device itself. Although some equations were suggested for evaluating
the cutting forces or cutting energy, they were found difficult to apply because
empirical constants were needed. For the particular problem related in this work,

the emphasis is placed on the cutting device.

Improvement of the design of the feed inlet shape

The above analysis revealed that the blockage was caused by the sliding of
the materials between the moving flight and the edge of the casing, and could
be avoided by reducing sliding and enhancing the cutting. For the conventional
rectangular feed opening, the casing edge is straight, and perpendicular to the axis
of the screw. The edge of the flight can be assumed to be straight along the helix
angle at the top of flight. Then the cutting angle, ¢, formed by the two edges is

the helix angle, which is constant at about 17.6° for standard screws | see Fig. 3.8

(c) ]

For such a cutting device, the sliding could be reduced in several ways, one of
them is to reduce the cutting angle ¢ by changing the orientation of the casing
edge at a different casing angle. A positive casing angle is defined as the angle
between the perpendicular line to the screw axis and the casing edge turned in
counter clockwise direction. Making the casing angle negative, as shown Fig.
3.8(b), makes the prospects for cutting materials worse, because of the increase of
the cutting angle which could reduce the cutting effects. Conversely, changing the
casing edge at a positive angle, as shown in Fig. 3.8(c), could reduce the sliding

and improve the cutting.

The arrangement of the flight and casing is shown in Fig. 3.9(a), where AB
represents the edge of the flight (6, : helix angle) and CD represents the edge of

casing (7 :casing angle).

Considering the forces acting on a body of fibrous material in equilibrium
between the flight and the casing, neglecting gravitational and centrifugal forces,
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the force F; is the resultant force of the force Fy and F¢, as shown in the triangle

of the forces in Fig. 3.9(b), and is given by

F? = F} + F? — 2F}F? cos(y — 6, — ¢5 + &) (3.10)

Where Fy =force generated by the flight and ¢s=frictional
angle between material and the flight.
F. =force generated by the casing and ¢.=frictional

angle between material and casing.

Equation (2.10) indicates that the force Fy is a function of the angle (y —
6y — ¢5 + ¢c) and could be minimized in terms of this angle. ¢ is zero, when
there is no relative movement between material and the casing, but the friction
will be developed between the rotating flight and the material. When the angle
(v — 6y — ¢y) approaches zero, the force F, is reduced in magnitude, Therefore the
condition for F, to be minimum is :

7 =0+ ¢5 (3.11)

For the standard pitch screw, the helix angle is constant at about 17.7 deg,
which was used in the experimental rig. The coefficient of friction between the
material used was in the range from 0.25 to 0.35 [ 50, 54 ], which places the

optimum casing angle in the range from 31.7° and 37°.
3.3 Experiments

3.3.1 Apparatus

The experimental rig is shown in Fig. 3.10. A helix screw of 385 mm overall
length, 70 mm outside diameter, pitch of 70 mm and root diameter of 20 mm was
set up horizontally in a tube of 72 mm internal diameter. The screw was driven
from an electric motor through a speed reduction chain drive. The screw was fed

from an overhead belt conveyor, which discharged at a uniform rate into the tube.

Tests were carried out for the fixed screw at rotational speeds ranging from
40 rpm to 147 rpm for three classes of materials: free flowing, long fibrous and
short fibrous. They were sawdust, barley seeds, chopped wheat straw and hay,

long wheat straw and hay. The test conditions are summarized in Table 3.1.
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Table 3.1 — Summary of experimental conditions

Screw length 375 mm
diameter 70 mm
pitch 70 mm
channel depth 22.5 mm
helix angle 17.6 deg
Casing length 380 mm
diameter 72 mm
materials perspex and metal tube
Materials tested type moisture content % (wet basis)
sawdust 7.85
barley 10.4
wheat straw 8.4
hay 12.3

3.3.2 Instrumentation and experimental procedure

Experiments for free flowing materials are very simple, aiming at confirmation
of the filling efficiency equation. In order to observe the material movement in the
screw, a perspex tube was used. The feed opening length was adjusted by using a
valve at the bottom of the hopper, ranging from 20 to 130 mm ( about 2D). The
throughput was measured by weighing the materials from the discharge end of the

screw over 3 minutes.

In order to observe the formation of blockages, long fibrous materials were fed

into this perspex tube after finishing all the tests for free flowing materials.

