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SERIES PREFACE

The single most important task of food scientists and the food industry as a whole is
to ensure the safety of foods supplied to consumers. Recent trends in global food
production, distribution and preparation call for increased emphasis on hygienic
practices at all levels and for increased research in food safety in order to ensure a
safer global food supply. The ISEKI-Food book series is a collection of books where
various aspects of food safety and environmental issues are introduced and reviewed
by scientists specializing in the field. In all of the books a special emphasis was placed
on including case studies applicable to each specific topic. The books are intended for
graduate students and senior level undergraduate students as well as professionals
and researchers interested in food safety and environmental issues applicable to food
safety.

The idea and planning of the books originates from two working groups in the
European thematic network ‘‘ISEKI-Food’’ an acronym for ‘‘Integrating Safety and
Environmental Knowledge In to Food Studies’’. Participants in the ISEKI-Food
network come from 29 countries in Europe andmost of the institutes and universities
involved with Food Science education at the university level are represented. Some
international companies and nonteaching institutions have also participated in the
program. The ISEKI-Food network is coordinated by Professor Cristina Silva at
The Catholic University of Portugal, College of Biotechnology (Escola) in Porto.
The program has a web site at: http://www.esb.ucp.pt/iseki/. The main objectives of
ISEKI-Food have been to improve the harmonization of studies in food science and
engineering in Europe and to develop and adapt food science curricula emphasizing
the inclusion of safety and environmental topics. The ISEKI-Food network started
on October 1st in 2002, and has recently been approved for funding by the EU for
renewal as ISEKI-Food 2 for another 3 years. ISEKI has its roots in an EU funded
network formed in 1998 called Food Net where the emphasis was on casting a light
on the different Food Science programs available at the various universities and
technical institutions throughout Europe. The work of the ISEKI-Food network was
organized into five different working groups with specific task all aiming to fulfill the
main objectives of the network.

The first four volumes in the ISEKI-Food book series come from WG2
coordinated by Gerhard Schleining at Boku University in Austria and the under-
signed. The main task of the WG2 was to develop and collect materials and
methods for teaching of safety and environmental topics in the food science and
engineering curricula. The first volume is devoted to Food Safety in general with a
practical and a case study approach. The book is composed of 14 chapters which
were organized into three sections on preservation and protection; benefits and risk
of microorganisms and process safety. All of these issues have received high public
interest in recent years and will continue to be in the focus of consumers and
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regulatory personnel for years to come. The second volume in the series is devoted
to the control of air pollution and treatment of odors in the food industry. The
book is divided into eight chapters devoted to defining the problem, recent
advances in analysis and methods for prevention and treatment of odors. The
topic should be of special interest to industry personnel and researchers due to
recent and upcoming regulations by the European Union on air pollution from
food processes. Other countries will likely follow suit with more strict regulations
on the level of odors permitted to enter the environment from food processing
operations. The third volume in the series is devoted to utilization and treatment of
waste in the food industry. Emphasis is placed on sustainability of food sources
and how waste can be turned into by products rather than pollution or land fills.
The Book is composed of 15 chapters starting off with an introduction of problems
related to the treatment of waste, and an introduction to the ISO 14001 standard
used for improving and maintaining environmental management systems. The
book then continues to describe the treatment and utilization of both liquid and
solid waste with case studies from many different food processes. The last book
from WG2 is on predictive modeling and risk assessment in food products and
processes. Mathematical modeling of heat and mass transfer as well as reaction
kinetics is introduced. This is followed by a discussion of the stoichiometry of
migration in food packaging, as well as the fate of antibiotics and environmental
pollutants in the food chain using mathematical modeling and case study samples
for clarification.

Volumes five and six come from work in WG5 coordinated by Margarida
Vieira at the University of Algarve in Portugal and Roland Verhé at Gent
University in Belgium. The main objective of the group was to collect and
develop materials for teaching food safety-related topics at the laboratory and
pilot plant level using practical experimentation. Volume five is a practical guide
to experiments in unit operations and processing of foods. It is composed of 20
concise chapters each describing different food processing experiments outlining
theory, equipment, procedures, applicable calculations and questions for the
students or trainee followed by references. The book is intended to be a practical
guide for the teaching of food processing and engineering principles. The final
volume in the ISEKI-Food book series is a collection of case studies in food
safety and environmental health. It is intended to be a reference for introducing
case studies into traditional lecture-based safety courses as well as being a basis
for problem-based learning. The book consists of 13 chapters containing case
studies that may be used, individually or in a series, to discuss a range of food
safety issues. For convenience the book was divided into three main sections with
the first devoted to case studies, in a more general framework with a number of
specific issues in safety and health ranging from acrylamide and nitrates to
Botulism and Listeriosis. The second section is devoted to some well known
outbreaks related to food intake in different countries. The final section of the
book takes on food safety from the perspective of the researcher. Cases are based
around experimental data and examine the importance of experimental planning,
design and analysis.

The ISEKI-Food books series draws on expertise form close to a hundred
universities and research institutions all over Europe. It is the hope of the authors,
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editors, coordinators and participants in the ISEKI network that the books will be
useful to students and colleagues to further their understanding of food safety and
environmental issues.

March, 2008 Kristberg Kristbergsson
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PREFACE

Understanding basic principles and concepts in food engineering and their applica-
tion in the processing of food should be an integral part of any Food Studies
Curricula. Practical knowledge of engineering principles and processing is essential
for anyone intending to work in the food industry or otherwise involved in food
research, whether being trained as a microbiologist, food chemist, nutritionist,
sensory scientist or a food engineer. However, the degree of importance and depth
of information taught in courses on unit operations and food processing of under-
graduate degree programs in Food Engineering, Food Technology and Food Science
in Europe varies tremendously. Practical and laboratory training at the pilot plant
level is one particular area that was lacking in some courses of academic institutions
participating in the ISEKI-Food thematic network project (http://www.esb.ucp.pt/
isekipast), due to inadequate pilot plant facilities.

This book contains experimental protocols in unit operations and food proces-
sing, adapted from practical courses currently running in those institutions involved
in ISEKI-Food. It is based on information from a database, developed by ISEKI-
Food, on equipment found in laboratories and pilot plants in European academic
institutions teaching Food Studies programs. The book does not try to cover all unit
operations used in the food industry, nor does it intend to give a representative view
of food processes, as it is based solely from information presently available from the
pilot plant database. Instead, it is seen as a resource meant to complement existing
practical courses, when equipment needed to perform certain unit operations may be
unavailable. The book may also be useful for institutions considering modifying or
implementing new practical courses and may not have the resources available to
invest in the acquisition of new equipment. Basic theory, discussion questions and
references to relevant sources are provided for each experimental protocol. In most
cases, they are also accompanied with an example questionnaire and a dataset from a
typical practical experiment that was run by the authors of the experimental
protocol.

This book is divided into twomain parts on unit operations and a third on Food
processing. The first part is on conversion unit operations while the second part
concentrates on preservation unit operations. Chapter 1 examines different equip-
ment used for the mixing of solid particles, while Chapter 2 looks at filterability of
suspensions, and Chapter 3 on the use of a Plate-and-frame filtration apparatus.
Separation of cream from milk by centrifugation is handled in Chapter 4, and direct
osmotic concentration of liquids in Chapter 5. Two other techniques are considered
in the final two chapters of this section, vacuum impregnation of fruit in Chapter 6

and the extraction of pumpkin oil in Chapter 7.
In part II, the drying of solid foodstuffs are covered by the first two chapters.

Chapter 8 looks at tray drying whereasChapter 9 examines the use of a combined air-
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microwave drying process. The operation of a spray dryer and a fluidized bed dryer
are subsequently considered under Chapter 10 and Chapter 11. Chapter 12 covers
freeze drying,Chapter 13 the use of a plate freezer, whereasChapter 14 compares air
blast freezing with fluidized bed freezing. Pasteurization with a plate heat exchanger
(Chapter 15) and sterilization in a retort (Chapter 16) are covered in the last two
chapters of this section.

The final section of this book gives four examples of food processing. Chapter
17 looks at the production of pre-gelatinized amaranth flour, Chapter 18 on wheat
crisps, Chapter 19 on Semolina and Chapter 20 on Cheese making.

We hope that Experiments in Unit Operations and Processing of Foods will
eventually become an essential addition to any course curricula in Food Studies,
aimed at practical training of food engineering concepts and principles.

Portugal in February 2008
Peter Ho

Maria Margarida Cortez Vieira
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Conversion Operations



1

Mixing – Determining Mixing
Parameters

Mustafa Bayram and Fahrettin Göğüş

OBJECTIVE AND LEARNING OUTCOMES

1. Examine mixing mechanisms and operations.
2. Review the principles of mixing.
3. Calculate the mixing index.
4. Calculate the optimum mixing time.
5. Compare different mixers based on their mixing indexes and times.
6. Evaluate energy consumptions of the mixers.

1.1. INTRODUCTION

The mixing of solids is an important unit operation in many industries in

which a relatively uniform mixture is obtained from two or more components.

Mixing is the dispersion of components, one throughout the other. It occurs in

innumerable instances in the food industry and is probably the most common of

all process operations.
A mixing process begins with the components, grouped together in some

container, but still separated as pure components. Thus, if small samples are taken

throughout the container, almost all samples will consist of one pure component.

The frequency of occurrence of the components is proportional to the fractions of

these components in the whole container. As mixing proceeds, samples will

increasingly contain more of the components, in proportions approximating to

MUSTAFA BAYRAM, AND FAHRETTIN GÖĞÜŞ � Department of Food Engineering,

Faculty of Engineering, University of Gaziantep,

M.M.C. Vieira, P. Ho (eds.), Experiments in Unit Operations and Processing of Foods,

DOI: 10.1007/978-0-387-33513-1_1, � Springer ScienceþBusiness Media, LLC 2008
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the overall proportions of the components in the whole container. Completemixing

could then be defined as that state in which all samples are found to contain the

components in the same proportions as in the whole mixture (Figure 1.1).
Three mechanism types are often used to describe mixing performance:

diffusion (diffusive mixing), but not molecular diffusion – an expanded bed of

Figure 1.1. Stages in dark and light coloured beads to give a complete random mix.
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free flowing material occurs with particles in random movements, convection
(convective mixing) – when volumes, or regions, of the mix are moved en masse
to different areas and shear (shear mixing)– mixing occurs along the slip planes
between the regions of the particles. All the mechanisms may exist in a single
mixer, but one or two may predominate. They depend on the type of mixer and
on the properties of the particles. The mixer type needs to be right for the
material mixed, e.g., cohesive powders are more likely to require shear (and
convection) hence blades and ploughs are more appropriate than tumbling.

In general, for particle mixing the following physical particle properties
should be considered. Monosize particles are easy to mix, provided they are
free flowing, but segregation by size, density and rotational inertia are possible
with free flowing powders possessing differences in these properties. Fine par-
ticles with high surface forces (diameters <100 mm and very high forces with
diameters <10 mm), may need agglomerate breakage requiring high power, but
can give goodmixing of cohesive powders.Aeration: e.g., catalyst particles in gas
fluidization, may undergo diffusion-like type mixing, which is a low-energy
process, but with a risk of powder flooding. Friability: for delicate particles
mixing by shear mechanisms would be inappropriate. Explosion hazard: an inert
gas blanket is needed and low specific power input (low shear) is required.
Physiological hazard: need to avoid airborne dust formation. Adherence to
surfaces: easy to clean surfaces are needed and if a liquid-cleaning fluid is used
then a new pollution problem may result.

It is not possible to achieve a completely uniformmixture of dry powders or
particulate solids. The degree of mixing achieved depends on:

� The relative particle size, shape and density.
� The efficiency of the particle mixer for the components being mixed.
� The tendency of the materials to aggregate.
� The moisture content, surface characteristics and flow characteristics of

each component.

Generally, materials similar in size, shape, and density are able to form the
most uniform mixtures. Differences in these properties can also cause segrega-
tion during mixing or mechanical jiggling of the mixture. To provide good
solid mixing the phenomenon to avoid, or overcome, is the tendency for
particles to segregate. Segregation occurs in competition with mixing and
prevents a perfect homogeneous powder blend to be obtained. Hence, the
quality of a powder mixture depends upon the dynamic equilibrium between
mixing and segregation, which in turn depends on the physical and chemical
properties of the particles (Figure 1.2). Segregation occurs, for example, when a
system contains particles with different sizes or densities. and motion can cause
particles to preferentially accumulate into one area over another, e.g. when large
particles work their way to the top of breakfast cereal, fines are found at the
bottom of the packet. In contrast, motion of gases and miscible liquids due to
flow (convection) provides mixing on a large scale and molecular diffusion is

Mixing – Determining Mixing Parameters 5



important for completing the process at the micro-scale level. A mixture of
particles will never be as homogeneous as that of a fluid as particles tend to
segregate, whereas fluid molecules tend to mix.

The duration of powder mixing in a process is frequently determined by
experimental trials or by operator experience. The quality of a blended powder
product can be expressed in terms of composition variance, which will decrease
over time as mixing takes place (Figure 1.2). The most commonly used method
to determine blend homogeneity is analysis of ‘‘grab’’ samples.

Experience shows that materials with a size >75 mm will segregate readily
during mechanical jiggling of the mixture, but those below 10 mm will not
segregate appreciably.

Means of overcoming segregation and poor mixing include:

� Comminution to smaller sizes.
� Use of powders with a narrow size distribution.
� Use of the same volume-average diameter for all components.
� Granulation.
� Coating processes.
� Controlled continuous mixing.

1.1.1. Mixing of Widely Different Quantities

The mixing of particles that vary substantially in size or in density presents
special problems, as there will be gravitational forces acting in the mixer which
will tend to segregate the particles into size and density ranges. In such a case,
initial mixing in a mixer may then be followed by a measure of (slow
gravitational) un-mixing and so the time of mixing may be quite critical.

Mixing is simpler when the quantities to be mixed are roughly in the same
proportions. In cases where very small quantities of one component have to be

Mixing time

M
ix

in
g 

in
de

x

Optimum mixing
(~0.95–1.00) Over mixing

(start of segregation) 

Mixing

Re-mixing

Re-segregation

Figure 1.2. Ideal profile for a blending process (Brennan et al., 1990).
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blended uniformly intomuch larger quantities of other components, it is best to split
the mixing into stages, keeping the proportions not too far different in each stage.

1.1.2. Cohesive Powder Mixing

Whenmixing bread dough a lot of effort is required to stir the cohesive mixture but
it does not segregate. However, only small pockets of mixture receive shear, and
mixing, and the energy input is high. In commercial systems this means a powerful
motor is necessary. Cohesive mixtures tend to be formed by fine particles and
systems with binders present. Smaller particles lead to a larger number of particles
for a given sample mass. As the number of particles goes up the variance between
samples will go down. This is intuitive, as the limit would be to go to molecular
mixing (very small particles) where the variance is zero between samples.

1.2. CALCULATIONS

1.2.1. What Sample Size Should Be Taken?

To take extreme cases, if the sample is so large that it includes the whole mixture,
then the sample composition is at once average composition and there remains
no mixing to be done. At the other end of the scale, if it were possible to take
samples of molecular size, then every sample would contain only one or other of
the components in the pure state and no amount of mixing would make any
difference. Between these lie all of the practical sample sizes, but the important
point is that the results will depend upon the sample size.

In many practical mixing applications, process conditions or product
requirements prescribe suitable sample sizes. For example, if table salt is to
contain 1% magnesium carbonate, the addition of 10 kg of magnesium carbo-
nate to 990 kg of salt ensures, overall, that this requirement has been met.
However, if the salt is to be sold in 2 kg packets, the practical requirement
might well be that each packet contains 20 g of magnesium carbonate with some
specified tolerance and adequate mixing would have to be provided to achieve it.

A realistic sample size to take from this mixture, containing 1000 kg of
mixture, would be 2 kg. As mixing proceeds, the greater numbers of samples
containing both components appear and their composition tends towards 99%
salt and 1% magnesium carbonate.

It should be large enough so that the required amount of the smallest
ingredient is easily measured, yet small enough so that you are confident that
the quantities normally used will contain the ingredients in the required con-
centration (for example, pack size or less).

It can be seen from this discussion that the deviation of the sample compo-
sitions from the mean composition of the overall mixture represents a measure

Mixing – Determining Mixing Parameters 7



of the mixing process. This deviation decreases as mixing progresses. A satisfac-

tory way of measuring the deviation is to use the statistical estimator called the

standard deviation. This is the mean of the sum of the squares of the deviations

from the mean and thus it gives equal value to negative and positive deviation

and increasingly greater weight to larger deviations because of the squaring. The

‘‘standard deviation’’ provides a satisfactory way of quantifying the extent to

which the fractional concentration of a component scatters about its mean value

in the various samples (Figure 1.3). It is given by Equation (1.1):

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N� 1
:
X

N

n¼ 1

ðXn � �X2Þ

v

u

u

t(1:1)

where �x is given by Equation (1.2):

x
� ¼ 1

N

X

N

i¼ 1

xi(1:2)

where ‘‘�’’ is the standard deviation, N is the number of samples taken (i.e.
number of spot), x1, x2, ... xn, are the fractional compositions of component ‘‘x’’

in the 1, 2, ... N samples and ‘‘�x’’ is the mean fractional composition of compo-

nent ‘‘x’’ in the whole mixture. Equation 1.1 can be used for max. 30 sample (N<
30), for the bigger sample number, it should be modified as (1/N).

Figure 1.3. The normal probability distribution-symmetrical around the mean value.
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Using Equation (1.1) values of � can be calculated from the measured
sample compositions, taking the ‘‘N’’ samples (number of spot) at some stage
of the mixing operation. Often, instead of � it is convenient to use �2, known as
the variance of the fractional sample compositions from the mean composition
(i.e. the variance of themixture). For a perfect mixing � (or �2) should be equal to
zero. Lower standard deviations are found as the uniformity of the mixture
increase (�1=0). But �1 = 0 cannot be achieved, but in efficient mixers the
value becomes very low after a reasonable period.

1.2.2. How Long Should Ingredients Mix ?

1.2.2.1. Mixing Index

If particles are to be mixed, starting out from segregated groups and ending up
with the components randomly distributed, the expected variances (�2) of the
sample compositions from the mean sample composition can be calculated.

