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Abstract

Sugar is mainly used in our daily life, so sugar cubes machines were
developed by engineers around the world. Sugar cubes can be formed by
compressing Sugar in a cubic mold then blow hot air to the cubes to
evaporate the water. This machine is to be controlled by a PLC device and
electro-pneumatic system.

The Idea came up from the local market needs, in addition, the Machine’s
price is high in the global market compared to making it in Palestine. Cost is
estimated to be around 2000 US Dollars, the Quality of the product is
expected to be good and appropriate with low production cost.
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Chapter 1
Introduction
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1.2.
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1.4.
1.5.
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Machine description
Objectives

Overall cost

Time table



1.1 Overview

1.1.1 Sugar cubes industry.

Sugar industry is one of the ancient and still the largest among food processing industries of
the world.
Sugar, in its crude form, is being used as sweetening agent from time immemorial. So, improving
it was and still developers’ interests.

Machines are developed to satisfy the market, from this idea, producing sugar with different shapes
was a need. They started to produce it as powder then it came the Idea to produce sugar as shapes,
such as:

1. Cubic shape.
2. Star shape.
3. Heart shape.
4.

Christmas tree shape.



1.1.2 Sugar Cubes forming.

Sugar Cubes are cubes of sugar meant for table use. They allow a user of them to
sweeten his or beverage as desired. Generally, the beverages are hot, typically coffee or tea,
as the cubes dissolve away very quickly into a liquid when the liquid is hot. They can be
used to sweeten a cold drink, such as Iced Tea, but you will have to stir a great deal to
encourage the cute to dissolve faster.

The cubes are made by pressing granulated sugar, mixed with a bit of sugar liquid to help
glue them all together, into cube shapes, Machines form them into cubes, air-dry them, then
package them, see figure 1.1.

Most sugar cubes are made from refined white sugar, but you can also get them made from
Brown Sugar, Demerara Sugar, etc.
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Figure 1. 1 Sugar cubes Machine



1.2 Background

1.2.1 Introduction

Sugar is mainly used in our life for everything, especially in hot drinks like tea, coffee
and others. Sugar can be made in multiple shapes, mainly as cubes so it will be easier to use it
and maintain it as well, so we decided to create a machine to produce these cubes.

1.2.2 History

In the 1700s, Europeans bought their sugar in brown loafs that had to be hacked, pounded
and smashed into smaller pieces. “People just accepted that in order to use sugar, you had to go
through all this physical trouble,” says Elizabeth Abbott, the author of “Sugar: A Bittersweet
History.” “The big surprise is that there wasn’t a sugar cube invented much earlier.” By the 1800s,
stores sold sugar already broken up into random-size pieces. But these chunks could be
inconvenient at teatime. They often had to be dunked doughnut-style, because they wouldn’t fit in
the cup. When the tea was finished, you were left with a sticky clump to dry out for future use.

In the 1840s, progress was made when Juliana Rad, who was married to the head of a sugar
refinery in Moravia, cut a finger while chopping sugar. She complained to her husband, perhaps
while waving her bandaged hand: why not make units of sugar that would come perfectly sized
for one cup of tea? Jakub Krystof Rad’s innovation was to use a press to make the cubes, and he
soon presented a box of them to his wife. He patented this specialized press in 1843.

The Rads might well be the Pierre and Marie Curie of beverage-sweetening, but it took
decades before the sugar cube became widespread in Europe. A German named Eugen Langen
reinvented the cube for the factory of the 1870s — the molten sugar was spun in a centrifuge and
then sawed into small pieces. In the late 1800s, “processed food and refined food all became in
vogue,” Abbott says.

Victorians, Abbott notes, loved how clean and neat — how manufactured — the sugar
cube was. “It’s only today that we’re trying to make everything look homemade, natural,” she
adds. “The pendulum is swinging back again”.



1.2.3 Stages of sugar cubes forming.

1. The first stage of sugar cubes forming is the mixing process, where sugar is
mixed with 1 % water, a motor with shaft mixes the sugar and water together and
making the mixture ready to go down to the tank.

2. After the sugar reaches the tank, 2 pistons move the tank along the x-axis several
times till a mold with cubes is filled with the mixture.

3. When the mold is filled with the mixture, it will experience a pressure process to
give the sugar mixture its cubic shape.

4. The tank pushes the cubes to a conveyer, then they will be heated to evaporate the
water and give the cubes its hard shape.