The experiments for fibrous materials were carried out in order to confirm the
influences of the casing angle on the throughput and specific energy. A metal tube
was set at five values of the casing angles: 0, 28.5, 35.5, 45 and 49 deg (see Fig.3.11,
which also shows the arrangement of the casing with different angle). The same
screw was used at speeds of 40 and 60 rpm. The torque on the screw was measured
by a strain-gauged transducer, which was designed for measuring the torque of a

screw extractor for protein extraction of plant leaves in this department [ 52 ].
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The experiments started with careful selection of the materials, like removal
of impurities such as earth, stones, metal etc., then selected materials were placed
onto the belt conveyor uniformly. After 3-5 minutes of running of the screw at
given speed with no load, the materials were fed into the screw conveyor through
a hopper, and conveyed by the screw. The time was recorded, the material was

collected and weighed, and the torque required was recorded by a X-Y plotter.
3.4 Results and discussions

3.4.1 Throughput for free flowing materials

The summary of the experimental results on the throughput are presented
in Table 3.2, which shows the average values of the throughput at different feed
intake lengths, and corresponding standard error for each speed. These standard
errors are very small, which suggests that the effect of feed opening length is
negligible. This agrees with a previous conclusion drawn by Brusewitz & Persson
[ 48 ] that when the screw worked at low speed, feed intake length has little
effect on the throughput. A comparison between predicted throughput by using
equation (3.2) and measured throughput is shown in Table 3.3 and Fig. 3.12, where
py=p,=0.13 for barley, up=p,=0.23 for sawdust ( see Chapter V ). Mean values
of the throughput were used to fit the predicted curves against screw speeds. It
can be seen that experimental points fit the theoretical curves very well. At this

operating condition, throughput appears to be a linear function of screw speed.
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Table 3.2 — Results on throughtput of screw conveyor (kg/min)

a ). For barley

Feed length Screw speed (rev/min)

(mm) 40 | 48 | 58 | 72 | 99 | 122 |147

20.0 3.42514.275|5.115[6.353 | 8.680| 11.493} 12.915]
40.0 3.42514.38015.125}6.401 | 8.780| 11.738] 13.137
60.0 3.575|4.415|5.235|6.486 | 8.880 | 11.905} 13.20
80.0 3.588 14.47515.3456.602 18.965| 11.915 13.352|
100.0 3.62914.53515.35516.690}9.090|11.958 13.512#
120.0 3.635(4.560]5.43016.76319.14212.118 | 13.64
130.0 3.63514.570]5.430|6.776 |1 9.355|12.132 13.68
Mean value | 3.559 | 4.459| 5.291 | 6.582 | 8.985 | 11.894| 13.349
SD 0.08710.10010.1240.159 | 0.214} 0.206 | 0.262

b). For sawdust

20.0 1.240}1.41811.91312.295]3.183|3.933|4.705
40.0 1.24811.42311.92812.30313.193 | 4.033} 4.710
60.0 1.25411.453]11.930|2.3133.233|4.113 | 4.800
80.0 1.267]1.503 | 1.938 | 2.333 | 3.275}4.163 | 4.880
100.0 1.28311.553|1.94312.388 |3.318 | 4.200{ 5.005
120.0 1.3001 1.553 | 1.953 | 2.433 | 3.333 | 4.258] 5.025
130.0 1.326 | 1.593 | 1.953 | 2.433 | 3.413 | 4.373] 5.020

Mean value | 1.274|1.499]1.937|2.357 [ 3.278 } 4.153 | 4.878
SD 0.02910.065(0.0130.056 | 0.077{0.134 | 0.132
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Table 3.3 — Comparison of throughput of a screw conveyor

a).For barley

Speed [Throughput rate ( kg/min )]

(rev/min) | Predicted measured

40 4.1631 4.1889

48 4.9958 4.8586

58 6.0366 5.9907

72 7.4937 7.5819

99 10.3038 9.9846

122 12.6976 12.8941

147 15.2995 14.3487

b). For sawdust

Speed [T'hroughput rate ( kg/min
(rev/min) | Predicted| measured
40 1.3824 1.2741
48 1.6589 1.4994
58 2.0045 1.9369
72 2.4884 2.3569
99 3.4215 3.2783
122 4.2164 4.1533
147 5.0805 4.8779