Consider a two-component mixture consisting of a fraction p of component P
and a fraction q of component Q. In the unmixed state virtually all small samples
taken will consist either of pure P or of pure Q. From the overall proportions, if a
large number of samples are taken, it would be expected that a proportion p of the
samples would contain pure component P. That is their deviation from the mean
composition would be (1 – p), as the sample containing pure P has a fractional
composition 1 of component P. Similarly, a proportion q of the samples would
contain pure Q, that is, a fractional composition 0 in terms of component P and a
deviation (0 –p) from themean. Summing these up in termsof fractional composition
of componentP and remembering that p+q=1 (Earle, 1983) gives Equation (1.3):

�0
2 ¼ 1=N½pNð1� pÞ2 þ ð1� pÞNð0� pÞ2�(1:3)

¼ pð1� pÞ ðfor N samplesÞ

When the mixture has been thoroughly dispersed, it is assumed that the
components are distributed throughout the volume in accordance with their
overall proportions. The probability that any particle picked at random will be
component Q will be q, and (1 – q) that it is not Q. Extending this to samples
containing ‘‘n’’ particles, it can be shown, using probability theory (Earle, 1983):

�2r ¼ pð1� pÞ=n ¼ � 2
0=n(1:4)

This assumes that all the particles are equally sized and that each particle is
either pure P or pure Q. For example, this might be the mixing of equal-sized
particles of sugar and milk powder. The subscripts o and r have been used to
denote the initial and the random values of � 2, and inspection of the formulae,
Equation (1.3) and (1.4), shows that in the mixing process the value of � 2 has
decreased from p(1 – p) to 1/n th of this value. It has been suggested that
intermediate values between �0

2 and �r
2 could be used to show the progress of
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mixing (Earle, 1983). Suggestions have been made for a mixing index (IM) based
on this assumption, for example:

IM ¼ ð�02 � �2Þ=ð�02 � �r2Þ(1:5)

During the course of the mixing process, IMvaries from 0 to 1. This measure
can be used for mixtures of particles and also for the mixing of heavy pastes.

1.2.2.2. Rate of Mixing and Mixing Efficiency

Themixing indexought to be such that the rate ofmixingat any time, under constant
working conditions such as in a well-designed mixer working at constant speed,
ought to be proportional to the extent of mixing remaining to be done at that time.

In mixing as in other rate processes, the rate is proportional to the driving
force. The mixing index IM is a measure of how far mixing has proceeded
towards equilibrium. It has been found that for short mixing times the rate of
change of IM is directly proportional to 1 – IM as:

d IM= dt ¼ k ½1� IM�(1:6)

where k is themixing rate constant, which varies with the type ofmixer, conditions
e.g., rpm and the nature of the components and t (s) mixing time, and it can also be
used to predict, for example, the times required to attain a given degree of mixing.
By integrating from t = 0 to t = t during which IM varies from 0 to IM, giving

½1� IM� ¼ e�kt(1:7)

or

ðIMÞ ¼ 1� e�kt(1:8)

The equilibrium value of IM is 1 (for the practical application IM is taken as
0.95) therefore the driving force for mixing at any time can be considered to be
1 – IM with rearranging and integrating between limits (from Equation (1.6).

t ¼ ð1=tÞ ½ln ð1� IM;0Þ = ð1� IM;0Þ�(1:9)

or from

t ¼ ln ðIMÞ=k(1:10)

This exponential relationship, using (IM) as the mixing index, has been
found to apply in many experimental investigations at least over two or three
orders of magnitude of (IM). In such cases, the constant IM can be related to the
mixing machine and to the conditions and it can be used to predict, for example,
the times required to attain a given degree of mixing.

It would be expected that small samples taken from various locations in
the container at the start of mixing should contain close to 100% of either one
or another of the components, so a plot of composition as a function of
sample location would be very uneven. As mixing proceeds, successive plots
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of the composition of samples taken from these same locations should become
more uniform. Ideally, when mixing is complete all samples should contain the
same percentage of each ingredient that added to the vessel at the start.

The mixing index at zero mixing is given by:

IM;0 ¼ ðn =ðn� 1ÞÞ(1:11)

The efficiency of a mixer or blender (�M) has been proposed as:

� M ¼ ð�=�0Þ(1:12)

1.2.2.3. Mixed Particle Sizes and Size Analysis

In a sample of uniform particle diameter Dp the total volume of the particles is
(m/�p), where m and �p are the total mass of the sample and the density of the
particles, respectively. Since the volume of one particle is Vp, the number of
particles in the sample n is;

N ¼ ½m= ð�pVpÞ�(1:13)

1.2.3. Energy Input in Mixing

Quite substantial quantities of energy can be consumed in some types of mixing,
such as in the mixing of plastic solids. There is no necessary connection between
energy consumed and the progress of mixing: to take an extreme example there
could be shearing along one plane in a sticky material, then recombining to restore
the original arrangement, then repeating which would consume energy but accom-
plish nomixing at all.However, inwell-designedmixers, the energy input does relate
to mixing progress, though the actual relationship has normally to be determined
experimentally. In the mixing of flour dough using high-speed mixers, the energy
consumed, or the power input at any particular time, can be used to determine the
necessary mixing time. This is a combination of mixing with chemical reaction as
flour components oxidize during mixing in air which leads to increasing resistance
to shearing and so to increased power being required to operate the mixer.

1.2.4. Selection of Mixers

Selection of mixers must take into account any tendency towards segregation.
Thismay be evaluatedwith a ‘‘heap test’’, in which a well-mixedmaterial is poured
through a funnel to form a heap. If the composition of samples taken from the
outside varies significantly from compositions of samples from the center of the
heap, the material is likely to segregate during mixing or later processing.

It is possible to obtain a good mixer quality, but a poor product quality,
as there are other operations between mixing and use, such as emptying,
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transportation and use, all of which may induce segregation. In a process analysis
the permissible variation in the product quality must be known and its relation to
quality from the mixer deduced. Batch mixing large quantities (up to 2 tonnes)
reduces labour costs but as size goes up, so does time to reach desired quality,
filling and emptying times per batch. Continuous mixing depends on metering
rates, capacity of mixer, axial and radial dispersion performance. Loading two, or
more, components together should reduce batch mixing time, but requires meter-
ing or practice. Table 1.1 compares batch and continuous mixing strategies.
Mixers can be classified into two groups regarding segregation:

(a) Segregating mixers have mainly diffusive mechanisms, encouraging the
movement of individual particles, making segregation more significant.
Non-impeller type mixers tend to be of this type.

(b) Less segregating mixers have mainly convective mixing mechanisms.
These are typically impeller types in which blades, screws, screws,
ploughs, etc., sweep groups of particles through the mixing zone.

1.3. EXPERIMENTAL PROCEDURE

1.3.1. Apparatus

� Micrometer
� Timer

Table 1.1. Comparison of continuous and batch of free flowing powders (italicised
description indicates preferred option)

Property Batch Continous

Capital cost:

Mixer

Ancillary

Higher

Lower

Lower

Higher

Operating cost Automation reduce labour costs but increase

capital costs

Fewer operators in

general

Flexibility More flexible One operation only

Proportion

ingredients

More confidence Can be OK but needs

analysis

Handling and

storage

Not necessary

useful for segregating

mixes

Capacity Much greater

Quality control Batch identifiable Not so

Design knowledge High OK

Mixing efficiency Similar if operated ok

12 M. Bayram and F. Göğüş



� Graduated cylinder (100 ml)
� Graduated cylinder (25 ml)
� Analytical balance (+/– 0.01 g)
� Sieve (1 mm hole diameter) (Frame diameter is approx. 20 cm, for bulk

sieving) and (1 mm hole diameter) (Frame diameter is approx. 5 cm, for
sample sieving) (Figure 1.4)

� Cone type (Figure 1.5) and V-shape tumbling mixer (Figure 1.6)

Tumbler Mixers

The tumbling action induces particles to roll and fall. The material is elevated
beyond its angle of repose falling to the free surface giving a good mixing to free
flowing materials e.g., tea, seeds. Easy cleaning, emptying, power consumption
and wear are considered to range from low to moderate.

� The equipment operates by tumbling the solids inside a revolving vessel.
� It may be fitted with baffles, to assist mixing, or with internal rotating

devices to break up agglomerates.

Figure 1.4. Tyler Sieves’ Series.
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� It operates at speeds up to about 100 rpm (about half the critical speed
at which the centrifugal force on the particles exceeds the pull of gravity).
� It has a working capacity of about 50–60% of its volume.
� It is best suited for gentle blending of particles with similar physical

characteristics however segregation can be a problem.
� The equilibrium is generally reached in about 10–15 min.

� Ribbon type (screw conveyor) mixer

Horizontal Trough (Screw Conveyor) Mixers

An agitator mixes material in a trough with gentle mixing but with shear
and impact. Not suitable for very cohesive materials, unless a dough is required.

Figure 1.5. Cone type tumbling mixer; on the left, cone view; on the right, inside view of cone.

Figure 1.6. V-shape tumbling mixer on the left, mixer up view, on the right, mixer down view.
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Used for addition of small amounts to larger components, but can be difficult to
clean.

� Consist of semi-cylindrical horizontal vessels in which one or more
rotating devices (e.g., screw conveyors or a ribbon mixer) are located.
� In a typical ribbon mixer one ribbon moves the material slowly in one

direction, while the other moves it quickly in the opposite direction, so
there is a net movement of material and the system can be used as a
continuous mixer.
� Particle damage can occur due to the small clearance between the ribbon

and the vessel wall, and the mixer has a high power requirement.
� Segregation is less of a problem.

� Angle of repose instrument (Figure 1.8)

Figure 1.7. Ribbon type mixer.

Figure 1.8. Apparatus for angle of repose.
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� Voltmeter and amperometer (Figure 1.9)

1.3.2. Materials

� 1 kg semolina.
� 1 kg black fine bulgur wheat.

1.3.3. Procedure

Semolina and bulgur wheat both come from wheat differing only on their particle
sizes.

Please follow the following steps:

1. Measure the hectolitre-weight (bulk density; weight the 100 ml gradu-
ated cylinder filled with semolina and bulgur) and angle of repose
(flowing angles of the solids; fill the half of the angle of repose container,
and then rotate it slowly until flowing of samples) for both cereals.

2. Then, standardize the particle size of the semolina and fine bulgur wheat
using a 1 mm sieve. For the semolina and bulgur wheat, use the lower
and upper parts of the 1 mm of sieve, respectively.

3. Determine the hectolitre-weights and the angles of repose of the sieved
semolina and bulgur wheat.

Figure 1.9. Voltmeter and Amperometer.
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4. Adjust the rpm of the mixer and record it.
5. Load the semolina and bulgur wheat into the Cone type tumbling mixer

(500 g semolina + 500 g bulgur wheat).
6. Start the mixing operation at constant rpm. At the same time, start the

timer (t = 0).
7. Measure the current intensity (A) and difference in electrical potencial

�V (V).
8. After 2 min (t = 2 min), stop the mixing.
9. Collect five nearly equal amounts of spots (approx. 30 g of sample) from

the different places of the cone mixer.
10. Measure and record their hectolitre-weights.
11. Sieve them using a sieve having 5 cm frame diameter (1 mm hole

diameter). During 1 mm of sieving of the spots, the upper and lower
will be bulgur and semolina, respectively.

12. Weigh and record the weight of the bulgur wheat and semolina
individually.

13. Continue the mixing operation for the next 2 min (t=4min). Stop the
mixing. Repeat Step 10.

14. Continue the mixing operation for the next 2 min (t=6min). Stop the
mixing. Repeat Step 10.

15. Continue this procedure untill t = 10 min.
16. Repeat Steps 5–14 for the V-Shape tumbling and Ribbon type (screw

conveyor) mixers.

(Note: Same experiments can be made at different rpm and sample quan-
tities to determine the effect of mixer speed and sample quantities.)

1.4. DATA ANALYSIS AND QUESTIONS

1.4.1. Data Analysis

Calculate at t = 0, 2, 4 and 6 min:

1. Standard deviation
2. Coefficient of variation
3. Hectolitre-weight.
4. k-value.
5. Find mixing indexes (IM) and plot IM vs. time.
6. Calculate mixing time to reach the mixing index to 0.95.
7. Calculate mixing efficiencies.
8. Calculate the energy consumptions and power requirements of the mix-

ers at t = 0, 2, 4, 6 and optimum mixing time.

Given:
For bulgur particle (assume sphere); �p=1.24� 10–3 g/mm3,Dp= 1.2 mm
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For semolina particle (assume sphere);
�p =1.11�10–3 g/mm3, Dp = 0.4 mm

Vp ¼ ð4=3 p r3Þ(1:14)

P ¼ IV(1:15)

E ¼ Pt(1:16)

where
V is voltage in volts, P is power in kWh, I is current intensity in ampere, t is

time in hour.

1.4.2. Questions

1. What are the practical applications of the hectolitre-weight and angle
of repose in the food industry ?

2. What was hectolitre-weight with the particle size, ash and protein
contents of the wheat (unprocessed, raw wheat) ?

3. Before and after the sieving, you measured the hectolitre-weight and
angle of repose of the semolina and bulgur wheat, which one was higher
before and after sieving, why ?

4. Compare the hectolitre-weight changes during each operation.
5. Compare the ampere and voltage values for each operation.
6. What is the importance of ampere and voltage for the mixing ?
7. Which mixer is more efficient ?
8. In mixing, if the initial amounts of the samples are different, what will

happen ?
9. In mixing, if the amount of one sample (Sample A) (e.g., 1 t) is higher

than another (Sample B) (e.g., 2 g), how can you mix them ?
10. In a batch mixer, blending starch and dried-powdered vegetables for a

soup mixture, the initial proportions of dried vegetable to starch were
40:60. If the variance of the sample compositions measured in terms of
fractional compositions of starch was found to be 0.0823 after 300s of
mixing, how much longer should the mixing continue to reach the
specified maximum sample composition variance of 0.02 ? Assume
that the starch and the vegetable particles are of approximately the
same physical size and that a sample contains 24 particles.
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Some Web Sites of Interest

The Experimental Nonlinear Physics Group at the Univ. of Toronto describes experiments of

unmixing sand and provides illustrations at http://mobydick.physics.utoronto.ca/sand.html.

Julio Ottino (Dept. of Chem. Engg., Northwestern Univ.) provides links to many of his papers on

granular mixing. See http://pg.chem-eng.nwu.edu/mixing/.

The Hayes & Stolz Industrial Mfg. Co., Inc. uses a ribbon blenders in its Continuous Blender (see

http://www.hayes-stolz.com/continumxr.htm) and in its Counterpoise Mixer (seehttp://www.

hayes-stolz.com/cntrpoimxr.htm).

Continuous mixers – for example Littleford Day Inc., see http://www.littleford.com/km.html

Dispersing solids in gas to aid drying, extraction, etc. – LittlefordDay Inc., see http://www.littleford.

com/dvt.html

Cooling and mixing – Littleford Day Inc., see http://www.littleford.com/k.html

High shear equipment for granular and fibrous materials, etc. – Littleford Day Inc., see http://www.

littleford.com/cb.html

Littleford Day – http://www.littleford.com

Eastern-Cleveland Mixers – http://www.emimixers.com

The Hayes & Stolz Industrial Mfg. Co. – http://www.hayes-stolz.com/

Food Processing Equipment Company – http://www.fpec.com

Matterson,M.J., Orr, C,: 1987. Filtration principles and Practices (Marcel Dekker, Inc. NewYork &

Basel
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2

Filtration I – Determining
Filterability of Suspensions

Cecilia Hodúr

OBJECTIVES AND LEARNING OUTCOMES

1. Examine and determine the filterability of different suspensions
(e.g., waster water, sludge).

2. Discuss and evaluate the effectiveness of preliminary treatments
(e.g., flocculation, adsorption, polyelectrolytes, sedimentation).

2.1. INTRODUCTION

Waste water which has suspended materials could be removed from water by

simple filtration, which is an especially effective unit operation in the removal of

very small particles, like microorganisms (Earle, 1983). These filters could be

used as a bio-reactor in waste treatment. The waste filtration process is usually

performed using amedium such as sand or anthracite coal (Brennan et al., 1990).
Filterability is not a specific property of a suspension, but it is an interactive

property between a suspension and some filter media. If the properties of one of

these are kept constant (i.e., as a standard filter medium) the changes in filter-

ability only reflect changes in the suspension (Brennan et al., 1990).

2.1.1. Filterability Index

A suspension is considered to be filterable if it can pass rapidly through a porous

medium, giving a clear filtrate, with little clogging of the filter medium. The

clogging is usually reflected in loss of permeability, which is shown as an increase

in pressure drop or head loss.
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The Filterability Index (F) takes these factors into account and can be
represented by the following equation:

F ¼ HC

vCot
(2:1)

where H is the head loss (water column pressure in mm liquid gauge), C is the
average filtrate quality, Co is the inlet suspension quality, v is the approach
velocity (volumetric flow rate per unit face area), and t is the filtration run time

As C/Co is a ratio, any unit of quality can be used (e.g., turbidity, COD,
total coliforms) provided they are used consistently for both the feed suspension
and the filtrate.

A filtration process is considered to be adequate when the filterability index
(F) is low. This is achieved with a low head loss (from clogging), a low permeate
concentration and a high approach velocity (i.e., a high inlet concentration
under a long operation time).

However, no particular significance can be attached to the actual numerical
value of F, since values of F indicate relative filterability. For example, a pre-
treatment of a suspension which decreases F results in better filterability.
A minimum value of F from a number of tests would indicate an optimum
filterability, even though nothing could be inferred from the numerical value
attached to this minimum F.

As the F number has not been derived rigorously from filtration theory, it
cannot be used at extreme values or under boundary conditions. For example,
although extremely high values of v (e.g., 2 m �min–1) might give low F values,
they would probably lead to C/Co values of 1, thus preventing filtration and
clogging. However, negligible value of H would result with very coarse media
(e.g., 5 mm in diameter), leading to C/Co approaching 1 and again preventing
filtration. Consequently the interpretation of Filterability Index values has to be
made with the awareness of its limitations to practical conditions where filtra-
tion is expected to occur (Cleasby, 1969 and Matterson and Orr, 1987).

2.2. EXPERIMENTAL PROCEDURE

2.2.1. Filterability Apparatus

The apparatus for measuring the Filterability Index (Figure 2.1) consist of a
Perspex column with a diameter of 38 mm and a length of 65 mm between the
inlet and outlet connections so that liquid flows downwards through the column.
At the base of the column, a 0.5 mm brass gauze mesh (i.e., B.S. 30 sieve mesh)
retains the granular media. The cap on top of the column can be removed easily by
unscrewing the knurled screw. It has a small air release screw at the top.