1.3 Machine description.
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Figure 1. 2 Machine's block diagram



1.4 Objectives

Produce sugar cubes in with high quality.

Create a machine that satisfies the local market needs.
Create a low-cost machine compared to the global market.
Develop the cubes machine to be full automated.

b

1.5 Overall Cost

See Table 1.1

Table 1. 1 Project totlal cost(roughly)

1.6 Time table

Weeks 1 2 3 4

Activities
Data
collection
Data
analysis

System
design

Documentation

Presentation
preparing

Table 1. 2 Time Table



Chapter 2
Theory

2.1 Component table

2.2 PLC

2.3 One-phase DC Motors
2.4 Contactors

2.5 Limit Switch

2.6 Pneumatic System



2.1 System Components

1. Sugar: The input of the process.
2. PLC (Delta).

3. Electro pneumatic system.

4. Switches.

5. Indicators (light bulbs).



2.2 PLC controller

Programmable Logic Controllers (PLC) is essential controller equipment in modern
industrial control system. Though it is totally practical equipment it can be changed by the
program of its operation that’s why it is call Programmable Logic Controllers, and the figure
(3.1) below is show a one of types of PLC

N @ NCHMVUGSS XD X1 X2 X3 X4 X6 X6 X7 X0 X11 X12 X13 X84 X185 X6 X317
=-=m -

IN
01234856867

1011121314181817
ERROR

Cout ouT
01234587
comz

DVP32ES2 o 1011121314151817

| 16D1 1600
R |

Figure 2. 1 Delta PLC 16 input 16 output type

Using of relay-based switches to implement basic logical expressions and some examples
of logic-based industrial system control. This type of control system detects the status of inputs
like switches and other on-off logical devices (e.g. position directors, liquid level detectors, etc.)
and then uses relays, timers and counters to implement logic and drive outputs by energizing the
output coil of some sort of valve or other actuator.
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Introduction to PLC

Control engineering has evolved over time. In the past humans was the main method for
controlling system. More recently electricity has been used for control and early electrical
control was based on relays, these relays allow power to be switched on and off without a
mechanical switch. It is common to use relays to make simple logical control decisions. The
development of low-cost computer has brought the most recent revolution. The Programmable
Logic Controller (PLC). The advent of the PLC began in the 1970s, and has become the most
common choice for manufacturing controls. PLCs have been gaining popularity on the factory
floor and will probably remain predominant for some time to come Most of this is because of the
advantages they offer:

1. Cost effective for controlling complex systems.

2. Flexible and can be reapplied to control other systems quickly and easily.

3. Computational abilities allow more sophisticated control.

4. Trouble shooting aids make programming easier and reduce downtime.

5. Reliable components make these likely to operate for years before failure.
Characteristic of PLC

1. Its Changeable operation.

2. Processing element is used hear.

3. Input & output signal Isolated as if PLC could not damage with electrical fault. - Its
reliability is high.

Functional Description of PLC

PLC is actually an industrial microcontroller system where you have hardware and
software specially adapted to industrial environment Special attention needs to be given to input
and output. because in these blocks you find protection needed in isolating a CPU blocks from
damaging influence that industrial environment can be bring to a CPU via input lines. Program
unit is usually a computer used for writing a program (often in ladder diagram).

The control program can be entered into the PLC by using a simple from of high level
language like ladder diagram, instruction code etc. The input device such as switch, push
buttons, sensors and output device such as motors, relays, valves, lamps, etc. are connected to
PLC the operator then enters a sequence of instructions (programs) into the memory of the PLC,
the controller then monitors the inputs and outputs according to these programs and carries it out
of the program.

11



2.3 One-Phase DC Motors
DC Motor theory

The DC motor has two basic parts: the rotating part that is called the armature and the stationary
part that includes coils of wire called the field coils. The stationary part is also called the stator.

The armature is made of coils of wire wrapped around the core, and the core has an extended
shaft that rotates on bearings. You should also notice that the ends of each coil of wire on the
armature are terminated at one end of the armature. The termination points are called the
commutator, and this is where the brushes make electrical contact to bring electrical current from
the stationary part to the rotating part of the machine.

The coils that are mounted inside the stator are called field coils and they may be connected in
series or parallel with each other to create changes of torque in the motor. You will find the size
of wire in these coils and the number of turns of wire in the coil will depend on the effect that is
trying to be achieved.