3.4.2 Filling efficiency

The eflects of the screw speed on the filling efficiency are summarized in Ta-
ble 3.4, where the filling efficiency was calculated from equation (3.6) by using
experimental data. This shows very little variation in filling efficiency with screw

speed over the operating range used and gives further support to equation (3.7),
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in which filling efficiency is independent of the screw speed. This appears to agree
well with previous work for low speed. Brusewitz & Persson [ 48 | found that at
speeds around 100 rpm, the filling efficiency of a horiziontal screw conveyor was
found to be 0.6 to 0.8 for grains, which is quite close to that obtained in this work
for sawdust and barley. However when the speed is over 1000 rpm, the previous
work showed a rapid reduction in filling efliciency with speed, but equation (3.6)
does not give any indication about it. It follows that this equation is valid only

for the low speed use of screw.

It was not possible to check the effect of the screw geometries on the filling
efficiency, since it is costly to make so many different types of screws. For the
screw used in this work, the comparison is made of predictr 1 filling efficiency by

using equation (3.6), and measured values of filling efficiency. The results were
shown in Table 3.5.
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Table 3.4 — Results of filling efficiency of the conveyor

a ). For barley

Feed length Screw speed (rev/min)
(mm) 40 | 48 | 58 | 72 | 99 | 122 | 147
20.0 0.587(0.610]0.6040.60510.601| 0.645| 0.602
40.0 0.587]0.625]0.605]0.609 {0.608 | 0.659] 0.612
60.0 0.612{0.630]0.6180.617|0.615]0.669| 0.615
80.0 0.615}0.63910.6310.628 { 0.620 0.669 | 0.622
100.0 0.622]0.647]0.63310.637(0.629|0.672{ 0.630
120.0 0.6230.6510.6410.644|0.633|0.681 | 0.636
130.0 0.623]0.65210.64110.645]0.647|0.681 | 0.638

Mean value | 0.610]0.636 | 0.625 | 0.626 | 0.622 | 0.668 | 0.622
SD 0.015{0.0140.015}0.015]0.015]0.012 | 0.012

b). For sawdust

20.0 0.6670.6360.710 1 0.686 | 0.692 | 0.694 { 0.689
40.0 0.672(0.638|0.716 | 0.689 { 0.694 | 0.712 | 0.690
60.0 0.6750.65210.716 } 0.692 | 0.703 | 0.726 | 0.703
80.0 0.68210.67410.719 | 0.698 1 0.712 ] 0.735{0.715
100.0 0.691]0.697}0.72110.7140.722|0.741 ] 0.733
120.0 0.700 | 0.6970.725{0.728 | 0.725]0.751 | 0.736
130.0 0.714}0.715]0.725|0.728 { 0.742 } 0.772 | 0.735

Mean value | 0.686 | 0.67310.7190.705]0.713{0.733 | 0.714
SD 0.015]0.029]0.005{0.017 |1 0.017 | 0.024 } 0.019
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Table 3.5 — Comparison of filling efficiency

Material | up Wy Predicted | Measured
Barley [0.250| 0.200 0.713 0.609
Sawdust |0.300| 0.200 0.744 0.6726

3.4.3 Observations

3.4.4

The conveying angle is a very important parameter, but it is difficult to mea-
sure. However it can be observed. In this work, some materials were dyed in red
colour, then mixed with others. When these mixed materials were conveyed by
the screw, the path of the dyed material movement along the casing was marked
by using a string (see Fig. 3.13). It was found that the path did not change with
the screw speed. This implies that the conveying angle is independent of the screw
speed. Therefore the filling efficiency is kept constant. The path was found to
change with material type. Sawdust showed bigger values of the conveying angle
than barley. This might be caused by the different coefficient of the friction be-
tween them. The observation gave support to why sawdust has a higher filling

efficiency than barley.

It was also observed that the material movement is highly dependent on the
amount of the materials filled in the hopper. If there is a little material in the
screw ( by adjusting the feed control valve less than 10 mm as shown in Fig. 3.14),
the material does not move helically along the path, but axially. This observation
implies the importance of the higher filling efficiency.

When long wheat straw was fed into the pespex tube, the tube was broken at
the corner where the materials were wedged. The sliding process took place along
most of the casing edge. The theory for a new design of the feed opening was based

on this observation.