When a liquid suspension is introduced into the column from a 1.5 L
capacity glass conical funnel, it flows from the base unit of the Perspex column
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through a needle-type flow control valve and a G. A. Platon Gapmeter flow-
meter to drain it. The flow rate is indicated at the top of the float in the flowmeter
(range 20–300cc �min–1). The cap above the column and at the base unit below
the column are made of rigid PVC and both are connected to glass tube liquid
manometers. The difference in levels gives the head loss (liquid gauge) directly,
although the manometer tubes are connected at the top to keep the air pressure
above atmospheric pressure. The valve and tubing connectors are made of
chrome-plated brass. All tubing are 9 mm diameter translucent plastic, except
the manometer connections which are 7 mm in diameter.

2.2.2. Additional Apparatus and Materials

The following additional apparatus are required for the experiment (Figure 2.2):

� Nephelometer (Hach 2100A).
� One-liter glass beaker (to collect filtrate).

Figure 2.1. Filterability index unit.
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� Thermometer (–10 to 1108C).
� Stop Clock (reads seconds to minutes).
� 100-mm diameter Funnel (for reverse flow filling).
� Leighton Buzzard sand.
� Kaolin.
� Alum.

2.2.3. Procedure

1. Pre-sieve the filter media (Leighton Buzzard sand) to a uniform size
fraction (the sand should pass through a 0.600 mm sieve (B.S. 25 mesh)
and should be retained on a 0.500 mm sieve (B.S. 30 mesh), having
therefore a mean particle size (Dp) of 0.55 mm.

2. Fill the apparatus with 40 mm depth of granular media of known
porosity in the Perspex column (A).

3. Pour clear water up to the base of the inlet funnel.
4. Prepare a 100 mg �L–1 suspension of kaolin in tap water.
5. Add 5 mg �L–1 of alum to flocculate the suspension.
6. Mix vigorously the suspension for 15 s and then slowly stir it for 10 min

at approximately 50 rpm.
7. Carefully pour the test suspension into the inlet funnel.
8. Adjust the flow control valve to give the required flow rate on the flow

meter. A standard flow rate in water treatment would be 93 cm3�min–1

which corresponds to an approach velocity (v) of 8.2 cm �min–1. (Note:
you can calculate it with the plan area of the filter column.) However,
other flow rates can be used if different aspects of filterability are being
investigated.

Figure 2.2. Schematic illustration of the filterability apparatus.
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9. Timemust be allowed for the displacement of the clean liquid above the
inlet surface of the bed of porous media. At 93 cm3 �min–1, this dis-
placement time is approximately 40 s.

10. Start the clock to obtain the filterability test run time (t). Additional
time must be allowed for displacement of the clean liquid in the filter
pores, in the base unit of the column and the outlet tubing including the
flow meter (for 93 cm3 �min–1 this time is approximately 75 s).

11. Insert the outlet tube into the 1L beaker to collect the filtrate for quality
analysis after the liquid has been displaced.

12. Adjust the displacement times for other flow rates. For example, at a
flow rate of 120 cm3�min–1, the inlet displacement time (before starting
the timing clock) should be (93/120)�40=31 s; the outlet displacement
time (before collecting filtrate) should be (93/120)�75=58 s.

13. Take a sample from the inlet funnel for analysis while the suspension is
filtering through the porous media. For analysis, a nephelometer
should be used to measure the difference between the haze of original
suspensions and the filtered liquid.

14. Insert a thermometer in the beaker collecting the filtrate, and record the
temperature. This is needed for future comparisons, as marked differ-
ences in temperature (more than 58C) between different tests would
produce different results. All other conditions being equal, higher
temperatures produce better filterability (i.e., lower F number).

15. Check the flow meter and adjust the control valve during the filtration
operation to maintain a constant flow rate. Due to the clogging of the
filter media and the falling inlet level, the flow rate will tend to decrease,
requiring a gradual opening of the control valve.

16. Check the difference in the manometer levels. This difference is due to
the head loss across the porous media and the support gauze mesh.
However, the head loss due to the support gauze mesh is negligible
compared with that of the porous media when it becomes clogged.

17. Read the two manometer levels when the inlet suspension level has
fallen to the base of the inlet funnel (the difference is H) and stop the
stop clock, noting the time (t), and then close the flow control valve. At
the standard flow rate of 93 cm3 �min–1 the filterability test run time
should be about 10 min.

2.2.4. Calculations

Solid volume of sand ¼ ð1� "ÞV

where

V – suspension volume. F depends on the volume. At first the solution is
clear and F is very low, but with time it starts increasing leading to an
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increase of F because leading to an increase of F the volume of particu-
lates (suspension) will be separated by the sand (filter media) Causing an
increase in the head loss (H) . " – is the porosity, it is a volume ratio
between the unloaded/free volume and the whole volume of filter media
and it is a given parameter.

2.3. DATA ANALYSIS AND QUESTIONS

1. Calculate the Filterability Index from data obtained from experiments A
and B presented in Appendix A.2. What do these results illustrate?

2. Can alum be used for improving filterability? Why?
3. How would you determine the optimum quantity of filter media?
4. Explain how you would measure the effect of temperature?
5. Discuss the effect of temperature and velocity of filtration.
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Table 2.1. Data for F evaluation
(Cleasby, 1969)

Description Characteristics

Column

Length (L) 40 mm

Diameter (d) 38 mm

Leighton Buzzard sand

Density (�) 2650 kg�m–3

Porosity (e) 0.4
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Filtration II – Using
a Plate-and-Frame Filter

Marie-Laure Lameloise

OBJECTIVES AND LEARNING OUTCOMES

1. Understand the operation of a plate-and-frame-filter press.
2. Verify cake filtration laws at constant flow rate, at constant pressure.
3. Learn how to size a filter through measurement of cake specific resis-

tance on a laboratory filtration cells.

3.1. INTRODUCTION

Cake filtration is adapted to filtration of solid–liquid suspension containing more
than 0.1% particles (w/w). The particles accumulating on the surface of a cloth or
sheet, form a porous layer or ‘‘cake’’ which becomes the main filtering medium.

When a fluid passes through a porous medium, the relationship between
pressure drop, �P (Pa), and flow rate, dV/dt (m3s–1), can be described by
Darcy–Carman’s law (Perry and Green, 1997, Orr, 1979 and Lameloise, 2002):

�P ¼ 1

S

dV

dt

� �

� � � R(3:1)

where S is the cross-sectional area (m2), � is the dynamic viscosity of the fluid
(Pa �s),R is the flow resistance (m–1). In cake filtration, the total pressure �P can
be decomposed into the pressure drop across the cloth (Equation 3.2), and
across the cake (Equation 3.3):

�P1 ¼
1

S

dV

dt

� �

� � � RS(3:2)

�P2 ¼
1

S

dV

dt

� �

� � � RG(3:3)
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whereRS is the cloth resistance (m
–1),RG is the cake resistance (m–1), whereasRS

is constant (and generally negligible compared to RG), and RG increases as the
cake gets thicker according to (Equation 3.4):

RG ¼
r � c � V

S
(3:4)

where c is the concentration of the suspension (kg solid/m3 of filtrate), r is the
specific cake resistance (mkg–1) and is a key parameter for project design and
scale-up, and V is the volume of suspension (m3).

The total pressure drop across the filter can then be described by:

�P ¼ �cr

S2
Vþ �RS

S

� �

dV

dt
(3:5)

At a constant flow rate (for example if the filter is fed with a volumetric
pump), dV/dt = Q. Eq. 3.5 can be modified to:

�P ¼ �crQ
2

S2
tþ �RSQ

S
(3:6)

The total pressure drop across the filter increases linearly with time. At
constant pressure drop:

�Pdt ¼ �crVdV
S2

tþ �RSdV

S
(3:7)

�crV2

2S2
þ �RSV

S
� t�P ¼ 0(3:8)

The filtration curve V= f(t) is parabolic, as the flow rate decreases against
time. A linear relationship can be obtained by expressing t/V against V, which
can be represented as:

t

V
¼ �cr

2S2�P
Vþ �RS

S�P
(3:9)

3.2. EXPERIMENTAL PROCEDURE

3.2.1. Laboratory Filtration Cell

A filtering funnel (Büchner type, 8 cm diameter, 1 L capacity) equipped with a
stirrer is connected to a 1 L graduated test glass tube, which is in turn connected
to a vacuum pump equipped with a vacuum gauge. This device allows filtration
at constant �P, however, this is limited to pressures between 0.8 and 0.9 bar.
The funnel may be insulated from the test glass tube by a tap. In order to protect
the sintered glass bottom of the funnel, disks are punched in cellulose sheets
through an adequate hollow device. For each 100 ml, the time of filtration is
measured with a stop clock.
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3.2.2. Plate-and-Frame COFRAM-SEITZ Filter Press

The plate-and-frame sheet filter COFRAM-SEITZ (Figure 3.1, Table 3.1) is

similar to the standard filter press, with the textile cloth replaced by a thick

disposable filter medium of (SEITZ cellulose).
It is commonly used in clarification, where the quantity of solids to be

retained is very small (e.g., filtration of beer, some wines, vegetable oil) or in

microbial stabilization (e.g., sugar syrups) (Rivet, 1981, Lameloise, 2002). How-

ever, due to the size of the kieselguhr particles and the concentration of the

slurry, the application proposed here relates to the cake filtration mechanism

(and not to the in-depth filtration). This kind of filter is composed of alternating

vertical square plates and frames. Hollow frames, covered on both sides by

sheets of cellulose, provide space for cake accumulation during filtration. Per-

forated plates allow filtrate to be drained toward outlet.
Two manometers that are located at the inlet and outlet of the filter show

relative pressure. As the filtrate is drained, the outlet manometer should

Front filter cover             Rear filter cover

Cellulose sheet

Filtrate

Suspension

Front filter cover             Rear filter cover

Figure 3.1. Schematic illustration of a Plate-and-frame filter press.

Table 3.1.Main characteristics of the COFRAM-SEITZ filter used

Description Characteristics

Sheet size 20 � 20 cm

Effective filtration area 0.03 m2

Maximum numbers of sheets in the filter 25

Maximum inlet pressure 10 bar

Maximum �P between inlet and outlet 3 bar
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normally indicate ‘‘zero’’ whereas the inlet manometer gives a straightforward
measurement of �P.

The rear filter cover is equipped with three valves used for purging the filter:
one on the suspension circuit, two on the filtrate circuit.

The kieselguhr suspension is prepared in a feed tank (200 L capacity) and
continuously stirred. It is sent to the filter through a volumetric pump (Mouvex
type) with adjustable speed. The filtrate goes through a rotameter which ensures
instantaneous flow rate dV

dt to be measured (Figure 3.2).
Continuous stirring is necessary to avoid sedimentation in the feed tank as

the feed suspension would no more be controlled.
The use of a volumetric pump allows the filter to be fed at constant flow rate

in a first stage. When pressure drop in the filter has reached a predetermined
value, it is kept constant in a second stage by continuously decreasing the flow
rate through manual action on the pump speed variator.

3.2.3. Procedure

This protocol is composed of two sequential parts determination of cake specific
resistance: (i) with a laboratory filtration cell; and (ii) a pilot plant plate and
frame filter.

Inlet
manometer

Rotameter

Feed tank

Stirrer

Water

MOUVEX
pump

to sewer

Plate-and-frame
SEITZ filter

Outlet 
manometer

Rear filter
cover (see
below)

Suspension
purge valve

Rear filter cover

Filtrate purge valve
(top)

Filtrate purge valve
(bottom)

Figure 3.2. Pilot implementation.
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3.2.3.1. Evaluation of Specific Cake Resistance with a Laboratory
Filtration Cell

Considering the limited sample volume (1 L) that will be collected for the
experiment, laboratory tests should be carried out with a 10 g L-–1 suspension
in order to build a cake, thick enough to be used as a filter. The experiment is
carried out twice using sheets of different permeability: for example K-250 and
K-1000 from COFRAM-SEITZ.

1. Prepare a 3 L suspension of kieselguhr.
2. Switched on the vacuum pump.
3. Fill the funnel with the suspension and then, open the valve when

constant vacuum is achieved in the test glass (�P �0.85 bar).
4. Begin measuring time (t) when 100 ml filtrate have been collected (after

opening the valve, a slight temporary decrease in vacuum is observed
which will stabilize when the first 100ml of the filtrate passes through the
system).

5. Register the time at intervals of 100 ml. When 1 L filtrate has been
collected, the experiment is stopped.

3.2.3.2. Filtration of Kieselguhr Solutions with the Plate and Frame Filter

(1) Fill the feed tank with water.

(a) filter implementation
Cellulose sheets are put on each side of the frames. With three sheets to place,
this gives: one blind plate (special extremity plate), one sheet, one frame, one
sheet, one blind frame (special extremity frame). The sheets are placed in such a
way that the reference is against the plate. The rear filter cover is pushed with all
the elements against the front filter cover and the whole is pressed.

(b) purging the filter
Caution: The pump should never turn without feed.
All purge valves are closed. The inlet valve (suspension) should be opened and
the outlet valve (filtrate) closed. Feed pump is switched on. Open and close
successively the three purge valves (in the following order: suspension, bottom
filtrate, top filtrate) and the outlet valve, until the liquid flows without any air
bubble. Press again the whole filter to account for sheet expansion.

Set the flow rate at 400 L h–1 and ensure that outlet manometer indicates
zero. Straightforward �P measurement is obtained from inlet manometer.
A zero value is obtained, proving that there is no pressure drop in the filter
until the cake begins to build.
(2) Switch off the pump and turn off the vessel valve.
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(c) experiment
The feed tank is filled with 200 L water. Four-hundred grams of kieselguhr is
dispersed through stirring, giving a 2 g �L–1 suspension.

Open the outlet tap of the tank. Switch on simultaneously pump and
chronometer.

Adjust flow rate at 400 L �h–1 and maintain constant by actuating the pump
speed variator if necessary. Register �P increase with time.

When �P = 1 bar, pressure drop is maintained by actuating the pump
speed variator. Measure the flow rate that decrease with time.

The experiment is stopped when the flow rate has decreased below 220–230
L �h–1.

(d) cake drying
Water in the cake is displaced with compressed air blown co-currently. All the
valves are closed except suspension purge and filter bottom purge. Compressed
air is sent by suspension purge and water is evacuated by filtrate bottom purge.
Open the filter and verify whether the cake layers are regular and homogeneous
on each sheet. Sheets and cakes may then be discharged.

(e) filter washing
Wash all the installation, filter, pump and tank with water. Periodically ensure
that manometers are not clogged.

3.2.4. Calculations

1. Determining cake specific resistance on laboratory filtration cell
For each experiment, t

V= f(V) is drawn. Parallel lines should be observed.
Specific resistance r is calculated from the slope through Equation (3.2). The
average value is used for the following calculations.
2. Calculation of S for the pilot experiment

At pilot scale, a 2 g �L–1 kieselguhr suspension is to be filtered, at first at
constant flow rate (400 L �h–1) and then at constant pressure. The filtering
surface is calculated so that total pressure drop �P should reach 1 bar after
10 min filtration at a constant flow rate of 400 L �h–1.

S is obtained through equation (3.1), assuming that sheet resistance is
negligible (this will be verified at the beginning of the experiment). This filtering
surface is to be implemented with sheets of 0.03 m2 effective surface.

3.3. DATA ANALYSIS AND QUESTIONS

1. Plot �P ¼ fðtÞ for the first stage at constant flow rate. Verify if the
relationship is linear (cake filtration law at constant flow rate) and
determine r from the slope.

2. Plot dV
dt ¼ fðtÞ for the second stage at constant �P.

32 M.-L. Lameloise



3. Calculate t
V ¼ fðVÞ through numerical integration for the second stage.

Verify if the relationship is linear (cake filtration law at constant �P)
and determine r from the slope.

4. Confirm the validity of the cake filtration law.
5. Compare the different values obtained for r (laboratory filtration cell

and plate and frame filter). Conclude on the validity of lab cell experi-
ments for scaling-up (Purchas, 1977).
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Centrifugation – Separating
Cream from Milk

Rui Costa and David Gomes

OBJECTIVES AND LEARNING OUTCOMES

1. Recognize the fundamentals of centrifugation and review the impor-
tance of milk composition on centrifugation.

2. Operate a centrifuge at a pilot scale that is used for the production of
cream and skim milk.

3. Calculate the critical diameter for separation.
4. Compare the values obtained for critical diameter with given distribu-

tions of milk fat globules.

4.1. INTRODUCTION

Centrifugation is a separation operation used in the food industry for the

treatment of milk, principally for the standardization of milk andmilk products,

and in the production of cream and/or skim milk. This operation is a separation

process that uses centrifugal force to separate two mixed liquids or insoluble

solids from liquids (suspension). In this case, the fat globules separate from the

rest of the milk suspension. The original milk feed (3.7% fat) is separated into a

cream portion (higher than 30% fat) and a skim milk portion (around 0.05%

fat). The milk should be at a temperature around 408C before entering the

centrifuge.
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Coimbra

M.M.C. Vieira, P. Ho (eds.), Experiments in Unit Operations and Processing of Foods,

DOI: 10.1007/978-0-387-33513-1_4, � Springer Science+Business Media, LLC 2008

35



4.2. EXPERIMENTAL PROCEDURE

4.2.1. Apparatus and Materials

The centrifuge used in this experiment is a disc centrifuge (Figure 4.1). A feed

(of milk) is supplied from the bottom of the stack of discs and the fluid is

separated into two phases: a light phase (cream) and a heavy phase (skim

milk). The number of discs used in the experiment is greater than that repre-

sented in Figure 1. Each disc contains holes that are aligned to form flow

channels for milk entering from the bottom of the centrifuge to be fed to the

rest of a disc surface. The separation occurs when the fluid flows through the

spaces between the discs.
The following equipment and materials are required for the experiment:

� Disc centrifuge.
� Milk analyzer (or a protocol to measure the fat content).
� Densitometer.
� Stop clock (reads seconds to minutes).
� Thermometer.
� Test tube.

4.2.2. Procedures

In a typical laboratory experiment demonstrating the centrifugation of milk,

each group of students uses a different flow rate and measures the flow rates of

milk (feed) and of cream and its fat contents. After running the experiment,

Figure 4.1. Simplified scheme of (a) a disc centrifuge and (b) a disc.
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students use themeasured flow rate values to calculate the critical diameter of fat
globules and compare it to published results of fat globule distributions.