DC Motor Overview

The armature and field in a DC motor can be wired three different ways to provide varying
amounts of torque or different types of speed control. The armature and field windings are
designed slightly differently for different types of DC motors. The three basic types of DC
motors are the series motor, the shunt motor, and the compound motor.

The series motor is designed to move large loads with high starting torque in applications such
as a crane motor or lift hoist. The shunt motor is designed slightly differently, since it is made for
applications such as pumping fluids, where constant-speed characteristics are important. The
compound motor is designed with some of the series motor's characteristics and some of the
shunt motor's characteristics.

This allows the compound motor to be used in applications where high starting torque and
controlled operating speed are both required.

It is important that you understand the function and operation of the basic components of the DC
motor, since motor controls will take advantage of these design characteristics to provide speed,
torque, and direction of

rotation control. The basic components of a DC motor include the armature assembly, which
includes all rotating parts; the frame assembly, which houses the stationary field coils; and the
end plates, which provide bearings for

the motor shaft and a mounting point for the brush rigging. Each of these assemblies is explained
in depth so that you will understand the design concepts used for motor control.

12



2.4 Contactors

A contactor is an electrically controlled switch (relay) used for switching an electrical
power circuit, also it is typically controlled by a circuit which has a much lower power level than
the switched circuit, such as a 24-volt coil electromagnet controlling a 230-volt motor switch.

When a relay is used to switch a large amount of electrical power through its contacts, it is
designated by a special name" contactor".

Contactors typically have multiple contacts, and those contacts are usually (but not
always) normally-open, so that power to the load is shut off when the coil is de-energized,
perhaps the most common industrial use for contactors is the control of electric motors. And the
figure (3.7) is show how it work, the top three contacts switch the respective phases of the
incoming 3-phase AC power, the lowest contact is an “auxiliary” contact which has a current
rating much lower than that of the large motor power contacts but is actuated by the same
armature as the power contacts.

The auxiliary contact is often used in a relay logic circuit, or for some other part of the
motor control scheme, typically switching 120 Volt AC power instead of the motor voltage, also
we have contactor may have several auxiliary contacts, either normally-open or normally-closed

if required.
L1 L2 L3
High Voltage Side ?l_ _37 -%

Transformer

Armature

Low age side

Movable Contacts

/
A ot
/

Coil
Iron piece Spring

o q Stationary Contacts
inside the coil g

Figure 2. 2 Contactor's structure
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3.5 Limit switch

In electrical engineering a limit switch is a switch operated by the motion of a machine part or
presence of an object. They are used for controlling machinery as part of a control system, as a
safety interlocks, or to count objects passing a point.

Figure 2. 3 Limit Switch

A limit switch is an electromechanical device that consists of an actuator mechanically
linked to a set of contacts. When an object comes into contact with the actuator, the device
operates the contacts to make or break an electrical connection.

Limit switches are used in a variety of applications and environments because of their
ruggedness, ease of installation, and reliability of operation. They can determine the presence or
absence, passing, positioning, and end of travel of an object. They were first used to define the
limit of travel of an object; hence the name "Limit Switch".

Standardized limit switches are industrial control components manufactured with a
variety of operator types, including lever, roller plunger, and whisker type. Limit switches may
be directly mechanically operated by the motion of the operating lever. A reed switch may be
used to indicate proximity of a magnet mounted on some moving part. Proximity switches
operate by the disturbance of an electromagnetic field, by capacitance, or by sensing a magnetic
field.

Rarely, a final operating device such as a lamp or solenoid valve will be directly controlled by
the contacts of an industrial limit switch, but more typically the limit switch will be wired
through a control relay, a motor contactor control circuit, or as an input to a programmable logic
controller.

14



Miniature snap-action switch may be used for example as components of such devices as
Photocopiers, computer printers, convertible tops or microwave ovens to ensure internal
components are in the correct position for operation and to prevent operation when access doors
are opened. A set of adjustable limit switches are installed on a garage door opener to shut off
the motor when the door has reached the fully raised or fully lowered position. A numerical
control machine such as a lathe will have limit switches to identify maximum limits for machine.

15



2.6 Pneumatic System

Pneumatics has long since played an important role as a technology in the performance of
mechanical work. It is also being used in the development of automation solutions. Pneumatic
systems are similar to hydraulic systems but in these systems compressed air is used in place of
hydraulic fluid.