Throughput and specific energy for fibrous materials

The results on the throughput and specific energy for long and chopped straw,
and hay were presented in Tables 3.6 - 3.9, where the specific energy was worked
out by using the equations(3.8) and (3.9). An example of torque measurement
was shown in Fig. 3.15. These results show the effect of casing angle on the both

throughput and specific energy. It is interesting to notice that for all tests, the
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throughput exhibits a maximum, where specific energy appears to be minimum at
the casing angle of about 35°, which is in the optimum casing angle range analysed
in section 3.2.2. The throughput was increased on average by half as much again
to a maximum value, as the angle of the edge of the casing was increased from
normal to the axis of the screw, to 35.5° to the normal to the axis of the screw.
Increasing this angle beyond 45° caused the throughput to fall from maximum
value. From observation, the conveyor showed less tendency to be blocked by the
hay and the straw, when the angle of casing was increased so that the material was
sheared between the moving flight and the stationery casing, than when it tended

to slide between the flight and the rectangular opening of the casing.
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Table 3.6 — Experimental results on throughput and specific energy

for long materials at 40 rev/min

a). long wheat straw

Casing angld Output |Increase | Torque | Power | Specific energy | Decrease
(Deg) | (kg/min) (%) | (Nm) {ew)|  (ki/kg) | (%)
0.0 0.1910 - 32.68 | 0.137 43.00 -
28.5 0.2930 | 53.40 | 44.25 | 0.185 37.96 11.72
35.5 0.3400 78.00 | 50.73 | 0.213 37.50 12.80
45.0 0.2210 | 15.70 | 36.79 | 0.154 41.84 2.70
49.0 0.1270 | -33.50 | 29.00 | 0.121 57.60 -33.95
b). long hay

Casing anglegl Output |Increase| Torque | Power | Specific energy] Decrease
(Deg) |(xg/min) (%) | (Nm) [0W)| askg) | (%)
0.0 0.1470 - 28.66 | 0.121 49.00 -
28.5 0.2610 | 77.55 | 43.62 | 0.183 42.00 14.30
35.5 0.2530 | 72.11 | 44.40 } 0.186 44.10 10.00
45.0 0.2140 | 45.60 | 37.72 | 0.158 44.30 8.57
49.0 0.1730 | 17.70 | 33.18 | 0.139 48.30 1.43
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Table 3.7 — Experimental results on the throughput and specific

energy for chopped materials at 40 rev/min

a). chopped wheat straw

Casing angld Output | Increase | Torque | Power | Specific energy | Decrease
(Deg) | (kg/min} (%) | (Nm) | (kW) | (kJ/kg) (%)
0.0 0.1760 - 31.02 | 0.129 44.30 -
28.5 0.1900 7.95 28.88 | 0.121 38.20 13.77
35.5 0.2070 | 17.60 | 31.03 { 0.129 37.68 14.94
45.0 0.1820 5.68 33.45 | 0.140 46.20 -4.29
49.0 0.1240 | -29.50 | 24.28 | 0.102 49.22 -11.11
b). chopped hay

Casing anglg Output | Increase | Torque | Power | Specific energy | Decrease
(Deg) |(kg/min) (%) | ) [aow) | ume) | )
0.0 0.1260 - 24.37 | 0.102 48.60 -
28.5 0.1630 | 29.37 | 31.00 | 0.130 47.80 1.65
35.5 0.1950 | 54.76 | 33.42 | 0.140 43.07 11.38
45.0 0.1740 | 38.09 | 31.02 | 0.130 44.80 7.82
49.0 0.1690 | 34.13 | 30.98 | 0.130 46.10 5.14
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Table 3.8 — Experimental results on throughput and specific energy
for long materials at 60 rev/min

a). long wheat straw

Casing angld Output |Increase | Torque | Power | Specific energy | Decrease
(Deg) | (kg/min) (%) | vm) [6W) | ) | (%)
0.0 0.3770 - 44.50 | 0.279 44.50 -
28.5 0.4850 | 28.65 | 49.26 | 0.309 38.29 13.96
35.5 0.5270 | 39.19 | 50.69 | 0.318 36.26 18.52
45.0 0.4170 10.61 42.12 | 0.265 38.08 14.43
49.0 0.3500 -7.16 39.44 | 0.248 42.48 4.53
b). long hay