1. Before centrifugation.
1. Keep a sample of milk for analysis.
2. Preheat the milk to 30–358C (heat exchanger).

2. Setting up of the centrifuge.
1. Mount the discs on the centrifuge.
2. Turn on the centrifuge and wait until the working rotation speed is

achieved.
3. Feed the centrifuge with preheated raw milk and adjust the milk flow

rate entering the centrifuge and check the temperature.
3. Operation

1. Measurements: flowrate, milk temperature, milk density, fat content.
2. Measure the milk flow rate using a chronometer and a test tube.
3. Collect the cream and skimmed milk streams and measure the cream

flow rate.
4. Analysis of milk and centrifugation products

1. Determine the raw milk density and fat content.
2. Determine the density and fat content of the skimmed milk and the

cream (using a chronometer and a test tube).

4.2.3. Calculations

The mechanical analysis of this operation (Foust et al., 1980) is similar to a
sedimentation process that uses gravity force. The net force that results in the
separation of two phases with different densities is a balance between the
centrifugal force of the heavy liquid portion (or solid), the buoyancy force and
the drag force:

�sVsR$
2 � �LVsR$

2 � CA v2 �LS

2�sVs
¼ �sVs

dv

d�
(4:1)

where s is the solid (or heavy phase – skim milk, in this case), L is the liquid (or
light phase – fat globules, in this case), � is the density,V is the volume, R is the
radius at some point in the centrifuge, ! is the angular velocity of the centrifuge,
CA is the drag coefficient, S is the particle area normal to the flow direction, and
� is the time.

Equation (4.1) can be represented in terms of acceleration:

dv

d�
¼ R$2 1� �L

�s

� �

� 3CA v2�L
4Ds�s

(4:2)

When the milk enters the centrifuge, the heavy particles will be pushed to
the exterior and light particles to the interior of the center. Their velocity will
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increase due to the centrifugal force and the acceleration will decrease due to

the increase of the drag force. When the acceleration is null the velocity will

have the maximum value (terminal velocity). Equalizing the last equation to

zero and assuming laminar flow will give the following equation for the

terminal velocity of the particles (in milk centrifugation, the fat globules)

being separated:

vt ¼
�s � �Lð ÞD2

sR$
2

18�L
(4:3)

This is the general equation for calculating the radial velocity a particle (vt).

However, when light particles flow over the heavy fluid, the viscosity is not the

light phase viscosity but the heavy phase viscosity. Solving this equation for Ds,

and substituting vt for r/(V/Q) (r is the distance that the fat globule must

dislocate in order to be separated from the heavy phase – in this case, the radius

of the holes in the discs; V is the volume of the centrifuge and Q is the flow rate,

and thus V/Q is the residence time), the critical diameter of particles for separ-

ation can be determined by:

Ds;crit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

18�L
�s � �Lð ÞR$2

r

V=Q

s

(4:4)

The critical diameter signifies that half of the particles with this diameter

will migrate to the heavy phase and the other half to the light phase. Thus, fat

globules with higher diameters than Ds,crit will be separated. Based on this value

the proportion of fat to be separated from the milk can be predicted if data of the

fat globules diameter distribution are also available.
The minimum diameter for non-homogenized milk is around 0.7 mm

(Walstra et al., 1999). Values for critical diameter higher than this would indicate

that not all the fat will be separated. It can be easily observed from Equation

(4.4) that increasing the flow rate increases the critical diameter which results in

less fat being separated from the milk.

4.3. DATA ANALYSIS AND QUESTIONS

(1) Calculate milk and cream flow rates using results obtained from the
experiment in Appendix A.4.

(2) Plot these values against the fat content of the cream and explain any
observed differences.

(3) Calculate the critical diameter of the fat globules for each milk flow rate
used and compare these values with examples of fat globule distribu-
tions (see Walstra et al., 1999).
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5

Concentration – Direct Osmotic
Concentration of Liquid Foods

Harris N. Lazarides

OBJECTIVES AND LEARNING OUTCOMES

1. Review the application of membrane technology in food process
operations.

2. Assess the use of minimal (low temperature) processing in protecting
quality characteristics (i.e., taste, aroma, color, nutrition) and minimize
energy input during the concentration of liquid foods.

3. Evaluate the impact of crucial process parameters on process
performance.

4. Use experimental data to model a membrane separation process.

5.1. INTRODUCTION

Evaporative concentration techniques, used in concentrating liquid foods (i.e.,
fruit and vegetable juices) are commonly linked to quality deterioration, due to
high temperatures and phase change associated with evaporative concentration
techniques. Alternative techniques, such as direct osmotic concentration (DOC),
have been developed to reduce quality losses associated with more traditional
food process operations.

Direct osmotic concentration uses hydrophilic, reverse osmosis type
membranes to concentrate liquid foods without a phase change, at moder-
ate (room) temperatures, under minimal pressures (i.e., pressure is not used
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as a driving force). Under a large osmotic pressure difference, water is
removed in liquid form (i.e., no phase change) through the membrane
into a concentrated (NaCl) brine solution, which is only subject to dilution,
and therefore, reconstitution is an easy task that can take place with a
simple evaporation step.

5.2. EXPERIMENTAL PROCEDURE

5.2.1. Apparatus and Materials

Direct osmotic concentration should be conducted using liquid foods, such as
juices, that are preferably free of suspended solids (to avoid membrane foul-
ing). Model fluids of varying sugar solutions can also be used to demonstrate
the operation of this process. In case of a real food system with suspended
solids, a filtration step (i.e., macro- or ultrafiltration) can precede the DOC
process. The impact of increasing driving force (osmotic pressure difference)
on water flux (water removal rate through the membrane) can be examined by
using an osmotic medium, such as a concentrated solution of brine (i.e., NaCl
solution) at varying concentrations. Typical membranes used are RO type
membranes, with a high NaCl rejection index (>98%), preferably with a very
thin supporting layer, to allow for minimal mass transfer resistance leading to
increased flux rates.

The experimental set-up consists of two fluid circulation loops and the
membrane module (Figure 5.1). The circulation loop on the left refers to
the fluid food to be concentrated, while the right loop refers to the osmotic
medium. The morphology of the two covers of the osmotic module (‘‘cell’’)
promotes turbulent flow and close contact conditions on both sides of the
membrane.

Figure 5.1. Schematic diagram of experimental set-up (Dova et al., 2006a).
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The experimental rig consists of the following parts (Figure 5.2):

� A cylindrical jacketed feed (‘‘juice’’) tank, constructed from stainless
steel (SS 316) with an internal diameter of 0.19 m and a height of 0.31 m
that consists of a stirrer adjusted to the top of the tank to ensure raw
materials are well mixed. Temperature can be controlled by circulating
either a heating fluid or a coolant through the tank jacket.
� A cylindrical osmotic medium tank, constructed from stainless steel (SS

316) with an internal diameter 0.295 m and height 0.295 m. A round flat
piece of SS 316 (diameter 0.26 m; height 0.02m) is placed at the bottom of
the tank to prevent swirling, which could create unstable flow conditions
or harm the osmotic medium pump.
� A centrifugal feed pump (EBARA model CDM 70/7 Italy) with a

0.55 kW motor that can deliver between 20 and 80 L �min–1 of water.
� An osmotic medium pump with similar characteristics as that of the

centrifugal feed pump.
� Two Pt-100 thermocouples with digital output, connected to the feed and

osmotic tanks respectively.
� Four analog pressure gauges to measure the inlet and outlet fluid pres-

sures before and after the osmotic module.
� A centrifugal pump, to circulate cooling water in the product tank jacket

(RS 25/50r WILO – Germany).

Figure 5.2. Experimental direct osmotic rig (Dova et al., 2006a).
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� Four flow and pressure control ball-type valves; two for controlling
pressure at the feed inlet/outlet and other two for the osmotic medium
line.
� Plastic reinforced pipes with internal diameter 8 mm for the interconnec-

tions of the parts of the above mentioned experimental rig.

5.2.2. Procedures

Experimental conditions for comparative treatments are shown in Annex 5. The
following additional experimental conditions were established in these experi-
ments (Table A5.1 and Table A5.2). Experiments can be planned to study the
impact of several process parameters (i.e., temperature, concentration, viscosity,
flow rate, membrane characteristics) on process performance (i.e., flux, overall
mass transfer coefficient) and membrane suitability for the specific concentra-
tion task. Flux values, expressed in kg �m–2 h–1, offer an objective basis for
performance evaluation. They can be obtained from water removal rate (rate
of mass increase of osmotic medium or mass decrease of raw material, kg h–1)
divided by total membrane area (m2). Flux data for experimental treatments
listed in Table A5.1 can be found in Table A5.2. This data can be correlated to
process conditions to explore the impact of process conditions.

5.2.3. Calculations

Based onmeasured flux values, calculation of the overall mass transfercoefficient
(U) is carried out by using the fundamental mass transfer equation:

U ¼ Flux

����P
(5:1)

where Flux is the flow rate (kg m–2 h–1), and �� is the osmotic pressure
difference across the membrane (bars).

In case of advanced courses, flux values can also be used to determine the
constants of the physical model, describing the specific process. The following
model has been proposed for Osmotic flux (F) in a DOC process (Dova et al,
2006b):

F ¼ ����Pð Þ
C1�

N1

1 FS1

1 þ 1 A= þ C2�
N2

2 FS2

2

� �(5:2)

where Flux is the flow rate (kg m–2 h–1), �� is the osmotic pressure difference
across the membrane (bars), �� is the osmotic pressure difference across the
membrane, �P is the hydraulic pressure differential across the membrane, �1, �2
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are viscosities of osmotic medium and feed liquid, F1, F2 are mass flow-rates of
osmotic medium and feed liquid, A is the water permeation coefficient, and C1,
C2, N1, N2, S1, S2 are positive constants.

5.3. DATA ANALYSIS AND QUESTIONS

1. Calculate and determine overall mass transfer coefficients using flow
rate data presented in Appendix A.5.

2. Discuss the effect of different treatments on calculated values.
3. Based on the data of Table A5.2 create appropriate correlations to

delineate the impact of crucial process parameters on process perfor-
mance (i.e., water flux).

4. Compare relative importance of process parameters and indicate proper
interventions to improve process efficiency.

5. How would you plan an experiment to differentiate between the impact
of temperature and that of viscosity?

6. Apply the proper optimization program to determine the constants of
(Equation 5.2).
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6

Osmotic Dehydration – Vacuum
Impregnation of Fruit

Eugenia Martin-Esparza and Chelo Gonzalez-Martinez

OBJECTIVES AND LEARNING OUTCOMES

1. Review the technique of vacuum impregnation.
2. Examine the optimization of the operation based on raw material char-

acteristics and the final desired product.
3. Evaluate the influence of the impregnation solution on the product

physicochemical changes.

6.1. INTRODUCTION

Vacuum impregnation of porous foods implies the partial substitution of the gas
phase, in the intercellular spaces by an external liquid (i.e., impregnation
solution), by imposing low pressures in the system (porous food immersed in a
liquid phase) followed by the restoration of atmospheric pressure. Different
solid–liquid operations, such as salting processes (González-Martı́nez et al.,
2001; Barat et al., 2001a,b; Andrés et al., 2001a), fruit candying (Barat et al.,
2001c), acidification, and the addition of preservatives, can be improved by
reducing the processing time, depending on the product effective porosity and
mechanical properties (Andrés et al., 2001b).

Compositional and structural changes that occur as a consequence of this
operation have to be considered as they induce physico-chemical changes in the
product, thus affecting the quality parameters. The desired food ingredients
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can be introduced directly into the product in a controlled way by using
vacuum impregnation. The introduction of cryoprotectant solutes in a short
time into porous fruits has been seen to make them more suitable for resisting
damages caused by the frozen–thawing processes (Martı́nez-Monzó et al.,
2001).

Mass transfer is governed by the hydrodynamic mechanism, which involves
the inflow of external liquid throughout the capillary pores, controlled by the
expansion/compression of internal gas. At the initial stage, internal water pressure
inside the intercellular spaces (pores) is lower than atmospheric pressure, allowing
external liquid to penetrate into the food by capillarity until pressure equili-
brium is reached. When applying vacuum conditions (vacuum pressure p1 �
50–100 mbar), pressure outside the pores decreases and therefore the internal
gas expands and partially flows out, while the system tends to equilibrium condi-
tions. When restoring atmospheric pressure (p2), the residual gas is compressed
and the new established pressure gradient provokes the introduction of external
liquid to the intercellular spaces where the gas (air) was placed before. In order
to obtain the best results during this last step, atmospheric conditions are kept for
a certain time, which must be optimized for each product. Pressure changes can
also promote deformations of the product because of the viscoelastic properties of
its solid matrix.

In order to study the coupling of hydrodynamic mechanism and the
deformation–relaxation phenomena, it is necessary to control the mass and
volume changes of the product along the process. For this purpose, a previously
described equipment (Fito et al., 1996; Salvatori et al., 1997, 1998) has to be
used, and the experimental data allow us to determine the characteristic para-
meters of vacuum impregnation process (impregnated sample volume fraction
X, effective porosity (ee) of the sample to the hydrodynamic mechanism action,
and the relative deformations (g)). This coupling has been described and mod-
eled using Equations (6.1) and (6.2) (Andrés, 1996; Fito et al., 1996), showing
that the volume changes at the end of the vacuum and the atmospheric steps, as
well as the effective porosity affect the volume fraction of the product impreg-
nated by the external liquid. In practical terms, sample deformations in vacuum
impregnation are seen to be negligible for a great number of fruits (Fito et al.,
2001) such that

r ¼ p2 þ pc
p1

(6:1)

"eðr� 1Þ ¼ ðX� �Þrþ �1(6:2)

where r is the compression ratio, and g1 is the sample volume deformation at the
end of the vacuum step. If g=g1=0, Equation (6.1) gives the relationship for
vacuum impregnation of non-deformed products (Fito, 1994).
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Nevertheless, it is important, on a first approach, tomeasure themass gained
and the new physicochemical characteristics of the impregnated products in order
to evaluate the feasibility of using vacuum impregnation technique. In this prac-
tical work, mass gained, and water and soluble solid contents will be measured.
From the obtained results and considering several data of vacuum impregnation
parameters, the viability of using this solid–liquid operation for a specific purpose
will be discussed, which has to be pre-defined by the students. Other physical
parameters, such as color or mechanical properties could also be analyzed.

6.2. EXPERIMENTAL PROCEDURE

6.2.1. Equipment

� Vacuum impregnation equipment (where vacuum conditions can be
applied and controlled) (Figure 6.1)
� Scale
� Caliper
� Refractometers
� Vacuum oven
� Chronometer

Figure 6.1. Vacuum impregnation equipment.
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6.2.2. Material

Use different fruits and vegetables (products have to be porous) for each group
such as:

� Pieces of several fruits (different geometries), such as apple (cylinders),
pineapple (cross-slices), mango (slices), strawberry (halves), kiwi (cubes),
peach (cubes).
� Sugar
� Distilled water

6.2.3. Procedure

Samples of these fruits are prepared and immersed on a solution obtained from
distilled water and a specific solute (sugar) on a defined concentration (Brix).
The system fruit-solution is subjected to vacuum pressure for 5 min and then left
under atmospheric pressure for another 10 min. Operation conditions are fixed
in order to compare the effect of the process on the physicochemical properties.
Composition (water and soluble solids content), and weight are measured before
and after the vacuum impregnation process.

Water content is determined in terms of weight losses after vacuum drying
on a vacuum oven at 638C until constant weight.

Soluble solid content is determined on a refractometer after extracting the
fruit liquid phase.

6.3. DATA ANALYSIS AND QUESTIONS

1. From weight measurements, determine the mass gained by each fruit.
Which one is most impregnated? Look at Table A6.1, where vacuum
impregnation parameters are shown. Explain the possible reasons of the
different response observed to impregnation in terms of% impregnation
(% mass gained)

2. Determine the sensory color, texture, flavor and taste for each product
before and after vacuum impregnation. Which one of these attributes
were modified significantly by this process? Why? Determine the accept-
ability of each product.

3. Discuss possible applications of vacuum impregnations.
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2001. Vacuum impregnation for development of new dehydrated products. J Food Eng, 49,

297–302.
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Expression – Extraction
of Pumpkin Oil

Elvyra Jariene_ , Honorata Danilčenko,
Paulina Aleknvičiene_ , and Jurgita Kulaitiene_

OBJECTIVE AND LEARNING OUTCOMES

1. Examine the uses of plant oils.
2. Review the mechanisms and Operations of oil pressing.
3. Calculate the optimum of screw rotation speed.
4. Calculate and compare the yield of oil and press cake.

7.1. INTRODUCTION

Fats and oils, in particular vegetable oil sources, have been a topic of keen
interest over the past 20 years. The role of dietary fats in human nutrition has
created widespread interest in fats and oils among consumers, clinicians,
researchers, health educators, food producers, and food processors and distri-
butors. Of particular interest have been the health effects of level of intake and
type of fats and oils. Much of the current interest stems from the implication of
dietary fat in the etiology of chronic diseases such as coronary heart disease
(CHD), cancer, diabetes, obesity, and hypertension.

The pressing of nuts and seeds to extract their precious health sustaining
oils, dates back thousands of years. The Egyptian civilization used oils for eating
and cooking purposes and, of course, for body care, and so did the Roman and
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the Greek civilization. Unrefined oils have always been the cornerstones of the

Mediterranean peoples’ diet. These oils were rich in nutrients and had parti-

cular individual taste, color, viscosity, and of course, unique aromas. All of this
was carefully sabotaged by the industrial oil refineries who reduced all oils to

the bland, colorless and flat tasting clear oils that flood the marketplace:

inferior oils that are detrimental to health. However, in many places

around the world, they have maintained traditional methods that produce

high quality nutrient-rich unrefined oils that have incredibly delicious flavor.

Since 1978, legislation in France states ‘‘virgin oils’’ must be obtained uniquely

by mechanical means and filtered naturally without any chemical treatment or

operation of refining. Good unrefined oils play a fundamental role in a

balanced healthy diet.

7.1.1. Kinds of Plants for Pressing Oil

A huge list of seeds can be used to extract oil (Table 7.1).
Pressed oils can be characterized based on differences in their lipid com-

position (Table 7.2).