A pneumatic system is a system that uses compressed air to transmit and control energy.
Pneumatic systems are used extensively in various industries. Most pneumatic systems rely on a
constant supply of compressed air to make them work. This is provided by an air compressor.
The compressor sucks in air from the atmosphere and stores it in a high pressure tank called a
receiver. This compressed air is then supplied to the system through a series of pipes and valves.

Advantages of pneumatic systems

Pneumatic systems are widely used in different industries for the driving of automatic machines.
Pneumatic systems have a lot of advantages.

1. High effectiveness — There is an unlimited supply of air in the atmosphere to produce
compressed air. Also, there is the possibility of easy storage in large volumes. The use of
compressed air is not restricted by distance, as it can easily be transported through pipes.
After use, compressed air can be released directly into the atmosphere without the need
of processing.

2. High durability and reliability — Pneumatic system components are extremely durable
and cannot be damaged easily. Compared to electromotive components, pneumatic
components are more durable and reliable.

3. Simple design — The designs of pneumatic system components are relatively simple.
They are thus more suitable for use in simple automatic control systems. There is choice
of movement such as linear movement or angular rotational movement with simple and
continuously variable operational speeds.

4. High adaptability to harsh environment — Compared to the elements of other systems,
compressed air is less affected by high temperature, dust, and corrosive environment, etc.
Hence, they are more suitable for harsh environment.

5. Safety aspects — Pneumatic systems are safer than electromotive systems because they
can work in inflammable environment without causing fire or explosion. Apart from that,
overloading in pneumatic system only leads to sliding or cessation of operation. Unlike

16



components of electromotive system, pneumatic system components do not burn or get
overheated when overloaded.

Easy selection of speed and pressure — The speeds of rectilinear and oscillating
movement of pneumatic systems are easy to adjust and subject to few limitations. The
pressure and the volume of the compressed air can easily be adjusted by a pressure
regulator.

Environmentally friendly — The operation of pneumatic systems do not produce
pollutants. Pneumatic systems are environmentally clean and with proper exhaust air
treatment can be installed to clean room standards. Therefore, pneumatic systems can
work in environments that demand high level of cleanliness. One example is the
production lines of integrated circuits.

Economical — As the pneumatic system components are not expensive, the costs of
pneumatic systems are quite low. Moreover, as pneumatic systems are very durable, the
cost of maintenance is significantly lower than that of other systems.

Limitations of pneumatic systems

Although pneumatic systems possess a lot of advantages, they are also subject to several

limitations. These limitations are given below.

1.

Relatively low accuracy — As pneumatic systems are powered by the force provided by
compressed air; their operation is subject to the volume of the compressed air. As the
volume of air may change when compressed or heated, the supply of air to the system
may not be accurate, causing a decrease in the overall accuracy of the system.

Low loading — As the cylinders used in pneumatic systems are not very large, a
pneumatic system cannot drive loads that are too heavy.

Processing required before use — Compressed air must be processed before use to ensure
the absence of water vapor or dust. Otherwise, the moving parts of the pneumatic
components may wear out quickly due to friction.

Uneven moving speed — As air can easily be compressed, the moving speeds of the
pistons are relatively uneven.

Noise — Noise is usually produced when the compressed air is released from the
pneumatic components.

17



Basic Components of the system

Pneumatic system carries power by employing compressed gas generally air as a fluid for
transmitting the energy from an energy-generating source to an energy — use point to accomplish
useful work. Figure 2.9 shows the simple circuit of a pneumatic system with basic components.

Power Opens when set
Supply pressure is reached

Pressure

Motor switch

Air cooler

Air Filter

! Storage
reservoir

1-0ff 2-Raise 3-Lower

1

Load (W)

Air compressor

Air from
Atmosphere

Al

Direction
Control
Valve

ir to Atmosphere

Air Actuator

Figure 2. 4 An example for a Pneumatic system

Functions of components

1. Pneumatic actuator converts the fluid power into mechanical power to do useful work

2. Compressor is used to compress the fresh air drawn from the atmosphere.

3. Storage reservoir is used to store a given volume of compressed air.

4. Valves are used to control the direction, flow rate and pressure of compressed air.

5. External power supply (Motor) is used to drive the compressor.

6. Piping system carries the pressurized air from one location to another.

18
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3.1 Introduction

This chapter will include the 3D Design for the Machine parts using Catia software.
Starting from mixing tank till the sugar reaches the mold, as well as other needed parts
during the process.