Casing angld Output |Increase | Torque | Power | Specific energy | Decrease
(Deg) | (kg/min) (%) [ (Nm) | (kW) ]  (kJ/kg) (%)
0.0 0.3180 - 28.86 | 0.181 34.21 -
28.5 0.4550 | 43.08 | 37.70 | 0.237 31.24 8.39
35.5 0.4750 | 49.37 | 38.74 | 0.243 30.75 10.14
45.0 0.3835 | 20.44 | 35.06 | 0.220 34.46 -0.73
49.0 0.3467 | 9.12 | 33.83 | 0.213 36.78 -0.75
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Table 3.9 — Experimental results on throughput and specific energy
for chopped materials at 60 rev/min

a). chopped wheat straw

Casing anglg Output |Increase | Torque | Power | Specific energy | Decrease]
(Deg) | (kg/min} (%) | (vw) 0wy | ae) | @)
0.0 0.2320 - 25.88 | 0.163 42.06 -
28.5 0.3630 | 56.47 | 30.90 | 0.194 32.08 23.42
35.5 0.4080 75.86 | 38.39 { 0.241 29.06 30.91
450 0.3820 | 64.66 | 30.50 | 0.192 30.10 28.43
49.0 0.3450 | 48.70 | 38.24 | 0.240 41.79 0.60

b). chopped hay

Casing angld Oulput |Increase | Torque | Power | Specific energy | Decrease
(Deg) | (g/min) (%) | (vm) [w) | gag) | (%)
0.0 0.1770 - 15.19 | 0.095 32.35 -
28.5 0.2560 | 44.60 | 19.40 | 0.121 28.58 11.65
35.5 0.2800 | 58.19 | 21.97 | 0.138 29.58 8.56
45.0 0.3140 | 7740 | 27.14 | 0.171 32.58 -0.71
49.0 0.2850 | 61.00 | 25.70 | 0.162 34.00 -0.53

The results of throughput for free flowing materials with different casing angle
were presented in Table 3.10, which shows that with free flowing materials, there is
no significant advantage to be gained in changing the casing angle. Barley, being
a denser material, has a correspondingly higher rate of throughput under similar

operating conditions.
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Table 3.10 — Effect of casing angle (y) on the capacity of horizontal

screw conveyor

Free flowing materials;  screw speed of 40 rev/min

" Casing angle ( °) 0 ]28.5] 35.5] 45.0 | 49.0
throughput | sawdust | 1.390 | 1.423 | 1.424 | 1.380|1.360

( kg/min )| barley |3.940(3.970}3.970]3.830]3.815

3.5 Summary

By introducing the screw extrusion theory into the context, the screw fill-
ing efficiency can be predicted theoretically in terms of the screw geometries and
frictional coefficients, when neglecting the changes in density and pressure. This

estimation was found reasonable, and agreed well with experiments.

The overall parameter { given in section 3.1.3 can be used as an assessment
parameter of the design of the screw for various applications. { can be maximized
in terms of the screw pitch. The optimum screw pitch appears to be around the
screw diameter, but may vary with different friction conditions and screw shaft
diameter. For the smaller screw shaft diameter or lower frictional condition, the
screw pitch shoud be increased slightly from the standard pitch in order to keep ¢

at maxamum.

The main factors affecting the performances of the screw conveyors are depen-
dent on the materials used. For free flowing materials, the screw diameter , root
diameter and screw pitch are the main ones, and screw pitch can be optimized
with different root diameter for different frictional condition in terms of maximum
filling efficiency. The feed opening length and the shape have little effect for this

type of materials.

When the screw is used for fibrous materials, the opening shape becomes a very
important design parameter. Usual rectangular feed opening can lead to a blockage
because of the bigger value of cutting angle which results in more sliding and less
cutting. The capacity of a screw conveyor to deal with fibrous materials can be
improved by reducing the tendency for the material to slide across the mouth of

the conveyor and by enhancing the shearing action between moving flight and

stationary casing.
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The sliding can be reduced, and shearing improved when the edge of the casing
is set at an acute angle, corresponding to the sum of the helix angle and the
frictional angle of fibrous materials on the screw. An improved design of inlet
was shown to raise the performance for both long and chopped straw , and hay
by increasing the throughput by 50 - 70 per cent, and reducing specific energy
requirement by 10 - 20 per cent.
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Figure 3.1 — Effect of screw shaft diameter D, on the performances of

a standard screw conveyor

(a). Effects on the filling efficiency
(b). Effects on the dimensionless value of mass flow rate