Table 7.1. Seeds from which oil is extracted

1 Apricot stones 7 Groundnut 13 Caraway seed 19 Pistachio nuts

2 Avocado 8 Hazel nut 14 Pumpkin seed 20 Rape seed

3 Cotton seed 9 Raspberry 15 Linseed 21 Sesame

4 Bilberry 10 Elderberry 16 Melon seed 02 Soybean

5 Calendula 11 Black currant 17 Nutmeg 23 Sunflower seed

6 Copra 12 Jojoba 18 Palm kernel 24 Walnut

Table 7.2. Characterization of vegetable oils

Fatty

acid

Sun-

flower Soybean Rapeseed Olive Peanut Palm Coconut

Pumpkin

seed

C 12:0 – – – – – – 47.0 –

C 14:0 – – – – – – 17.5 –

C 16:0 6.5 11.0 4.0 10.0 10.0 45.0 9.0 12.07

C 18:0 4.0 3.5 1.5 3.0 3.0 4.5 3.0 3.21

C 18:1 21.5 22.0 61.5 77.0 42.0 38.0 7.0 20.45

C 18:2 66.0 54.0 20.0 8.0 38.0 10.0 1.8 63.16

C 18:3 0.5 8.0 10.0 0.5 – 0.5 0.1 0.29

Others 1.5 1.5 3.0 1.5 7.0 2.0 14.6 0.82
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7.1.2. The Process of Cold Pressing Oil

Cleaning and pressing of oil seeds are the main steps for processing plant oil
(Figure 7.1). It is important to clean seeds from stones, possible metal pieces and
plant parts. This provides a more constant oil quality and reduces the risk of
damaging the press. The contamination should be below 2%. A sieve is used to
remove stones and plant parts, and a magnetic separator removes possible metal
parts. The seed is prewarmed to about 208C by a special unit or by a heat
exchanger that makes use of the heat from the warm press cake. Preheating
seeds to over 208C has no additional benefit.

7.1.3. Parameters of the Press for Oil Extraction

There are two types of screw presses for production of cold-pressed vegetable oil.
Screw rotations are adjustable by a friction ring gear between 20 and 100 rpm.

Figure 7.1. The scheme of cold pressing oil.
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All screw presses operate electrically, with a diesel motor or can be hand driven.

They differ in the screw and in the kind of oil outlet. The outlet can be built like a

strainer, which means the press cylinder is created by metal-bars lying near to

each other. The gaps between the bars form the oil outlet, which can be varied

according to the kind of oil seed. The cake is pressed out of an adjustable choke

formed into plates (a kind of chips) (Figure 7.2).
The diameter of the screw changes several times over its length to gradually

increase the compression of the seed. This changing diameter can be formed

several times on the screw. During the flow of the seed through the press, the oil

is drained via the strainer, which surrounds the pressing space. The choke size

can be adjusted to press the seeds harder.
Some machines can remove the heat generated around the strainers by a

water cooler. For pressing several oil seeds, it is necessary to change the gap size

of the strainer-bars, where the oil comes out, to get an optimal yield of vegetable

oil. In some types of strainer presses, it is possible to change segments at the

worm screw in order to change the compression of the seed. Other manufac-

turers offer extra screws. In addition, the choke size and the rotation speed

should be adjusted by pressing different kinds of seeds. Strainer press types exist

in a wide capacity range from approximately 15 to 2000 kg of seeds per hours.
The oil outlet from the other type of oil presses consists of drilled holes in a

special part of the cylinder tube. The press cake is forced out in the form of

pellets through a changeable nozzle at the end of the cylinder (Figure 7.3).
The oil outlet is in the form of holes in the press tube. The seeds suffer a

gradual compression in direction of the press head. The oil is pressed out of the

seeds near the outlet holes and drained to them. Special perforations in the tube

avoid turning of the press cake/seed-mix with the screw. Otherwise, there will be

no movement forewords. The press cake is pressed through changeable nozzles

and formed into pellets. The nozzle, in most types, is heated to avoid blocking of

Figure 7.2. Screw press strainer
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the press cake. Most cylinder types exist for small capacities (up to approxi-
mately 100 kg of seeds per hour.

For some types of screw presses it is necessary to heat this part of the press,
in order to avoid blockage of the press cake outlet. This heating should be in the
range between 60 and 808C. A higher temperature on the press cake outlet will
lead to a higher phosphorous content in the oil. This temperature has an effect
on the oil temperature, which should not rise over 408C. With a lower tempera-
ture on the cake outlet the solid content in the oil rises.

The nozzle diameter and gap-size of the choke depends on the kind of seed.
The optimum nozzle diameter varies between 6 and 8 mm. The phosphorous
content in oil can be minimized with a 6 mm diameter a nozzle temperature of
608C and a seed humidity. On the other hand there is a higher risk for blocking
the nozzle under those conditions. The seeds are pressed harder by a smaller cake
outlet and the yield rises beside a decrease in capacity.

An important parameter for the oil pressing process design for oil extraction
is the residual oil in the press cake. By pressing very hard, a value of residual oil in
the press cake, as low as 10%, can be obtained which and indicates a high
percentage yield of oil (up to 38%). A harder pressing is obtained for a nozzle
press by changing the nozzle diameter. For an increasing pressure, a strainer press
is needed to adjust the cake outlet and by changing single segments of the screw.

If the throughput is reduced (e.g., screw rotation speed is reduced), yield of
oil is increased but solid content in the oil is also increased. Alternatively with an
increased in throughput, the yield is reduced and the solid content in the oil is
reduced. It is possible to find an optimal compromise according to your indivi-
dual aims with a revolution-regulated press-screw. This also allows pressing of a
wide range of different oil seeds. Favorable rotation speed for the screw is
between 20 and 50 rpm. In this range of rotation, a minimum energy demand
is required. The higher the throughput of seed, the greater the capacity of the oil
cleaning installation must be. With this increasing oil production, the total
quantity of solids in the oil also rises.

Figure 7.3. Screw press hole cylinder type.
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7.1.4. Using the Press Cake

The press cake which is obtained by cold pressing contains more residual oil and
has therefore a higher value for animal food purposes than the one which is
obtained by warm pressing or normal industrial extraction with solvents. For
example, by pressing 3 kg of rapeseed, you produce approximately 1 kg of
rapeseed oil and 2 kg of press cake. The cake is the most valuable part of the
process and the main product of the cold pressing.

The cake can be used as feed for cows, pigs, chicken, sheep and horses, and is
an important source of nutrients and energy for animals. Rape and sunflower press
cake is considered to be an optimal cattle fodder. The cold-pressed oil, especially
the oil-rich sediment, is used as fodder oil to improve low-energy pig fodder. Also
the filter cake from plate filters with 35–50% oil-content can be a valuable fodder.

The pellets should be stored cold, dark and dry. After pressing, the cake has
a temperature between 40 and 608C. Cooling down the press cake right after
pressing is required for storage in silos. This cooling can be reached by trans-
porting the cake with a conveyor belt to the silo.

7.1.5. Pumpkin Seed Oil

Some pumpkin cultivars are more suitable for oil pressing than others
(Figure 7.4).

Pumpkin seed oil is one of the most nutritional oils available, and is an
excellent source of essential fatty acids, antioxidants, vitamins, and sterols. It
contains omega-3 and omega-6 fatty acids, which are known to promote energy
levels, brain function, and overall health and vitality. It also contains high levels
of vitamin E, as well as vitamins A and C, zinc, and other trace minerals and
vitamins. Historically, pumpkin seeds (either the whole seeds or the pressed oil)
have been used all around the world for healing purposes. They were used for a

Figure 7.4. Pumpkins cultivars Miranda (a), Golosemianaja (b), Herakles (c) for pressing oil.
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variety of applications, including: to heal wounds and burns, as a diuretic, to

dispel intestinal worms and parasites, hormone production, overactive bladder,

and for prostrate problems. Today, this oil is used successfully in preventing and

alleviating prostrate and bladder problems. Phytosterols present in the pumpkin

seed oil, are also presently being studied for their role in lowering cholesterol

levels. Pumpkin seed oil has a pleasant and mildly rich flavor. It is best to use the

oil in its raw form, in a salad dressing, smoother, or drizzled over a freshly

cooked meal just before serving, so that the important health benefits are not

damaged by heat.

7.2. EXPERIMENTAL PROCEDURE

� Three different pumpkins cultivars: Miranda, Golosemianaja, Herakles
pumpkins seeds – 300 g of each.
� Graduated cylinder (150 ml).
� Timer.
� Analytical balance (+/– 0.01 g).
� Thermometer.
� Screw press CA 59 G (Figure 7.5).

7.2.1. Procedure

Oil is made from seeds of various cultivars and using different screw rotation

speed, yield of oil is different.

Figure 7.5. Screw press CA 59 G type (IBG Monforts Oekotec GmbH).

Expression – Extraction of Pumpkin Oil 59



1. Clean seeds: Remove debris and foreign and damaged seeds.
2. Turn on the equipment. First experiment: Set screw rotation speed to

10 rpm.
3. Weigh 100 g of Miranda cv. seeds.
4. Continue the experiment until all seeds are pressed. Record the time.
5. Control the temperature of the press cake during oil pressing so that it

is no greater than 608C.
6. Collect the oil in a graduated cylinder.
7. Weigh 100 g of Golosemianaja cv. seeds.
8. Continue the experiment until all seeds are pressed. Record the time.
9. Control the temperature of the press cake during oil pressing so that it

is no greater than 608C.
10. Collect the oil in a graduated cylinder.
11. Weigh up 100 g Herakles cv. seeds.
12. Continue the experiment until all seeds are pressed. Record the time.
13. Control the temperature of the press cake during oil pressing so that it

is no greater 608C.
14. Collect the oil in a graduated cylinder.
15. Second experiment: screw rotation speed is set to 20 rpm.
16. Repeat all the operations from steps 4 to 15.
17. Third experiment: screw rotation speed is set to 30 rpm.
18. Repeat all the operations as in from steps 4 to 15.

7.3. DATA ANALYSIS AND QUESTIONS

For the each example:

1. Measure the yield of oil from three different cultivars in each experiment
in ml using a graduate cylinder.

2. Weigh up the amount (g) of press cake from different cultivars in each
experiment.

3. Calculate the yield of oil and press cake in %.

7.4. QUESTIONS

1. What types of screw presses are usually used for the production of cold-
pressed vegetable oil ?

2. What is the relationship between screw rotation speed and yield of oil ?
3. Before pressing the nozzle is heated to avoid blocking of the press cake.

What temperature is recommended and why ?
4. Compare the oil amount of press cake of different cultivars.
5. Which screw rotation speed is more efficient ?
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Dehydration I – Tray Drying
of Apples

Margarida Vieira and Jorge Pereira

OBJECTIVES AND LEARNING OUTCOMES

1. Describe the drying process for a tray drier and indicate relevant vari-
ables that are used to control the process.

2. Calculate the drying times for different periods of a drying process.

8.1. INTRODUCTION

Dehydration is a food unit operation that is used to extend the shelf-life of a

foodstuff by reducing its water activity (aw). Drying with hot air using a tray or

cabinet drier is one of the methods of food dehydration. Heat transferred to the

surface of a foodstuff exposed to hot air, provides the latent heat of vaporization

to evaporate moisture from the food surface. Water vapor diffuses through the

film of air that is formed at the food surface and is subsequently removed by the

circulating air. A region of low vapor pressure thus forms at the food surface,

establishing a vapor pressure gradient between the inner humid layer and the

outer layer of dry air. This gradient acts as the driving force of the drying process

(Geankoplis, 1993, Heldman and Singh, 1981).
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8.1.1. Drying Curves

A drying process can be represented graphically by recording changes in moist-

ure content of a foodstuff. Drying curves are typically represented as drying rate

curves (Figure 8.1), showing different stages or periods of drying.
The drying process begins with an initial short period that allows for the

food surface that is heated to reach similar conditions as the hot air (A toB). This

initial period of drying is normally considered insignificant in comparison with

the two main periods of the overall drying process (Brennan et al. 1990). The

constant rate period (B to C) follows the initial period, where the drying rate is

constant. At this stage the food surface is covered completely by a continuous

film of free water (water that is not bound to the food surface). As water from the

film evaporates, more water from the surface of the food replaces it, thereby

keeping the food surface wet.
At a certain point in the drying process, the continuous film of water at the

surface cannot be maintained, which results in a significant reduction in water

and the surface begins to dry. It is at this point where the critical moisture

content is reached and, as the rate of drying decreases, the falling rate period

begins. A single falling rate period occurs with non-hydroscopic foods whereas

with hydroscopic foods, two (CD and DE) or more periods may occur

(Geankoplis, 1993, Fellows 2000).
In this period, the evaporation plane moves slowly from the surface to the

interior of the food, as the latent heat of vaporization is transferred through the

solid to the evaporation area, vaporized water moves through the solid to the

circulating air.
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Figure 8.1. Drying rate curve for constant drying conditions.
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8.1.2. Drying Time Calculation

In order to collect appropriate data from a drying experiment, of the loss of
weight from a foodstuff, which can be used for constructing drying curves, the
relative surface area of the material to be dried, relative air humidity and hot air
flow rate should be kept constant during the drying process. The drying curve
can be used directly to calculate the drying time or the data can be converted to
plot a drying rate curve.

8.1.2.1. Determination of the Length of the Constant Rate Period

In this period, the rate of drying, R, can be expressed by:

R ¼ �LS

A

dX

dt
(8:1)

where X is the free moisture content (kg water/kg of dry solids), t is the drying
time (s) drying time,A is the exposed surface area (m2), and LS is the mass of dry
solids (kg) (Geankoplis, 1993) .

By integration of Eq. 8.1 between X= X1 for t1 = 0 and X= X2 for t2 = t
the drying timedrying time is obtained from:

t ¼ LS

ARc
ðX1 � X2Þ(8:2)

where Rc is the constant drying rate (kg water h–1m–2)

8.1.2.2. Determination of the Length of the Falling Rate Period

For the falling rate period, the drying timedrying time can be obtained by
integration of Eq. 8.1, taking the initial humidity,X1, below the critical humidity,
Xc (Eq. 8.3). This can also be obtained graphically, by representing 1/R as a

function of X, and taking the area under the curve for that time period
Geankoplis, 1993.

t ¼ LS

A

Z X1

X2

dX

R
(8:3)

8.2. EXPERIMENTAL PROCEDURE

8.2.1. Tray Drier (Armfield)

The UOP8 is a small scale drier unit designed by Armfield. It has a tunnel in
which an axial flow fan is mounted at one end (Figure 8.2). Before the fan there is
a set of electrically heated elements which heat the passing through air stream
before flowing to the drying chamber. The chamber contains a rack of trays
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(31.5 � 17.7 cm each) suspended from a scale mounted on top of the drier. The
total capacity of the trays is approximately 3 kg of solids. A transparent access
door, permits viewing the product while drying. A control panel mounted near
the fan allows setting the air speed and air temperature by varying the power of
the heater.

8.2.2. Additional Apparatus and Materials

The following additional apparatus and materials are required for the
experiment:

� Anemometer used to measure the air flow in the drier.
� Manual Psychrometer (with an aspirated wet and dry bulb

psychrometer).
� Infrared scale for humidity measurement, Mettler LP16-M.
� Thermocouples SSA-12100-G700-TS length 10 mm and 1.2 mm of dia-

meter and data acquisition system for measuring and recording tempera-
tures (Ellab CTF 9004).
� 1 kg of apples.

8.2.3. Procedure

1. Start the tray drier, set the knob to a flow rate between 5 and 6 to reach a
flow rate of 1.48 m s–1. The temperature knob was set at 12 (max.)

Figure 8.2. Tray drier.
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2. Place the trays on the shelves, after measuring the area of the shelves,
and place a thermocouple on the middle shelf.

3. Cut the apples into round slices with a thickness of approximately 2 mm.
Place the round apples slices on the trays and record the initial weight of
the material to be dried. Place a thermocouple through an apple slice.

4. Measure the initial moisture content humidity of the apple slices using
the infrared scale.

5. Measure the temperature and humidity with the psychrometer before
and after the drier chamber before starting the drying process to check if
the values are stable (values presented in Annex A8).

6. Turn the air flow rate knob to an intermediate position and record the
air flow rate with the anemometer. Set the temperature controller to
maximum. This is the initial moment of drying.

7. Register the weight of the apples and the temperature at the apple sur-
face every 30 s for the first 10 min of drying. After this initial period,
record these measurements every 2 min. Record the dry bulb tempera-
ture and the wet bulb temperature with the help of the psychrometer
above the trays at 3-min intervals trays. Remember to check that the
conditions of drying are kept constant by registering the temperature
under the trays at 15-min intervals (values presented in Annex A8).

8. Continue registering the temperatures (values presented in Annex A8)
until a constant weight is reached for the apple slices.

9. After completing the drying process, measure themoisture content of the
sample of dried apple slices (values presented in Annex A8).

8.3. DATA ANALYSIS AND QUESTIONS

Using the data presented in Annex 8, represent graphically the relationship
between the moisture content of the food sample and the drying time by plotting
(i) the drying rate/area against time; and (ii) the drying rate against the moisture
content of the apple slice. (Note: Take the surface area of drying as 1.5 times the
total area of the trays.)

1. For each graph, identify the different periods of drying.drying
2. Calculate (i) the critical moisture content; (ii) the drying time during the

constant rate period ; and (iii) the drying time during the falling rate
period?
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9

Dehydration II – Mass Balances
on a Combined Air-Microwave
Drying Process

M. Eugenia Martin-Esparza, Chelo Gonzalez-Martinez,
and Pedro J. Fito

OBJECTIVES AND LEARNING OUTCOMES

1. Calculate mass and energy balances during hot air drying of a solid food
product.

2. Examine how to manage the variables involved in the operation, that is,
room temperature and relative humidity, drying temperature and air
rate, product mass losses, and time, in order to study the drying kinetics
(drying curve and drying rate curves).

3. Determine the energy needs in a drying operation.
4. Evaluate an alternative procedure to obtain certain kind of products,

such as candy products, with less energy consumption.
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9.1. INTRODUCTION

Water in food can be removed by mechanical operations (e.g., filtration or

centrifugation) or by physico-chemical methods (e.g., surface evaporation, osmo-

tic dehydration, freeze drying, adsorption or freezing). Recently, drying has been

used as a tool in developing new products that could be used as food ingredients or

be consumed directly (Barbosa-Canovas and Vega-Mercado 1995).
When drying with hot air, water is removed from the product by evapora-

tion, resulting in an increase in air humidity. Several transport phenomena take

place during the process (Fito et al., 2001), mainly:

� Heat transfer from the air to the product due to a temperature gradient
(i.e., convection).
� Heat transfer inside the product, from the surface which is at a higher

temperature (i.e., conduction).
� Mass transfer of water from the wet product to the air, which is asso-

ciated with heat transfer, relating to the latent heat required to change
the physical state of water (i.e., from liquid into water vapor).
� Mass transfer from within the product to the surface. Several transport

mechanism are associated with this phenomena, such as capillary transport
(i.e., when there is a high moisture content), and diffusion (i.e., predomi-
nantly occurring at a low moisture content).