3.2 Mixer tank

It used to mix the sugar with a certain percent of water (1%), water is added so the sugar
cube can be strong until it is heated, the Mixer is made out of stainless steel as shown in
figure 3.1, and it is connected with a motor to mix the sugar.

Figure 3. 1 Mixer tank 3D design

3.3 Trolley

It is connected with two pistons to fill sugar in the mold and to push it to move the
compressed sugar after being compressed.
Dimension: 20*20*10 cm.

a % y
Figure 3. 2 Trolley 3D design

20



3.4 Sugar molds

The mold is made out of stainless steel, and it has a capacity of 30 cube to be filled with
sugar and then compressed in order to create the sugar cubes.

The Mold has six rows and five columns. The dimensions of each cube are
25cmx2.5cmx 2.5 cm.

Figure 3. 3 Sugar upper, middle and lower molds

21



3.5 Machine body

The table that hold all the Machine part is made of stainless steel and metal.
Dimension: 120*60*80 cm

(== g

Figure 3. 4 Machine main body (table)

e Electrical Panel: This Panel contains electrical parts like contactors, MCB’s, RCD,
etc.

Figure 3. 5 Electrical parts Panel
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4.1 Introduction

In this chapter, PLC, Motor and pistons connections will be explained. Also, The Calculations
for the pistons will be explained.

4.2 Cylinders calculation.
For the upper and lower molds pistons

F=AXP

Where,
W=mXg
W =12kg x9.81 m/52
W =120N
Thus,
F=(0.2x120)+120
F=140N
And
4= ndz _ F
T4 P
That means
= 2 [4F
~ |mP
d =5.00mm

For the trolley piston, first, the trolley can hold up to 6.348 Kg.

Trolley volume = 20cm X 20cm X 10cm = 4000 cm?3
mass

D ity =
ensity volume
Thus,

mass = 1.587 X 4000cm3 = 6348 grams

F=AXP

F=uxW)+W =825N
Where,
W=mXg
W =6.348 kg x 9.81 m/s2
W =6227N
Thus,

25



That means

F: Force

W: Weight

m: mass

A: Rod Area

d: rod diameter
Ug: Friction factor

2 [4F
P

d=410mm

26



4.3 PLC control circuit.
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Figure 4. 1 PLC Control circuit
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4.4 PLC input output table.

Shown in Table 4.1 the PLC inputs and outputs with the description for each as well as the
address in the PLC.

INPUTS
Soff OFF pushbutton X0
Son ON Pushbutton X1
LS1 Limit switch-cyll X2
LS2 Limit switch-cyl1 X3
LS3 Limit switch-cyl2 X4
LS4 Limit switch-cyl2 X5
LSS Limit switch-cyl3 X6
LSé6 Limit switch-cyl3 X7
LS7 Limit switch-cyl4 X8
LS8 Limit switch-cyl4 X9
LvIS Level Sensor X10
OUTPUTS
Y1 Valve Relay-Cyll YO0
Y2 Valve Relay-Cyl2 Y1
Y3 Valve Relay-Cyl3 Y2
Y4 Valve Relay-Cyl4 Y3
K1 Motor contactor Y4
K2 Heater Contactor Y5
LEDred Indicator Y6
LEDorange Indicator Y7
LEDgreen Indicator Y8

Table 4. 1 PLC Input/Output allocation table
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4.5 Motor and Heater power circuit.

Phase

Line

Earth

oo
K1
o
K2

Earth

Fuse 1
3
=
(1]

Fuse 2

E

=

(1]

Figure 4. 2 Motor and Heater Power circuit

As shown in figure 4.2, both, The Motor and The Heater are connected to the supply voltage

with 2 contactors that to be controlled by the PLC. The 2 OL switches are connected in series to
protect the electrical devices from being overloaded.

29



4.6 Pneumatic circuit.

We used FESTO software to design the Pneumatic circuit as it is needed in the Machine.
The circuit shown in Appendix B is a translation to the processes sequence by the PLC.

*See Appendix B
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Chapter 5
Results and Conclusion

5.1 Results
5.2 Conclusions
5.3 Recommendation

5.4 References
5.5 Photos of The Machine
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5.1 Results
e The Machine is controlled by PLC unlike other machines.
e Heating the sugar cubes with hot air is good, but using a microwave to
evaporate the water will be a lot better.

See Appendix A for microwave process.

e Stainless steel is the best metal for food industry, but it is more
expensive than others

5.2 Conclusion

e Pneumatic system is a good choice for Sugar industry because unlike
Oil, Air will not pollute the Sugar.

e PLC is the best choice to control the machine since it is hard to build a
Machine with normal control methods.