(c). Effects on the overall assessment value (
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Figure 3.2 — Effect of frictional coefficients iy s (sp = p,) on the

performances of a standard screw conveyor

(a). Effects on the filling efficiency
(b). Effects on the dimensionless value of mass flow rate

(c). Effects on the overall assessment value (
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Figure 3.3 — Effect of frictional coefficient py (up # p1,) on the

performances of a standard screw conveyor

(a). Effects on the filling efficiency
(b). Effects on the dimensionless value of mass flow rate

(c). Effects on the overall assessment value ¢
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Figure 3.4 — Effect of frictional cocflicient u, (ps # p,) on the

performances of a standard screw conveyor

(a). Effects on the filling efficiency
(b). Effects on the dimensionless value of mass flow rate
(

c). Effects on the overall assessment value (
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Figure 3.5 — Effect of screw diameter Dy on the performances of

a standard screw conveyor

(a). Effects on the filling efficiency
(b). Effects on the dimensionless value of mass flow rate
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ure 3.6 — Effect of screw pitch and diameter on the overall

parameter of a standard screw conveyor
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Figure 3.7 — Analysis of feeding process of fibrous material into a
screw conveyor



Figure 3.8 — Methods of changing the casing angle

Diagrams show the effects of different orientation of the

casing on the feeding of fibrous material into a screw
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Figure 3.9 — Force analysis for the feeding of fibrous material
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Figure 3.11 — Diagram showing the arrangement of different casing

angles with a standard screw
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Throughput ( kg/min )

Figure 3.12 — Comparison between predicted and measured

throughput of a standard screw conveyor
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Figure 3.13 — Mecasurement of material movement path

(a). An apparatus to measure the path by using
a string and dyed material
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(b). The measurement shown on the velocity diagram
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Figure 3,14 — Diagram showing the effect of feeding amount on

the movement of materials
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Figure 3.1
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4.1

4.1.1

Chapter IV

THEORETICAL STUDY OF A TAPERED SCREW
PRESS

Introduction

As remarked in Chapter II, a tapered screw may generate a higher pressure
than standard screws, since the screw diameter decreases along the length of the
screw, the volume is reduced. As material is forced forward by the flight of the
screw, its volume is reduced, and its density is increased. Theoretical analysis
on such a type of screw was not found in the literature. Its performances and

predominent factors appear to remain unknown.

This chapter is concerned with the understanding the performances of a ta-
pered screw press. The effect of the screw taper and the conveying mechanism
are analyzed following the similar approach of Tadmor and Klein as reviewed in
chapter II. After making some assumptions, a differential equation for the pressure
build up in one dimension was derived which can express the tapered screw extru-
sion process. The main factors were identified and analyzed. The pressure profiles
and the characteristics curves of pressure/output were presented. Comparison was
made between tapered and standard screws in terms of pressure build-up and the

pressure / output characteristics curves.

Effects of the taper

The screw taper is formed by reducing the outside diameter of a screw along
its length. It is this reduction in diameter that causes a series of changes in
both geometrical and mechanical parameters, which are shown in Fig. 4.1. These
changes make the analysis of the tapered screw even more complicated, since the
analysis for standard screw itself is complicated enough which has been recognized
by many researchers. This is because those geometrical parameters which are
constants for standard screws, are variables for the tapered screw. Compared with
standard screws, the tapered screw has a lower output rate. However what we
expected is a higher pressure and higher density of materials as a result of the
extrusion process. The throughput capacity can be improved by other means, e.g.

roughening the inside surface of the barrel and proper selection of the other screw
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4.1.2

geometries like screw pitch. In practice, a constant screw pitch is used, because
it is easier to make. How to determine this value is interesting. Analysis given in
chapter I1I shows that if unequal frictional conditions exist in the system, optimum
screw pitch should be equal to or slightly bigger than the screw diameter. Based
on this finding, the screw pitch in this work is selected to be the same as the inlet
diameter of the tapered screw, so that the screw pitch can be kept bigger than

screw diameter throughout.