The first step when studying the drying process of a particular food product

(from the point of view of mass losses), is to plot the drying curve and the drying

rate curve from data obtained experimentally. These graphs can aid in identifying

the different mass transport phenomena that can be relevant to the drying

process and in selecting the appropriate mathematical equations that model

drying kinetics. Additionally, it is important in verifying the mass balances of

the process.

9.1.1. Drying Curve

Product water content (xwt) can be obtained from mass losses along the drying

process, if the initial level (xwi) is known (determined experimentally), by using

the corresponding mass balances.
xwt can be obtained from a dry mass balance between initial time and each

process time t:

weighti � 1� xwið Þ ¼ weightt � 1� xwtð Þ(9:1)

weighti,t is the product mass in the initial and t process time, respectively.
The percentage of weight loss can be obtained from Equation (9.2).
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%weight loss ¼ 100� masst
massi

� �

� 100(9:2)

In order to check if experimental measurements have been correctly deter-
mined (no mass losses along the drying process), another mass (water) balance
can be used (Equation 9.3).

massi �massf ¼ massi xwi�massf xwf(9:3)

Where i denotes initial and f denotes final.
Obtainedwater contents formEquation (9.1) will be expressed also on dry basis.

9.1.1.1. Drying Rate Curve

Product water loss rate is expressed as –dXw/dt=f(Xw). This function can be
plotted as an approximation by determining the ratio between water content
increases (�Xw) and time increase (�t), versus average product water content
(�Xw) in each time period. Obtained values for water content (Equation 9.1) will
be considered.

9.1.1.2. Air Conditions: Relative Humidity, Temperature, Enthalpy
and Absolute Humidity. Mollier Diagram

During the drying process the product water content decreases and the
evaporated water is transferred to the gas phase in contact with the pro-
duct. Therefore, the absolute humidity increases. Also the enthalpy is
changed when increasing the air temperature (before contacting the food
product) and when ‘‘absorbing’’ the evaporated water from the product
(Martinez-Navarrete et al., 1998). The evolution of the air during the
drying process can be determined by defining three main points where air
characteristics are changed: (1) room air; (2) air inside the drier before
contacting the product; and (3) air after contacting the product.

9.2. EXPERIMENTAL PROCEDURE

9.2.1. Apparatus

� Drier (Fig 9.1).
� Vacuum oven.
� Scale.
� Refractometer.
� Balance.
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9.2.2. Material

� Apples

9.2.3. Procedure

The temperature (T), the relative (RH) and absolute (X) humidity, and the
enthalpy (h) of the gas phase in the three points mentioned in 9.1.1.3 should be
obtained from the actual conditions in the room where the experiment was run
(average values) and from the Mollier psychometric diagram. The obtained
results should be filled in Table A9.1.

9.2.3.1. Air Volumetric and Mass Flow. Consumed Electric Power
on the Process

The electric power (P) necessary to increase the air temperature until the operating
value, and to keep it along all the drying process, can be obtained (Equations
(9.4)–(9.7)) from themass flow (Qmass) and the increase in the air enthalpy (related
to the increase in air temperature from the room to the working value). This
electric power is supplied by the electric resistances of the drying equipment.
Enthalpy (h) can be determined from the psychometric Mollier diagram.

P ¼ Qmass �h(9:4)

Qmass ¼ Qvolumetric:�air(9:5)

Qvolumetric ¼ air velocity�Drier section(9:6)

Figure 9.1. Microwave drier.
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Air density can be obtained from Equation (9.7):

�
air
¼ PMair � Patm

R � T � RH � Ps�

R � T � PMair � PMwaterð Þ(9:7)

where
PMair= 29 g � mol–1,
PMwater= 18 g � mol–1, R = 0.082 (atmL �mol–1 �K), T = air temperature

expressed on K (TS=T2), RH2= relative humidity at drying temperature
Patm = 1 atm, Ps = see Table A9.1 (values must be recalculated based

on atm).

9.2.3.2. Mass Balance on the Process

Mass balance on the process will be checked by comparing the induced increase
on air humidity (X3 – X1) and induced decrease on product water content
(�Xw).

The rawmaterials must be characterized by means of evaluating the follow-
ing parameters:

1. Weight.
2. Water content.
3. Soluble solids content.
4. Volume.
5. Thickness.

Along the drying process, every 30 s, the following parameters must be
monitored (data presented on Table A9.3):

1. Room relative humidity.
2. Room temperature.
3. Drying temperature.
4. Air velocity.
5. Mass loss (balance).
6. Incident and Reflected Microwave Power.

The dried material must be characterized by means of evaluating the
following parameters:

1. Weight.
2. Water content.
3. Soluble solids content.
4. Volume.
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9.3. DATA ANALYSIS AND QUESTIONS

From results presented in Annex 9, represent the Product weight versus process
time and:

1. Plot the drying curve: Xw = f(t).
2. Plot the drying rate curve: –�Xw/�t = f(–Xw).
3. Describe the different drying steps observed on the drying rate curve.
4. From mass balance on the process, what conclusions can be deduced?
5. Repeat the experiment combining hot air with the microwave. Deter-

mine the increase on drying rate?
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Spray Drier – Atomization
of Milk

Cristina Luisa Silva, Magda Navarro de Noronha
and Alexandra Morim

OBJECTIVES AND LEARNING OUTCOMES

1. Review the principles of operating a spray drier.
2. Identify the main variables affecting the process.
3. Compare the obtained milk powder by atomization and the original

commercial one, concerning the quality attributes of colour, smell and
granulation.

10.1. INTRODUCTION

Spray drying, by atomization, transforms a liquid feed into a spray of very small

droplets in a continuous one-step operation. These droplets have a very large

surface area and evaporation is completed rapidly, producing a dry powder. The

necessary small droplet sizes are produced by rotating the vaned wheel at high

speeds. The resulting evaporation rates are high enough to enable completion of

moisture removal from the droplets, even though the small chamber volume

gives short droplet residence times in the dryer. During the evaporation stage,

there is an accompanying cooling effect on the droplets, and with the short

duration of the product residence time in the chamber, heat damage of the

product is prevented (Earle, 1983).
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The separation of the dried product from the is achieved in a cyclone

separator, connected with the drying chamber. Drying by atomization is a

method for liquid foods that minimizes the changes of aroma. This method

is used in the production of the milk powder, instant coffee and other

thermal sensitive products.

10.2. EXPERIMENTAL PROCEDURE

10.2.1. Apparatus

� Spray Drier NIRO Atomizer, Figure 10.1 (details in Annex 1) (Niro
Atomizer, 1992).

10.2.2. Material

. Distilled water
. One litre of milk, prepared using commercial light milk powder (solids

20% in w/w).
. Water.

Figure 10.1. Spray Drier NIRO ATOMIZER.
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10.2.3. Procedure

1. Turn on the air aspiration blower, turning the button (14) from posi-
tion 0 to M. To start air heating, turn on the resistances, turning on the
same button to position II.

2. Turn the temporization button to position 6, in order to adjust the
temperature of the air entrance (between 200 and 2508C).

3. Start the atomization procedure (turn the blue valve until 4 bar pres-
sure) with the heater and blower turned on.

Ensure that the air pressure must be kept constant, in order to obtain

an efficient liquid atomization (observe the manometer). If pressure

goes down, the atomization will loose velocity.
4. Feed the atomization with distilled water (to adjust the drying condi-

tions). Keep a gradual strain of water until the desired temperature
(1008C).

5. Prepare 1 L of light milk with approximately 20% w/w of solids (use
commercialmilk powder andhotwater) and filter themilk using anet filter.

6. Change the feed water in the spray drier with the product to be dried.

Be sure to keep the air exit temperature constant during the drying

operation, to maintain the water content constant of the dried product

(verify the temperature).
7. Complete the drying of the milk.
8. Change the atomizer feed with distilled water, and change the product

collecting bottle.
The quantity of feed water must be regulated not to lower the exit

temperature. Keep the unit operating with distilled water for another

5–10 min.
9. Turn off the distilled water feed to the atomizer.

10. Turn off the heat resistance, turning the button to position M, to keep
only the air aspiration.

11. After 3 min, turn off the atomizer (blue valve) and keep the cold air
circulating in the drier until the exit temperature is approximately 508C.

12. Open the chamber’s upper cover using button 12. Verify that the feed
pump is not over the cover.

13. Turn off the air aspiration blower (turn the button from position
M to O).

10.3. DATA ANALYSIS AND QUESTIONS

1. Describe the main observations during the process; principles of
operation, main variables affecting the process.

2. Determine the total drying time.
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Operating a Fluidized Bed Drier

Semih Otles

OBJECTIVES AND LEARNING OUTCOMES

1. Operate a fluidized bed drier.
2. Describe safe laboratory operations.
3. Determine the heat transfer coefficients in a fluidized bed dryer.
4. Describe the analysis of drying curves for various food matrices by using

fluidized bad dryer.

11.1. INTRODUCTION

Fluidized bed drying of food and food products is one of the most efficient

dryingmethods, which is finding ever-growing applications in diverse industries,

especially in the pharmaceutical and food industries. One promising drying

process is the drying of food product in a fluidized bed, which gives better

heat and mass transfer, shorter drying time, better quality products and

shorter reconstitution time. Fluidized bed dryers are used to dry loose granular

solids and are characterized by a large exchange area between the particles and

the gas, and thus, by high heat and mass transfer coefficients. Hence, they

provide uniform wet masses for drying, high drying rate and short drying

time. A fluidized bed dryer significantly reduces drying time compared to a

tray dryer or vacuum dryer. It also exposes the entire product surface area to the

high volume air stream and heat is transferred to the product surface by

convection. However, if the inlet air velocity is not properly selected, consistent

and uniform drying will not be obtained Heldman and Singh, 1981 and

Geankoplis, 1983.
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11.1.1. Equipment

The laboratory fluidized bed dryer (Figure 11.1) is a simple, compact design,

conveniently portable and easy to operate, with the only requirement being a

main power supply. The cabinet contains the air distribution system and elec-

trical controls. Air is drawn in through amesh filter in the base of the cabinet and

blown by the centrifugal fan over a 2 KW electrical heater and through a

stainless steel filter gauze at the base of the dryer body.
The tub unit consists of a container with a fine mesh nylon gauze air

distributor and stainless steel support gauze. This channel over the top of the

tube, retains any particles expelled from the fluidized bed. Filter bags are

available in nylon, polyethylene terephthalate (PET) and polypropylene to suit

a range of process conditions.
The dryer cabinet incorporates an electrical heater, temperature controller,

timer and air blower fan.
The air blower is controlled by a thyristor circuit to give a smooth variation

over a wide range of motor speeds. This enables efficient fluidization of the

drying temperature.
Some, particulate materials, can be easily uniformely distributed.However, a

more violent slugging or spouting type of fluidizationmay be obtained, which also

Figure 11.1. Fluidized bed drier.
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has good heat transfer characteristics and has applications in drying of granular
materials and foodstuffs, coating of tablets, and granulation of fertilizers.

The heater is a 2 KW finned element which gives air inlet temperatures to
the fluidized bed of up to 2008C. A two-term temperature controller gives an
accuracy of +18C over the complete operating range. Adjustment is made by a
simple thumb wheel movement for both analogue and the optional digital
temperature display.

Air velocity is variable using the blower speed control, which is graduated
from 1 to 10 for ease of operation. Table A11.1 shows the relationship between
blower speed and air velocity.

The unit can be used in either manual or automatic mode. The sequence
timer allows the user to pre-set any cycle duration time between 6 s and 6 h. An
audible alarm will sound at the end of each drying cycle and the unit will
automatically switch off to allow weighing of the sample. After each timed
cycle the unit must be reset using the stop–reset control button.

11.1.2. Range of Materials

The wide range of materials which can be dried includes fine powders, coarse
particles, crystals, granules, slurries or pastes (after decanting, or pre-drying or by
spraying into bed of initially dried materials). Materials with moisture content up
to 80% such as some polymers, dyestuffs andmolecular sieve catalysts can also be
accommodated. In addition, heat-sensitive materials including foodstuffs such as
peas, wheat and lentils, may be dried at relatively low temperatures.

11.1.2.1. Optimum Bed Depth

The optimum bed depth is that which can be fluidized at the required tempera-
ture by relatively high air velocity, bearing in mind that as drying proceeds the
bed becomes easier to fluidize and the air velocity can be progressively reduced.
This optimum bed depth will vary appreciably with the material – an initial bed
depth of about 75 mm is typical and a trial and error procedure is generally used
to identify the optimum. Particle sizes in the range 0.1–5 mm are ideal with the
largest size ratio.

11.2. EXPERIMENTAL PROCEDURE

1. Determine the moisture content of the sample to be dried.
2. Remove any excess water from the sample by decanting and/or using a

filter pump.
3. Place the sample in the dryer at a pre-determined bed depth compatible

with the operating range of the dryer as previously indicated. In some
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cases the moisture content may be too high for immediate fluidization to
be effected, but after some initial drying fluidization becomes possible.

4. Weigh the empty container and then again together with thematerial to
be dried.

5. Fit a clean bag over the container, locating the sealing ring into its
groove on the tub.

6. Switch on the mains supply.
7. Select the drying temperature.
8. Selectmanual or automaticmode of operation. Press the cycle start button.
9. Select blower and heater settings. Adjust blower speed to achieve good

fluidization as determined by observation. The blower speed will cor-
respond to the required fluidization velocity which will normally be
above the minimum fluidization velocity (umf) and in the range of
1–2 umf.

10. In the manual mode, when drying reaches the desired composition as
judged by the temperature of the outlet air or visual observation, press
the stop button to stop cycle. Remove the filled tub unit and weigh it,
continue repeating the drying cycle until a constant weight is obtained.
For each weight measurement the dryer is stopped and restarted.

In the automatic mode, once the pre-set time has elapsed the cycle
will automatically stop and the alarm will sound. This can be reset by
pressing the red stop button.

11. For simple drying, place the sample of material in the tub to an appro-
priate bed depth through trial and error.

12. Weigh the empty tub unit and again then with the material. Fit a filter
bag over the tub unit locating the sealing ring into the groove.

13. Switch on the mains supply and select the required drying temperature
as in (1).

14. Using a suitable hygrometer, measure and record note the wet and dry
bulb temperatures (and thus humidity) of the inlet air to the fan and
outlet air from the fluidized bed.

15. Weigh the filled tub unit at 2 min intervals for about 15 minutes (or as
long as it takes to attain constant weight) recording the wet and dry
bulb temperature before removing the tub for weighing. Continue
taking measurements at 5 min intervals until constant weight is
achieved indicating that the equilibrium moisture content has been
reached. Record the drying time and moisture content.

11.3. QUESTIONS AND CALCULATIONS

1. Calculate the heat transfer coefficients for the constant rate period and
falling rate period.

2. Determine the mass measured as a function of drying time.
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3. Plot drying curves of moisture content versus time and drying rateversus
free moisture content.

4. Read the drying time from the graph.
5. Calculate the theoretical drying time and compare it with the experi-

mental time, discuss the reasons for difference.
6. Discuss the effects of the characteristics of the material on drying

conditions.
7. How can you minimize experimental errors?
8. Suggest different substances that can be dried with this type of dryer.
9. Describe the advantages and disadvantages of fluidized bed dryers.
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Freeze Drying Foods

Lea Hyvönen and Kirsi Jouppila

OBJECTIVES AND LEARNING OUTCOMES

1. Review the theory of freeze drying.
2. Examine the critical requirements for successful freeze drying.
3. Calculate the diffusion coefficient and mass transfer coefficient.
4. Determine and compare the physical and mechanical properties of

the freeze-dried products with those of the heated air-dried products.

12.1. INTRODUCTION

Freeze drying is a method of water removal from a frozen product mainly by

sublimation. The frozen water, ice, changes directly to the gas phase without

passing through the liquid phase. Sublimation is only possible under the condi-

tions below the triple point of water (temperature 0.018C; pressure 610.5 Pa) at

which all three phases of water are in equilibrium (Figure 12.1). Any material

must be adequately pre-frozen before starting the freeze drying process. A

maximum amount of ice is obtained when material is frozen at temperatures

between the glass transition temperature of maximally freeze concentrated

material (Tg’) and the onset temperature of ice melting in maximally freeze

concentrated material (Tm’). Table 12.1 shows Tg’ and Tm’ values for different

sugars and for selected food materials. Sugar containing materials are very

difficult to freeze-dry, because their onset temperatures of ice melting in maxi-

mally freeze concentrated systems are very low. It is important to cool down the

frozen product below the glass transition temperature, before starting the freeze

drying process.
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After pre-freezing, the ice can be removed from the frozen product via
sublimation by controlling the temperature and pressure of the freeze drying
system (Figure 12.2 and 12.3). The water vapour pressure of a material must
be below 6.105 mbar (triple point). The rate of sublimation of ice from frozen
product depends on the difference in vapour pressure of the product compared
to the vapour pressure on the ice collecting refrigeration coils (condenser).Water
molecules migrate from the higher pressure product to a lower pressure

Figure 12.1. Phase diagram of water showing sublimation of ice (triple point of water shown by

dotted lines).

Table 12.1. Glass transition temperatures (Tg’, onset) and onset temperature of ice
melting (Tm’) of maximally freeze-concentrated matrix for various sugars and selected

food materials determined using DSC

Material (reference) Tg’ (8C) Tm’ (8C)

Fructose (Roos, 1993) –57 –46

Glucose (Roos, 1993) –57 –46

Lactose (Roos, 1993) –41 –30

Maltose (Roos, 1993) –42 –32

Sucrose (Roos & Karel, 1991a) –46 –34

Freeze-dried skim milk (Jouppila & Roos, 1994) –50 –32

Freeze-dried skim milk with hydrolyzed lactose (Jouppila & Roos, 1994) –65 –40

Maltodextrin M365, DE35 (Roos & Karel, 1991b) –43 –28

Maltodextrin M200, DE20 (Roos & Karel, 1991b) –31 –19

Maltodextrin M100, DE10 (Roos & Karel, 1991b) –23 –13

Maltodextrin M040, DE5 (Roos & Karel, 1991b) –15 –11

Gelatinized corn starch (Jouppila & Roos, 1997) –11
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condenser. Because vapour pressure is related to temperature, the product

temperature must be significantly higher than the condenser temperature (at

least 208C).
It is important that the temperature at which a product is freeze dried is

balanced between the temperature that maintains the frozen integrity of the

product and the temperature that maximizes the vapour pressure of the product.

The product temperature must remain below a critical collapse temperature.