¢ Building a Machine from A-Z is not an easy thing, so an upgrade to this
machine will be a good choice.

5.3 Recommendation
e Convert the machine to a production line.

e Upgrade it to have automated packing system to reduce workers.
e Add a HMI to the Machine.
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Novel process for the drying
of sugar cubes applying
microwave technology
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ABSTRACT

Drying of sugarcubes is traditionally performed
with long-wave ceramic infrared heating ele-
ments. These drying units including a cooling
section have a length of about 50 m, a
drying/cooling time of 12 minutes with a
throughput of 1600 kg/h. Required final moistu-
re content is 0.4% (wet basis) and water evapo-
ration required is 10 — 15 kg/h. The infrared
drying unit has a low rate of heating up (max. 6
°C/min) and a low thermal efficiency (38%). A
feasibility study has been carried out applying
microwave heating at a frequency of 2450 MHz
and radio-frequency heating at a frequency of
27.15 MHz. These techniques together with
infrared drying are evaluated with respect to
drying performance and quality characteristics.
The newly developed microwave drying process
has been patented and several units are imple-
mented on an industrial scale. In the paper the

entire sequence from feasibility study to com-
mercialisation is described.

INTRODUCTION

Aquarius Machine Factory, Weert, The
Netherlands constructs among other things inte-
grated systems for the production of sugar cubes.
A production line consists of a unit for compres-
sion of sugar-water mixture to cubes, a drying
section and a packing system, see figure 1.

In general sugar cubes are dried applying infra-
red heating. The energy density of the infrared
radiation is high, so an effective surface evapo-
ration can be obtained. However, the penetra-
tion depth is rather small and most heating up
occurs via conduction from surface to centre of
the cube. This strong dependence on conduction
results in significant temperature gradients with
the consequence that diffusion from the inner-
part of the cube to the surface is limited.
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Figure 1: Schematic drawing of sugar cube production unit.
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The market for sugar cube production units is
especially attractive with respect to the replace-
ment market. Many units operate with outdated
technology and could be replaced or updated. If
the production figures for sugar cubes are stu-
died (see table 1), the outcome is that the yearly
sugar cube consumption of the inhabitants of
the mentioned countries is considerable.

Table 1: Consumption figures of sugar cubes of several
European countries in 1995.

Country daily annual annual
production | production | production
(103 kg) (103 kg) | per inhabitant

(kg/person)
Netherlands 250 62.500 4.1
Belgium 250 62.500 6.2
France 1200 300.000 5.2
Germany 600 150.000 1.9
United Kingdom 100 25.000 0.4

If it is assumed that all produced sugar is consu-

med in the country of production, the figures

indicate that several kg of sugar cubes are consu-

med by an inhabitant per year, for instance a

Dutch person consumes more than 3 sugar

cubes per day per person. From the assumption

that a unit produces about 25 tons sugarcubes

per day, it can be concluded that approximately

100 units are operational in the mentioned

countries.

The motivation for innovating the infrared

drying process is:

e low volume averaged heating rate

e low drying rate

e high energyconsumption/low thermal effi-
ciency

e large dimensions of the infrared dryer

APPROACH

The objective of the feasibility study is to assess

the technical and economical feasibility of

microwave and/or radio-frequency drying. The
approach of the project is:

e comparison of different drying techniques
with respect to temperature profiles, drying
curves and energy consumption: microwave,
radio-frequency and infrared drying

e quality assessment of dried product with res-
pect to colour, hardness, corner strength and
solubility

e assessment of temperature sensitivity of the
product, determination of maximum accep-
table product temperatures

e economical evaluation of estimated invest-
ment costs and necessary installed power

The drying experiments are carried out at pilot

plant scale with the following characteristics:

e microwave continuous conveyor belt dryer,
operating frequency 2450 MHz, power 6 kW

e radio-frequency batch unit, operating frequen-
cy 27.15 MHz, power 7 kW

e infrared conveyor belt dryer, short and
medium wave emitters, power 10 kW

During drying the weight loss was measured
from taking out sugarcubes and determining
moisture content with a polarimeter.
Temperature inside the cube with fluoroptic
thermocouples, incident and reflected power
with an HP-Spinner couple and absorbed electric
power with a standard measuring device.