Conveying mechanism

Tadmor and Klein state that when granular or powdered materials are fed into
a screw, they are packed closely together to form a solid bed or plug which slides
down the helical channel. When the casing is assumed to rotate, and screw to be
stationary, the driving force for the movement of the plug is the frictional force
between barrel surface and materials. The frictional forces between plug and screw
( flight and root ) on other hand will retard the motion of the plug. This process

remains the same for the tapered screw as for standard screws.

Fig. 4.2(a) shows that a solid plug is contained within a tapered screw channel.
To understand the motion of the plug within the screw channel, the radius of the
screw shaft is assumed to be infinite, so that it is possible to get a model ( Fig.
4.2(b) ) which shows the plug is confined between two plates moving relative to
each other. The upper plate represents the barrel with an angle ¥ due to taper,
and lower plate represents the screw shaft. When the casing is assumed to rotate
with the screw stationary, the upper plate moves at a velocity V} with the same
angle ¥ to lower plate. Let the contact pressure, contact area and the coefficient
of friction on the barrel be py, Ay and u; respectively, while those on the screw
shaft be p,, A, and p,. With this model, neglecting the body forces, the pressure
forces and the friction forces acting on the plug are shown in Fig. 4.3. If the plug
is assumed to move in constant speed, then the projections of the all these forces
in both Y and Z axes are zero.

i. $Z=0
PsAspts + prApsiny — pyAppp cosyp = 0 (41)

Due to the taper, A; is bigger than A,. Introducing A, = Ay cos into
equation (4.1) and rearranging it, we get

tany = Pobts — Pabs (4.2)
4
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When both contact pressures p, and p, are considered to be equal

throughout the system, then the above equation reduces to

tany =pp—p, or pp = s +lany (4.3)

From this equation we can draw the following conclusions:

1 For the standard screw, the constant movement of the plug can be maintained
when the frictional condition between the plug and the barrel is the same as
that between the plug and the screw, because when ¢ = 0, equation (4.3) gives
By =Hs -

2 For the tapered screw, when puj =g, , constant movement of the plug cannot be
maintained because under this condition, equation (4.3) gives tany = 0, which
is a wrong statement for a tapered screw. In order to obtain a continuous and
constant motion of the plug, the coefficient of the friction yu;, must be greater

than py, .

3 For the given frictional condition, the screw channel taper angle must be re-

stricted by following inequality:

tany < pp — p, (4.4)

i TY =0
PsAs — ppAp cosy + ppAppy sing = 0 (4.5)

making A, = Ay cosy and rearranging it, then

ps = po(1 + pptan ) (4.6)

This equation gives support to the uniform pressure assumption for the analysis
of the standard screw in previous work, because when ¥ = 0, p, = p,. But for
the tapered screw, when the centrifugal force and gravity force are neglected, the
contact pressure at the screw appears to be bigger than that at the barrel surface,

because the barrel frictional force has a component which should be balanced by
the pressure force at the screw.

Although this model provides some important conclusions, it cannot explain

the conveying mechanism in detail, since some other forces like frictional forces
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between plug and the screw flight are involved, and how the plug can get a velocity

is unclear.

Fig. 4.4 shows a plug confined in the screw channel. To compare and dis-
tinguish the differences in the conveying process between a standard screw and a
tapered screw, the rectangular channel formed by the standard screw is illustrated
with broken lines. It is obvious that the tapered screw channel is not rectangular.
Therefore the geometries of the plug taken from the tapered screw channel are
more complicated than those from the standard screw. The channel height and

the helix angle at the barrel are a function of the channel length z ( see next section
for details ).

In Fig. 4.4, a plug taken from the tapered screw channel is considered. Mid-
dle plate, representing the tapered screw barrel, is assumed to move at a certain
velocity Vj in a direction perpendicular to the screw axis. If the system is taken
as shown in this Figure, then V} is in fact at the helix angle 6 to the down chanrel
direction z. If the plug is still thought to be moved by the frictional force F
between the plug and the barrel, then this force must act at an angle a with V}
, in order for the plug to obtain a certain value of the velocity V. The angle a
is sometimes called material movement angle or plug movement angle, which is a
very important paprameter in the screw extrusion process. Its magnitude depends
upon frictional properties, screw geometries, flow rate and the pressure existing
within the plug. It is clear that the bigger the angle a, the higher the moving
velocity V and the greater the flow rate.