Table 12.2 shows examples of collapse temperatures for some food materials in

freeze drying.
Freeze drying conditions must be created to help the free flow of water

molecules from the product. A vacuum pump is used to lower the pressure of the

environment around the product and a condenser is used to condense and collect

Refrigerated space
(condenser)

T = –80 °C
p = 0.000533 mbar

T = –20 °C
p = 1.034 mbar

Sample holder

Figure 12.2. Scheme of a freeze dryer.

Figure 12.3. Freeze drying equipment.
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the moisture that leaves the frozen product. The vacuum pump also removes all
non-condensable gases.

Heat must be applied to the product to remove water in the form of vapour
from the frozen product. The amount of heat must be carefully controlled. If
applying more heat than the one that the evaporative cooling can remove, the
product warms above the onset temperature of ice melting, which can lead to an
irreversible collapse of the food structure, restricting the rate of vapour transfer
and effectively ends the freeze drying process. Ice melting in frozen solutions
may cause foaming during freeze drying. Heat can be applied directly through a
thermal conductor shelf, by radiant heaters or by microwaves.

After all ice has sublimed, some unfrozen water is still present in the
product. The residual water content may be even 7–8%. Continued drying at
higher (ambient) temperatures is needed for desorption of unfrozen water whilst
retaining the low pressure.

The endpoint of the primary drying (sublimation) can be determined as
follows: (1) when the minimum pressure attainable by the system is reached, no
more water vapour is leaving the product or (2) when the evaporative cooling
ends the product temperature rises to equal the shelf temperature.

12.1.1. Freeze DryingTime

The factors that control the freeze drying time are described in the Equation
(12.1):

t ¼ x2�ðm1 �m2ÞHs

8kdðTs � TiÞ
(12:1)

where t (s) is the drying time, x (m) the thickness of food, � (kg m–3) the bulk
density of dry food, m1 the initial moisture content and m2 the final moisture
content in dry layer, Hs (J kg

–1) the latent heat of sublimation, kd (W �m–1 �K–1)

Table 12.2. Collapse temperatures for selected foods in freeze (Fellows, 2000)

Food Collapse temperature(8C)

Coffee extract (content of solids, 25%) –20

Apple juice (content of solids, 22%) –41.5

Grape juice (content of solids, 16%) –46

Tomato –41

Sweet corn –8 to –15

Potato –12

Ice cream –31 to –33

Cheddar cheese –24

Fish –6 to –12

Beef –12
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the thermal conductivity of the dry layer, Ts (8C) the surface temperature and
Ti (8C) the temperature at the sublimation front.

The basic assumption of Equation (12.1) is that the rate of freeze drying is
mainly dependent on the velocity of heat transfer through the already dried
material from the surface to the inner part and on the velocity of the water
vapour transfer to the opposite direction. When heat is transferred through the
dry layer, the relationship between the pressure in the chamber and the pressure
at the ice surface follows the Equation (12.2):

pi ¼ ps þ
kd
bHs
ðTs � TiÞ(12:2)

where pi (Pa) is the partial pressure of water at the sublimation front, ps (Pa) the
partial pressure of water at the surface and b (kg �s–1 �m–1) the permeability of the
dry layer.

The drying event is characterized by the diffusion coefficient, D (Equation
12.3) and the mass transfer coefficient, k, which can be determined using the
Equation (12.4):

1� Y ¼ 2MVwDðpi � paÞt
x2LRTað1� YÞ �

2D

kmxL
(12:3)

K ¼ km
RT

(12:4)

where M (kg �kmol–1) is the mole mass of water, Vw (m3 �kg–1) is the relation of
the volume of the dry matter to the mass of water before drying,D (mol �s–1�m–1)
is the diffusion coefficient, pi (Pa) is the partial pressure of water vapour in the
frozen matter, pa (Pa) is the partial pressure of the water vapour in the surround-
ing atmosphere in the chamber, t (s) is the time, xL (m) is the total thickness of
the material layer, R (8.314 J �mol–1�K–1) is the gas constant, Ta (8C) is the
temperature of the frozen material, Y= y/xL (dimensionless) the fraction of the
frozen material layer (Figure 12.4) and km (m s–1) is the coefficient.

Vw (m3 �kg–1) is the ratio of the volume of the dry material to the mass
of water in the beginning of freeze drying and can be calculated using
Equation (12.5):

y

ΔxL

xL

Figure 12.4. Dimensions of the material to be freeze dried; total thickness of the material layer (xL),

thickness of the dry material layer �xL) and thickness of the frozen material layer (y).
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Vw ¼
1

ð!0 � !fÞ�d
(12:5)

where !0 (kg H2O/kg dry matter) is the moisture content in the beginning, !f (kg
H2O/kg dry matter) is the moisture content at the end of freeze drying and �d
(kg �m–3) is the density of the ground, freeze-dried material.

Coefficient km and diffusion coefficient D are determined using the graph
drawn using the values for y and x shown in Equations (12.6) and (12.7),
respectively (Figure 12.5):

y ffi ð1� YÞ ¼ m0 �mi

Xwm0
(12:6)

wherem0 is the mass of material in the beginning,mi is themass ofmaterial at the
moment t= i (i=0, 2, 4, 6, 8, 16 h. . .) andXw is the moisture content of material
in the beginning of freeze drying.

x ffi t

ð1� YÞ(12:7)

Slope k and constant b obtained (Figure 12.5) are used in the calculation of
values for diffusion coefficientD (Equation 12.8), coefficient km (Equation 12.9)
and mass transfer coefficient K (Equation 12.4).

k ¼ 2MVwD pi � pað Þ
x2LRTa

(12:8)

b ¼ � 2D

kmxL
(12:9)

Figure 12.5. Graphic presentation of the freeze data; equation y = kx + b is fitted to the data.
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The diffusion coefficients and mass transfer coefficients obtained using
various freeze drying conditions (i.e., various shelf temperatures and chamber
pressure) are shown in table and their effect on freeze drying ratedrying ratemay
be predicted.

12.2. EXPERIMENTAL PROCEDURE

12.2.1. Apparatus

. Freezers at –208C and at –808C.

. Freeze dryer (FD8, Heto-Holten A/S, Denmark).

12.2.2. Material

Both solid, semi-solid and liquid material can be freeze dried. Important for a
successful freeze drying process is an even and rather small (1–2 cm) thickness of
the frozen food layer (e.g. apple slices), preferably 0.5–1 cm for frozen solutions
(e.g. apple juice).

12.2.3. Procedure

1. Freeze the materials at around –208C for 2–3 h and then at
–808C for at least 20 h (6� 3 samples for each freeze drying
conditions).

2. Cool down the condenser to about –808C and the shelves to the selected
temperature (e.g. –20, –10 and 08C). Cooling of shelves to –208C takes
about 3 h.

3. Place the weighed, frozen material in Petri dishes onto the shelves of the
freeze dryer.

4. Seal the chamber and adjust the pressure to the selected value (e.g., 0.2
and 0.5 mbar).

5. Heat from the shelves causes the ice to change phase.
6. Water vapour condenses onto the condenser in solid ice form.
7. Continue drying for 2, 4, 6, 8 and 16 h or until the drying process is

finished (starting every time from the initial stage with new frozen
samples of the same lot of food material).

8. Release the vacuum before opening the chamber.
9. Pack the dried material into plastic bags to avoid moisture transfer from

the air.
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12.2.4. Measurements

1. xL (m), thickness of the material layer is measured before and after freeze
drying by ruler.

2. Xw (kg H2O/[kg H2O + kg dry matter]), moisture content of the
material is determined before starting the freeze drying in vacuum
drying oven (at 608C for 5 h or to constant weight). !0 (kg H2O/kg
dry matter), the moisture content in the beginning is calculated
using the same data.

3. mi (kg), the mass of the material is weighed at the moment t= i (i=0, 2,
4, 6, 8, 16 h. . .).

4. After freeze drying, t= 16 h, the residual moisture content, !f (kg H2O/
kg dry matter), is determined by drying in the vacuum drying oven (at
608C for 5 h or to constant weight).

5. �d (kg m–3), density of the ground, freeze-dried material is determined
using cylindrical glass and scales.

12.3. DATA ANALYSIS AND QUESTIONS

Decrease of the mass of the drying material is followed as a function of time.
What is the effect of the:

(a) Drying parameters (p, T).
(b) Thickness of material layer.
(c) Structure of food material.
(d) Composition of food material on freeze drying rate.
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13

Determining Freezing Times
of Food with a Plate Freezer

Cristina Luisa Silva, Magda Navarro de Noronha,
and Alexandra Morim

OBJECTIVES AND LEARNING OUTCOMES

1. Determine experimentally freezing points and freezing times for differ-
ent food products, using a plate freezer.

2. Compare the freezing points and freezing times of different water con-
tent food products.

3. Examine the applicability of empirical formula to estimate freezing
times.

13.1. INTRODUCTION

Freezing is an excellent method for food preservation , because it reduces or

stops the microbial action, chemical and enzymatic reactions and preserves the

aroma, the nutritional value and other quality attributes.
During freezing storage, adequate package and the maintenance of lower

and stable temperatures are essential factors for the preservation of quality and

nutritive value of foods (Fellows, 1988).
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Since damages caused in food texture and other deterioration changes, due
to concentration effects, happen more quickly during the ‘‘critical phase’’ of the
temperatures’ history (which occurs from –1 to –58C), the going through this
phase rapidly ensures that minimum quality changes during the freezing
operation.

Plate freezing is a fast freezing method, once the foodstuff is in direct
contact with two cold metallic surfaces. This process is used when the food
geometry has two flat and parallel surfaces. The smaller the thickness of the food
between these two surfaces, the faster will be the freezing process. The metal
plates are good heat conductors and remove the heat from the food to the
cooling fluid in an efficient way (Heldman, Dennis and Hartel, 1998).

The plate freezer used in this work is shown in Figure 12.1. It consists of
refrigeration system (compressor, condenser, expansion valve and evaporator),
using a refrigerant 12 as the cooling fluid. The compressor and the condenser are
shown on the right side of Figure 13.1.

13.1.1. Freezing Plots

To understand the freezing process, it is essential to be familiar with the tem-
perature change during food products freezing. If the temperature is monitored
at the thermal centre of a food (the point that cools most slowly) as heat is
removed, a characteristic curve is obtained (Figure 13.2) (Heldman and Singh,
1981):

Figure 13.1. Plate freezing equipment.
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AS – the food is cooled to a temperature below its freezing point, without ice
formation (removal of sensible heat above freezing point). At point S the water
remains liquid, although the temperature is below the freezing point. This
phenomenon is known as supercooling and is never more than 108C below the
freezing point.

SB – the crystallization begins at point S. The release of latent heat of crystal-
lization causes a rapidly rise in the temperature until the initial freezing point-
freezing point (B). The first ice crystals begin to form.

BC – during this stage the major content of water (3/4) is crystallized. Latent
heat is removed and ice forms, but the temperature remains almost constant.
The ice formed during this stage results only in a moderate concentration of the
solutes in the unfrozen phase.
CD – one of the solutes crystallizes out due to supersaturation releasing the
latent heat of crystallizationcrystallisation causing a rise in the temperature to
the eutectic temperature for that solute. After point D, each gram of ice formed
is responsible for the successive and substantial increase of the frozen phase
concentration, lowering the freezing pointfreezing point.
DE – crystallization of water and the solutes continues. The total time taken (the
freezing plateau) is determined by the rate at which heat is removed.

EF – the temperature of the ice–water mixture falls to the temperature of the
freezer (removal of sensible heat below freezing).

13.1.2. Freezing Time Estimation

The freezing time is the critical factor required for freezing systems design and
selection. The freezing time also establishes the system capacity. The estimation
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Figure 13.2. Time–temperature data during freezing.
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of freezing times very important to assure the efficient selection of freezing
systems.

The first and the most popular formula to estimate freezing times was
proposed by Plank in 1913, and it was adapted for foods by Ede in 1949 (Ede,
1994),

Plank’s equation:

tf ¼
� �

Tf � T1

Pa

hc
þ Ra2

kfrozen

� �

(13:1)

where a is the sample diameter or thickness (m), hc is the convective heat transfer
coefficient (W/(m2 8C)), kfrozen is the thermal conductivity of the frozen product
(W/(m 8C)), Mw is the fraction of water content in the product, Tf is the the
product freezing point (= –1.8 8+ 8Mw) (8C), tf is the freezing time (s), T8 is the
temperature of the freezing environment (8C), P, R are constants depending on
product shape, � is the frozen product density (kg m–3) and � is the latent heat of
fusion (J kg–1)

The magnitude of the constants (P and R) in Plank’s equation depends on
product geometry. The values for three common product shapes (infinite slab,
infinite cylinder and sphere) are presented in Table 13.1.

More recently, Cleland and Cleland (1992, 1994) developed the following
equation to estimate the freezing times. This equation can be applied to any
product geometry:

tf ¼
1

E

�H1

�T1
þ�H2

�T2

� �

R

h
þ R2

2�kfrozen

� �

(13:2)

where E is the shape factor, h is the surface heat transfer coefficient
(W m–2 8C –1), kfrozen is the thermal conductivity of the frozen product
(W m–2 8C –1), R is the shortest distance between the product geometric centre
and the surface (m) and tf is the freezing time (s).

The other equation terms are defined as follows:

�H1 ¼ �Cp;unfrozen Tinitial � Tfmð Þ(13:3)

�H2 ¼ � �þ Cp;frozen Tfm � Tcentreð Þ
� �

(13:4)

Table 13.1. Geometry constants for Plank’s equation

Geometry P R

Infinitive plate 1/2 1/8

Infinite cylinder 1/4 1/16

Sphere 1/6 1/24
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The average freezing temperature Tfm is given by:

Tfm ¼ 1:8þ 0:263Tcentre þ 0:105T(13:5)

�T1 ¼
Tinitial þ Tfm

2
� T1(13:6)

�T2 ¼ Tfm � T1(13:7)

where Cp, unfrozen is the sensible heat capacity above freezing point (J/(kg 8C)),
Cp, frozen is the sensible heat capacity below freezing point (J/(kg 8C)), � is the
latent heat of fusion (J �kg–1), � is the frozen product density (kg �m–3) and Tcentre

is the final temperature at the product centre.
It must be emphasized that the estimation of freezing time by the Plank’s

equation takes into consideration just the time from points B to E in Figure 13.2.
On the other hand, the Cleland and Cleland’s equation considers the time from
points A to F in Figure 13.2, therefore it requires the specification of the initial
and final product temperatures (Tinitial and Tcentre).

13.2. EXPERIMENTASL PROCEDURE

13.2.1. Apparatus

. Plate freezer Armfield (Figures 13.3–4).
The fluid coming from the high-pressure condenser, passes through the

expansion valve and is broken up into two chains (one for the superior plate and
another one for the inferior). Afterwards, the fluid is evaporated in the pipes of
each plate’s evaporator (see Figure 13.4). This absorbs heat from the plane
metallic surfaces in contact with the food. The gas of the evaporators returns
to the compressor to complete the cycle. In the entry and exit, of the evaporator,
there are measures of pressure. This operation could be shown in a P-H diagram
(pressure versus enthalpy) of R-12 as shown in annex book.

. Six thermocouples and a time–temperature registration apparatus.

. Mix of ice–water for the calibration of thermocouples.

. Mercury thermometer for the calibration of thermocouples.

. Balance.

. Petri dish and vacuum stove for water content determination in mashed
food.

13.2.2. Materials

. Two mashed food products, with different water content: e.g., potato
and carrot purees.

. Adherent film.
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Figure 13.4. Plates evaporator.

Figure 13.3. Plate Freezer.
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13.2.3. Procedure

1. Turn on the plate freezer 15 min before the start of the experiment
(please, ask for technical help).

2. Calibrate the thermocouples.
3. Measure the temperature of the ice–water mixture using the

mercury thermometer (leave enough time so that the equilibrium
is reached).

4. Immerse all the thermocouples into the ice–water mixture (leave
enough time so that the equilibrium is reached).

5. Record the temperatures indicated by the thermocouples during 3 min.
6. For each thermocouple, calculate the average and the standard devia-

tion from the real temperature.

13.2.4. Food preparation

1. Weight equal amounts (500 g) of the two mashed products and place
each of them in plastic bags.

2. Compact the mashed samples to achieve a final approached thickness
(infinite geometry plate, E=1).

3. Measure, or estimate, important thermo-physical propertiesof the
mash products.

4. Place both packages in the plate freezer.
5. Insert thermocouples between the packed mashed products and each

surface.
6. Close the plate to compress the samples to the final required form and

open them immediately.
7. Place a thermocouple in the centre of each package, confirming that

the thermocouple is at the centre of the samples.
8. Close the plate freezer again.
9. Register the data of T vs t during the freezing process. Register also

the values of pressures at 10 min intervals.
10. Stop the operation when the temperature in the center of the samples

reaches below –108C.
11. Turn off the plate freezer and open the plates.
12. Measure the dimensions of the samples and remove the packages.
13. Remove the thermocouples only when the samples have sufficiently

defrosted.
14. Leave the freezer to defrost and then clean and dry the metallic

surfaces.
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SAFETY ASPECTS

The equipment uses refrigerant (cooling) 12, which is harmful to the ozone layer
in case of leakage. Only qualified personnel can release connections, or carry out
any maintenance.

Please call management personnel to check any possible leakage.

13.3. DATA ANALYSIS AND QUESTIONS

Please refer to the experimental data in Annex 13.

1. Plot the freezing data (temperature at the centre of the food items versus
freezing time) of the two mashed foods.

2. Determine the surface temperature (Tsurface) of the metal plates.
3. Draw the operation on the P-H diagram (pressure versus enthalpy).
4. Estimate the ideal operation coefficient of performance (COP).
5. Determine or estimate the important thermo-physical properties of the

of the mash products.
6. Compare the results obtained experimentally with the freezing time-

freezing time estimated using the equations of Plank and Cleland &
Cleland.

7. Discuss any deviation between the estimates and the experimental
results.

8. Observe the original food, frozen and after thawing and discuss their
quality attributes.
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14

Comparing Air Blast
and Fluidized Bed Freezing

Margarida Vieira and Jorge Pereira

OBJECTIVES AND LEARNING OUTCOMES

1. Examine the freezing process in an air blast and fluidized bed freezer and
how to control this operation.

2. Verify the accuracy of existing correlations’ accuracy on the prediction
of food freezing times.

3. Examine the way the refrigeration unit works with special emphasis to
the kind of refrigerant used, 134a, stressing the fact that Freon 12 was
the former refrigerant used, which was very harmful to the environ-
ment, namely the ozone layer and therefore had to be replaced some
years ago.