Quality evaluation was performed using:

e Minolta Hunter L,a,b meter for colour, L value
is a measurement for the whiteness of the cube
Q-tester for cornerstrength measurement,
rotating the cubes for a specific time at specific
rotation velocity in a box and measure the
weight of the bigger parts

a beaker with water and a metal mesh sugar
cube holder to determine the solubility time
for the sugar cube to dissolve in water of 35 °C
with a magnetic stirrer at 200 RPM

Instron universal compression unit to determi-
ne hardness and breaking strength from com-
pression with a flat element at 50 mm/min

RESULTS

Drying curves

The drying curves are shown in figure 2 for
microwave, radio-frequency and infrared
drying. The power density for the different
drying techniques is based on the electro-
magnetic power put into the drying process. The
initial moisture content of the sugarcube after
the pressing procedure is in between 1 and 1.5%
moisture. The minimum drying time for micro-
wave heating is 4 minutes, for radio-frequency
treatment 5 minutes and for infrared heating a
minimum drying time of 8 minutes, which is
exactly the drying time of an industrial system.
Based on the drying curves, the drying time can
be decreased maximally with 50%.
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Figure 2: Drying curves of the different drying techniques.

Temperature profiles

In figure 3 the temperature profiles are shown for
microwave, radio-frequency and infrared
drying.

All temperatures are measured in the centre of
the cube during processing. The heating up with
microwaves or radio-frequency energy gives a
much higher heating rate compared to infrared
heating. The maximum heating rate with mico-
wave and radio-frequency drying is 25°C/min.
and for infrared drying 6 °C/min. The penetra-
tion depth of infrared energy is much smaller
than the thickness of the cube, while the pene-
tration depths of microwave and radio-frequen-
cy heating are larger than the dimensions of the
sugar cube. If the absorbed power is studied as a
function of maximum reached temperatures and
related to drying time, it can be concluded that
using a power higher than 0.5 W/g gives signifi-
cant higher product temperatures, but only
slightly shorter drying times. Further experi-
menting showed that heating till a temperature

of approximately 75 °C is sufficient for evapora-
tion of the remaining moisture within the pro-
duct. The latent heat in the volumetric heated
cube is sufficient for the evaporation till final
moisture content.
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Figure 3: Temperature profiles of sugar cubes for the diffe-
rent drying techniques.

Colour

The colour is measured with a tri-stimulus
Minolta spectro-colorimeter. Measurements are
done in L,a,b mode. The L parameter represents
a photometric value giving the total amount of
reflected light. This value can be used to quanti-
fy the whiteness of a sugar cube. In table 2 the
whiteness of the sugar cubes after microwave,
radio-frequency and infrared drying is shown.
No differences in colour were observed.

Corner strength

The corner strength of the cubes for the different
drying techniques are measured with a Q-tester.
The cubes are weighed, put into a metal box and
rotated for 2 minutes. Next the sugar cubes are
sieved and the parts remaining on the sieve are
weighed. The ratio of the part remaining after
rotating and the initial weight is the pfost num-
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Table 2: Colour values, pfost number and compression properties of sugar cubes dried with different drying techniques.

Microwave Drying
power density L parameter (-) Pfost number (%) Force at fracture Slope on compression
(colour) (corner strength) (N) (breaking strength) | curve (N) (hardness)
0.15 41.68 75 150 20
0.4 42.66 76 170 30
0.55 43.52 80 180 35
0.65 43.45 78 190 35
reference cubes 42.62 79 350 50
Radio Frequency Drying
power density
0.12 86.7 89 200 30
0.35 86.5 87 175 25
0.65 85.8 85 200 30
reference cubes 86.9 79 350 50
Infrared Drying
power density
0.3 90.69 89 400 60
0.2 90.86 85 300 50
reference cubes 90.86 79 350 50

ber and a high number represents relative strong
corners of the sugar cubes. In table 2 the results
are shown, the corner strength seems to be slightly
higher for higher intensity drying with micro-
waves, but within the reproducibility of the mea-
suring method this increase is not significant. The
solid bridges within the sugar cubes are not wea-
ker applying volumetric heating (microwave or
radio-frequency) compared to surface heating
(infrared), while from common experience it is
known that slow dried sugar cubes become har-
der and stronger.

Mechanical Properties

The mechanical properties are determined with
an Instron material compression system. The
cube is compressed with a flat plate element
with a velocity of 50 mm/min. The force as a
function of replacement is recorded and shown
in figure 4.