This model gives an explanation about how the plug obtains a velocity, and
what may affect it. To generate a mathematical expression for the tapered screw,
We need a more complicated model (Fig. 4.8) in which the frictional and pressure
forces on all surfaces can be included. The analysis in this work is given by taking
into account the effect of the screw taper, while following Tadmor and Klein’s

approach.
4.2 Tapered Screw Geometry and Flow Rate

4.2.1 Geometries of the tapered screw and a simplified model

The geometries of a tapered screw are shown in Fig.4.5. By using polar coor-

dinates (R,0,Z), the following expressions can be obtained :

[



AR
R=Ry— g@ (4.7)
2w
0=732 (4.8)
and the screw taper angle
tang = (—R.;;——}-z-é—) (4.9)

where AR = Stan ¢, the diameter reduction over one screw pitch.

To consider the pressure build-up along the channel (not along the screw
length) based on Tadmor and Klein’s approach, it is possible to open up the screw

and regard it as a straight tapered die as shown in Fig. 4.6(a), where
ABCD represents the pushing flight,
A'B'C' D'represents the retarding flight,
AA'DD' represents the screw shaft,
BB'CC' represents the barrel surface.

This mode! accounts for the varying cross section of a tapered die through the

following features:
(a) channel depth varies both across and along the channel,
(b) the helix angle at the barrel surface increases as the radius decreases,
(c) tangential velocity decreases along the channel.

A further simplification can be made by taking the average values of AB and
A' B' as AgBg, CD and C' D' as CyDg, giving an arbitrary plane Ay By Co Dg as
shown in the simplified model in Fig.4.6(b), where Ag Do represents the stationary
screw shaft and By Co represents the rotating barrel surface.

If ¢ is defined as the channel taper angle, then

tany = LR-S’L;-I}!'-) (4.10)

and

L
Li=—— (4.11)

78



Introducing equations (4.9) and (4.11) into equation (4.10), the relationship be-
tween channel taper angle and screw taper angle is given by

tany = tan ¢sin (4.12)

At any point z along the channel, the radius can be expressed as a function of the

channel length z:

R(;)= Ro— ztany (4.13)

4.2.2 Assumptions

The assumptions made in the analysis are essentially the same as those used
in Dornell and Mol’s work, and adapted by Tadmor and Klein who neglected slip.
They are

(a) the barrel is assumed to rotate while the screw is stationary,

(b) the element taken from the channel is treated as a 'plug’, with no internal

shearing,

(c) Coulomb frictional conditions exist at the material-metal interfaces, and

are assumed to be constant all along the channel,

(d) an isotropic pressure exists within the plug of material at each point
along the channel,

(e) the screw curvature effects are neglected,
(f) the screw is single start, right-handed and runs full of material,
(g) the screw axis is horizontal,

(h) the clearence between the screw flight and the surface of the barrel is

sufficiently small that there is no leakage over the flight.

Tadmor and Klein examined these assumptions in detail in order to justify
their validity.

4.2.3 Flow rate

The flow equation of the solid plug at any cross section of the screw can be

expressed in terms of the unknown velocity of the plug in the axial direction Vjy
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as shown in Fig.4.7(a), in which the velocity Vj; is taken as the axial component
of the velocity along the taper surface. As indicated by Tadmor and Klein, this
velocity can be treated as independent of the channel depth. The volumetric flow
rate of the solid plug is obtained by multiplying this velocity by the cross sectional
area of the plug:

Ry

Qo = Vy /(21rR—— ;i%)dR (4.14)
R‘

The second term, ;25 , represents the part of the cross sectional area occupied
by the flights. The helix angle 6 is a function of the radius, which will complicate
the integration, but can be neglected without introducing appreciable errors by

taking an average angle §. The integration of the above equation gives:

He
Qv = Vuln(R} — R?) - o (4.15)

If it is assumed that there is no slip between the plug and the channel wall,
the unknown velocity Vj can be obtained from the velocity diagram Fig.4.7(b):

tan a tan 6 cos ¢

V=% tana + tan,

Where Vj is the tangential velocity of the plug at the barrel surface and is equal
to 2r NR;,. However, the above condition is not usually true. The reality is that
there should be some slip between the plug and the channel wall. The effect of the
slip is to reduce the down channel velocity V;,; and the axial velocity V},, because
there is a slip velocity V, as shown in Fig. 4.7(c) which, as stated by Pearson [ 24
), is parallel to the down channel velocity V;,. but in opposite direction. The effect
of slip may be included 