The force quickly increases with the element tou-
ching the cube and after the breaking of the cube,
the force rapidly decreases. The maximum force
represents the breaking strength of the cube and
the slope the hardness of the cube. These kinds of
tests need a lot of repetition, because the weight
of the sugar cubes at the same moisture content
is slightly different, which means that more mate-
rial is available in the same size. The standard
deviation is 15 N for the maximum breaking force
and 10 N/mm for the hardness. In table 2 the
microwave and infrared dried cubes seem to break

at higher force and are a bit harder, when dried
with higher intensity. The radio-frequency dried
cubes, which are more equally dried, are not beco-
ming significantly harder with more intensive
drying. Volumetric dried cubes are a bit less hard
then infrared dried cubes. The conditioning part
after drying increases the strength of the cube and
production can be controlled to produce a cube
sufficiently strong according to the needs of the
customer.

Solubility

The solubility of the sugar cubes is measured
with an new developed method. A beaker of
1000 ml is filled with 800 ml water. A metal
gauge with a square perforation of 4 mm is put
under the water level at the 600 ml tick. The
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Figure 4: Compression curve for sugar cubes for microwa-
ve drying at different intensities.
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water is stirred with a magnetic element at 200
RPM. An amount of 6 sugarcubes is put on the
gauge and time is measured when all sugar
cubes are dissolved. In fable 3 the solubility rate
of the sugar cubes is shown. The standard devia-
tion is 0.02 g/s. Radio-frequency dried sugar
cubes have a higher solubility rate. This is pro-
bably due to the more homogeneous drying
compared to microwave and infrared drying
resulting in a more homogeneous structure.

Table 3: Solubility of sugar cubes with different drying tech-
nigues.

Drying technique Solubility rate (g/s)
reference, infrared 0.35
microwave 0.35
radio-frequency 0.58

Dimensioning of the drying unit

The approximate dimensions can be calculated
from the experimental results. From the experi-
ments the absorbed electromagnetic power is
measured. With the conversion efficiency, the
supplied electrical power can be calculated. The
drying time and the required throughput will
give the load in the oven. The dimensions of the
oven follow from either product dimensions or
dimension of the multiple generators. In this
case, the product size is limiting. The installed
power is calculated from the load in the oven
and the necessary power absorption of the pro-
duct. Finally the specific energy consumption is
assessed. The microwave unit has the smallest
dimensions and has the lowest energy consump-
tion.

CONCLUSIONS

The research project has led to a successful tech-
nical-economical feasibility of the drying of

Table 4: Dimensioning of the unit.

sugar cubes with microwave or radio-frequency

energy. From a constructional and economical

point of view an implementation has been pro-
posed applying a multimode, multiple generator
input. Motivation for this choice:

e small microwave generators have become
cheaper the last 4 years and are attractive in
continuous conveyor belt applications

e high electrical field strength necessary for
radio-frequency heating, because of the unfa-
vourable dielectric properties of the sugar cube

e the conveyor belt length requires more radio-
frequency generators, which is costly

The study shows that the following advantages

can be obtained:

* 35 — 50% reduction drying time

® 20 — 40% energy saving depending on the

final mechanical properties required of the

sugar cube, a harder cube requires more ener-
gy input

40 - 60% space saving by higher compactness

of the unit

20% lower product temperatures and more

homogeneous heating up

higher flexibility in production, drying process

independent of cube size

lower electricity peak at start-up

adjustable hardness, other quality demands

can be fulfilled with respect to colour, solubili-

ty and corner strength

improved process control, supply of heat can be

termined instantaneously by shutting off micro-

wave power, terminating infrared energy sup-
ply causes some after-heating of the cubes

At present Aquarius is producing sugar cube
production units applying microwave heating at
industrial scale. The first units are utilised in
1998.

microwave unit | infrared unit (Aquarius) [radio-frequency unit
electromagnetic absorbed power (W/kg) ca. 550 ca. 265 ca. 475
conversion efficiency 0.7 0.5 0.7
electrically supplied power (W/kg) 785 660 680
drying time (min) 3.5 8 5
load in the oven at throughput 1600 kg/h (kg) 95 215 135
amount rows of cubes with 50 cubes in a row 575 1300 820
and cube weight 3.3 g ()
physical length drying unit as a result of the load (m) 10.5 23.5 15.0
required power determined from absorbed power 75 145 95
in experimenting (kW)
specific energie consumption unit (Wh/kg) 45 90 55
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