14.1. INTRODUCTION

Freezing is a unit operation where the temperature of the food is decreased
below its freezing point and during which part of the water content changes
state, forming ice crystals (generally in foodstuff frozen at –298C about
90% of the water content is frozen). The immobilization of water in ice and
the consequent concentration of the solutes disolved in non-frozen water,
lower the food aw, inhibiting the growth of microorganisms and enzyme
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activity. The preservation is therefore reached by the combination of tem-

perature, reduction of aw and in some foods the applied pre-treatment

(blanching).
The freezing process includes initially a removal of the sensitive heat

until the food reaches its freezing temperature and from then on a removal

of the latent heat of crystallization. At this stage, the freezing temperature

starts decreasing slowly due to the crystallization of other food components

leading to the concentration of the solutions. Finally, there is a period

where the temperature keeps going down until the temperature of the

freezer is reached. The heat removed is mostly due to the latent heat of

freezing (335 kJ �kg–1) later used for the refrigerant gases compression in

the freezing equipment.

14.1.1. Freezing Time

Once the latent heat of freezing is present in the non-steady state freezing

process, the standard equations for heat conduction in non-steady state and

the existent charts cannot be used to predict freezing times. In 1913, Plank

derived an approximate solution for the freezing time, which is used frequently

in engineering problems Equation (14.1). This equation was obtained after the

following assumptions were taken:

� Food is at the freezing temperature although still unfrozen.
� The thermal conductivity of the frozen part is constant.
� All the components freeze at the frozen point with a constant latent

heat.

Heat transfer by conduction in the frozen layer occurs so slowly that it can

be considered in steady state:

t ¼ l�
Tf � T1

Pa

hc
þ Ra2

k

� �

(14:1)

where P and R are constants that depend on the geometry of the food to freeze

(Table 14.1).
For food in brick shape, for example, P and R are obtained through

Figure 14.1 prepared by Ede, in 1952, where b1 is the ratio between the second

Table 14.1. Values of for different geometries

Slab inf. Sphere Cylinder inf.

P 1/2 1/6 1/4

R 1/8 1/24 1/16
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larger size and the smaller size and b2 is the ratio between the larger size and the
smaller size, which gives a P or R value.

The Plank equation does not take into account the food cooling time from
its initial temperature To to the freezing Tf. However, the time can be deter-
mined by using charts for non-steady state, assuming that there is no freezing
and using the thermophysical properties of unfrozen food. In 1955, Nagaoka et
al. proposed a change to the Plank equation, based on data obtained from, fish
freezing, Equation (14.2):

t ¼ 4H0 �

Tf � T1

Pa

hc
þ Ra2

k

� �

(14:2)

where,

4H0 ¼ b1þ 0; 008ðTo � TfÞ?cpdðTi � TfÞ þ lþ cpcðTf � TÞc(14:3)

Figure 14.1. Values of for a product in a brick (based on Ede, 1949).
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In this equation, Nagaoka et al. (1955), take into account the sensible heat
above and below the initial freezing point, cpd and cpc, assuming that all the
latent heat is removed at constant temperature Tf, taking into account the final
temperature of the product, T and adjusting the value of the latent heat of fusion
according to the water content of the product.

Cleland and Earle, in 1979, proposed new changes to the Plank equation
and rewrote it in a dimensionless form:

NFo ¼
P

NBi NSt
þ R

NSt
(14:4)

whereNFo is the Fourier number (�t/a2),NBi is the Biot number (ha/k), NSt is the
Stefan number (Cpf(Tf-Tm)/l), NPk is the Plank number (Cpu(Ti-Tf)/l) and a
is the thermal diffusivity.

with P and R estimated using the following equations:

Slab

P ¼ 0; 5072þ 0; 2018NPk þNStð0; 3224NPk þ
0; 0105

NBi
þ 0; 0681Þ(14:5)

R ¼ 0; 1684þNStð0; 2740NPk þ 0; 0135Þ(14:6)

Cylinder

P ¼ 0; 3751þ 0; 0999NPk þNStð0; 4008NPk þ
0; 071

NBi
� 0; 5865Þ(14:7)

R ¼ 0; 0133þNStð0; 0415NPk þ 0; 3957Þ(14:8)

Sphere

P ¼ 0; 1084þ 0; 0924NPk þNStð0; 231NPk �
0; 3114

NBi
þ 0; 6739Þ(14:9)

P ¼ 0; 0784þNStð0; 0386NPk � 0; 1694Þ(14:10)

The choice of freezing equipment depends on:

The freezing speed required,
Packaging requirements, size and shape of food.
Size of production, i.e., number and kind of products and option of opera-
tion (batch or continuous).

Taking these parameters into account, freezes can be classified into:
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1. Mechanical freezers in which the air blast, the fluidized bed and the plate
freezers are included.

2. Cryogenic freezers, which utilize CO2 and liquid N2 as a refrigerant.

14.1.2. The Air Blast and Fluidized Bed Freezer

This type of freezers, utilize cold air at high speeds and may be designed in
various configurations. They are used to freeze very dense products or pro-
ducts packed in big packages which can be placed in trays (batch system,
Figure 14.2) or conveyor belts (continuous system) and exposed to the high
speed flowing air.

The fluidized bed freezer is only a modified version of an air blast freezer in
which the products are frozen by fluidization in air at very low temperature. The
size (density) of the product to be frozen is limited by the energy needed to
produce the required air velocity for fluidization. The frozen product is commer-
cially designated by ‘‘instant-quick-frozen’’ (IQF) (Heldman and Singh, 1982).

14.2. EXPERIMENTAL PROCEDURE

14.2.1. Apparatus

� Air blast freezer Armfield.
� Temperature registrator Ellab.
� Thermocouple.

Figure 14.2. Air blast and fluid bed freezer.
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14.2.2. Material

� One meat ball.
� One sausage.
� One fish filet.
� Potatoes.
� Green peas.

14.2.3. Procedure

1. Open the tap water. The compressor cannot work if the water is not
running to cool down the machine!

2. Press the refrigeration button of the air blast freezer after turning on the
main switch and the compressor switch.

3. Set the temperature in the thermostat to –258C. As soon as the tempera-
ture of the compressor is reached the compressor stops working con-
tinuously, although the evaporator fan keeps working. At this point, the
freezer is ready to start freezing rapidly.

14.2.3.1. Tray Freezing with Forced Air Ventilation

1. Introduce one meat ball, one sausage and one fish filet in alternate trays.
Write down the dimensions of the food items to freeze considering the
meat ball as a sphere, the sausage as a cylinder and the filet as a slab.

2. Insert a thermocouple in the thermal centre of each food item and
another one inside the chamber.

3. Set the temperature registering device to register the temperature every
minute. Wait until the food items reaches a constant temperature.

14.2.3.2. Fluidized Bed Freezing

1. Place the diced potatoes or peas, previously drained to avoid too much
water over the grid where the fluidized air runs. Insert a thermocouple in
the centre of the peas and another one in the diced potatoes. Write down
the dimension of the food items Place a thermocouple over the grid to
indicate the freezer temperature.

2. Loosen the screw on the side of the protection guard, raise it and then
tighten again. Do not forget to place back the acrylate plate to cover the
tray chamber.

3. Set the temperature registering device to register the temperature every
30 s. Wait until food reaches a constant temperature.

4. The air flow rate from the fan can be adjusted using a handwheel which
regulates a plate inside the damper. The maximum air rate that can be
reached is about 10 m �s–1.

110 M. Vieira and J. Pereira



14.3. DATA ANALYSIS AND QUESTIONS

1. Plot the temperature at the centre of the food items as a function of the
freezing time.

2. Determine the freezing time.
3. Determine the freezing time using the equations of Plank and the

Nagaoka et al. (1955) for each one of the food items. Compare with
the result obtained experimentally and discuss any differences.

4. Using the experimental results estimate the convective coefficient of heat
transfer.
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Pasteurization with a Plate Heat
Exchanger

Margarida Vieira, Jorge Pereira and Cornelius Lucher

OBJECTIVES AND LEARNING OUTCOMES

1. Demonstrate the operation of a plate exchanger, examining fundamen-
tal principles of thermal process engineering, namely, heat transfer ,
residence time and thermal degradation (of ascorbic acid).

2. Discuss the thermal energy in an efficient way.

15.1. INTRODUCTION

Plate heat exchangers are used throughout the food industry to transfer heat

from one medium to another. They are commonly used for low-viscosity

fluids and in the food industry they are often used for pasteurization of liquid

foods.
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15.1.1. Thermal Preservation with Heat Exchangers

By definition, thermal pasteurization results either in the destruction of patho-
genic organisms in non-acid foods, or reducing the number of spoilage organ-
isms and/or inactivateing enzymes in acidic foods. In the USA 98% of juices are
pasteurized and the Food andDrug Administration has stated (FDA, 1998) that
any juice should receive a 5 D reduction in spoilage or pathogenic microorgan-
isms. In fruit juices processing, if an hygienic procedure is used throughout the
whole process, including fruit surface treatments, such as sanitizers andmechan-
ical scrubbers, a pasteurization process should, therefore, be sufficient to pro-
duce commercially sterile juice during the pre-established shelf-life period and
until the package is opened (Mcintyre et al., 1995). Milk is also often pasteurized
when distributed in a cold chain.

15.1.2. Thermal Processing Effects on Quality and Safety Attributes

To date, the design of food thermal processes has assumed conservative safety
factors, which, although reliable, result in over processing that adversely affect
food quality. Reduction of microbial loads to a safe level (pasteurization or
commercial sterilization), while avoiding major changes in quality attributes of
the product, nutritional attributes (e.g., vitamins), as well as sensorial attributes
(e.g., texture), became one of the most important fields in food research. Gen-
erally, a 108C increase in the process temperature only doubles the rate of
reaction for chemical degradation (e.g., vitamins or colour pigments degrada-
tion) whereas for bacteria and spores, a tenfold increase is often obtained
(Holdsworth, 1985). This behaviour allows the finding of the conditions for
thermal processing, ensuring a commercially sterile food product, with a max-
imum retention of quality. A High Temperature Short Time process is in most
cases the best choice. Therefore, knowledge of thermal kinetic parameters of the
quality and safety attributes, along with a reaction model, in a food product
allows prediction of concentration retention or microbial survivors for a given
thermal process.

15.1.3. Kinetics of Chemical Reactions and Microbial Destruction in Food

A kinetic study of a chemical reaction involves the evaluation of the rate of
change of a chemical reactant (C) with time (t). These changes can be expressed
mathematically by a generalized equation that relates the rate of degradation
with environmental factors (Ei), such as temperature and pressure, and compo-
sition factors (Fj), such as aw and pH (Eq. 15.1) (Saguy and Karel, 1980).

dC

dt
¼ fðEi;FjÞ(15:1)
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In a more simplified way, if a reactant A degrades, during thermal proces-
sing or during storage, forming B, the rate of change of A can be expressed by
Equation (15.2):

dCA

dt
¼ �kCn

A(15:2)

where k is the the reaction rate constant and n is the order of reaction with
respect to reactant A.

The order of reaction, n, usually varies from 0 to 1 for the most well known
reactions in food (Table 15.1) (Taoukis et al., 1997).

By integrating Equation (15.2), Equation (15.3) is obtained:

Z

C

C0

dCA

Cn
A

¼ �k
Z

t

0

dt(15:3)

In Table 15.2 we can see the equation form for n=0 (zero-order) or 1 (first
order reaction).

The inactivation of microorganisms, although not yet fully understood, is
known to be logarithmic and can be treated as an unimolecular reaction of first
order taking into account any deviation (Etsy and Meyer, 1922; Stumbo, 1973;
Geankoplis, 1993). Usually, the designation C for concentration of reactants is
replaced by N for number of microorganisms (Equation 15.4).

ln
N

N0
¼ �k t(15:4)

However, thermobacteriologists prefer to express the inactivation in terms
of a logarithmic reduction, being 1 log reduction the time required to destroy
90% of the cells, designated by the D-value (decimal reduction time). If a

Table 15.1. Order of important reactions that affect food quality

Quality loss reaction n

Non-enzymatic browning, quality of frozen food

Browning, vitamins degradation, pigments degradation

Texture loss , microbial death or growth

0

0–1

1

Table 15.2. Integrated forms of the rate of
reaction, as function of the reaction order

N Equation form

0 CA � CA0
¼ �kt

1 ln CA

CA0

¼ �k t
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survivor curve is considered Figure15.1 the slope of this curve is given by
Equation (15.5):

logN� logN0

t
¼ 1

D
(15:5)

Equation (15.6) can be given in a form similar to Equation (15.4):

log
N

N0
¼ � t

D
(15:6)

The relationshipbetweenkandD canbederivedand is givenbyEquation (15.7):

D ¼ 2:303

k
(15:7)

15.1.4. Temperature Dependence

The temperature dependence of the rate of change of any reactant (quality
factor) is the most important environmental factor to be studied in food under-
going thermal preservation. Among several existingmodels, that were developed
to describe it, the Arrhenius model is the most used, because it has the broadest
temperature range of application although it is difficult to visualize. The Bigelow
Method can be applied in temperature ranges of no more than 308C.
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Figure 15.1. Survivors curve.
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15.1.4.1. The Arrehnius Model

The temperature dependence of the rate constant can be described by the
Arrhenius law equation,

kðTÞ ¼ k0 exp
�Ea

RTð Þ(15:8)

where T is the absolute temperature (K), Ea is the Arrhenius activation energy
(kJ �mol–1), k0 is the frequency constant (min–1) and Ris the Universal Gas
constant (8.314 J�mol–1�K–1)

Ea is assumed to be constant over the temperature range. This method was
proved to be valid over a large range of temperatures (4–1608C), as mentioned
before (Lund, 1986).

Due to the large difference in magnitude between Ea and k0, a reference
temperature, Tref, was introduced to rescale the parameters (Nunes et al., 1993).
This transformation not only brings stability to the numerical integration and
parameter estimation, but also, by using a reference rate constant, kref, the
equation can be applied in the most interesting range of temperatures including
the reference temperature Tref.

kT ¼ kref exp �
Ea

R

1

T
� 1

Tref

� �� �

(15:9)

15.1.4.2. The Bigelow Model

Bigelow (1921) introduced the thermal death time (TDT) concept, where curves
that represent the lethal effect of temperature on the resistance of microorgan-
isms, often called thermal death time curves or TDT curves, are obtained for a
specific microorganism by plottingD-values against the respective temperatures
(Figure 15.2).

The slope of the TDT curve is, therefore, given by:

logD2 � logD1

T2 � T1
¼ 1

z
(15:10)

where z accounts for the sensitivity of the microorganisms to the different
temperatures, and is defined as the number of degrees Centigrade or Fahrenheit
needed for the TDT curve to cross a log cycle (Stumbo, 1973).

Being the general equation of the TDT curve given by:

logD2 � logD1 ¼
1

z
ðT1 � T2Þ(15:11)

This equation can be presented in a similar way the Arrhenius equation as:

D ¼ Dref10
ðT ref�TÞ

z(15:12)
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where Dref is the decimal reduction time at Tref (min) and Tref is the reference
temperature (8C).

15.1.5. Continuous Thermal Processes

In thermal processing of liquid foods, the food industry prefers increasingly
continuous flow combined with aseptic processing, as opposed to batch proces-
sing of pre-packaged products, such as can, glass jar and retortable pouch
processing. This preference is mainly due to the possibility of achieving a higher
quality, together with energy savings and a more streamlined process (Swartzel,
1984). Another advantage comes from the fact that continuous flow allows
different kinds of packaging shapes and materials to be used and, consequently,
the consumer is provided with more attractive and convenient packages.

15.2. EXPERIMENTAL PROCEDURE

‘‘The total time of the experiment should be around 6 h. The training exercise is
one of 5 days of practical training on ‘‘Thermal Process Engineering’’.’’

15.2.1. Apparatus

� One plate heat exchanger.
� Two pumps with tanks.
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Figure 15.2. Thermal Death time (TDT) curve.
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� One three-way valve.
� Gauges as indicated.
� Various tubes/hoses and fittings.

15.2.2. Materials

� Media: water, hot water, salt, ascorbic acid.
� Analysis: HPLC.

The system consists of a plate heat exchanger (Alfa – Laval) with two heat
exchange sections (AA =1.39 m2; AB =0.7 m2). Hot water (95–988C) is used as
heating medium in section B, whereas heat recovery of the product is applied in
section A (Figure 15.3).

After section B, holding tubes of different length can be used to achieve
holding times at high temperatures.

TI
1

TI
1

TI
2

A B

TI
3

FI
3

TI
4

TI
5

TI
6

TI
7

FI
7

QI
5

Product
in

Product holding tube
Product

out

Hot water
out

Hot water
in

Figure 15.3. Schematic view (counter current flow) of a plate heat exchanger.

Table 15.3. Measuring points

Name Description

T1 Product in

T2 Product between the sections

T3 Product before holding tube

T4 Product after holding tube

T5 Product out

T6 Hot water in

T7 Hot water out

F3 Flow rate product

F7 Flow rate hot water

Q5 Conductivity at product out

The temperatures are measured either by thermocouples or
are read off at the temperature displays of the flow/conduc-
tivity gauges. Flow is measured by Coriolis gauges.
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15.2.3. Procedure

15.2.3.1. Heat Transfer

Water is used as the liquid product. The exchanger is operated as shown in the
scheme (counter current). The product flow rates is set to approximately 3, 3.6 ,
4.8 and 8.4 � h–1, the flow of the hot water is adjusted in the way that T6 is
approximately constant. When steady state is reached, temperatures and flow
rates are noted.

Afterwards the setup of the system is changed in the way that the heat
recovery in section A is operated in co-current flow. When steady state is
reached, temperatures and flow rates are noted.

15.2.3.2. Residence Time Distribution

The goal is to determine the residence time distribution of the experimental set-
up at two different product flow rates:V1= 3 � h–1;V2= 8.4 � h–1. A tracer (5%
of NaCl) and detection method (electrical conductivity, Crison conductometer)
are used. A calibration curve was first done with different concentrations of
NaCl in water as a funtion of their respective conductivity. The results obtained,
for each flow rate at the exit of the cooling tube, showed a RTD curve with a
symmetrical Gaussian-like shape and an extended tail, revealing that part of the
flowing fluid was held back in dead regions of the equipment (Figure A15.1).

15.2.3.3. Thermal Degradation Kinetics

The degradation kinetics of ascorbic acid (vitamin C) shall be used as an
indicator to quantify the thermal load. For this purpose the rig is operated
with a solution of ascorbic acid (c=6 g �L–1). In order to simulate the conditions
of a fruit juice the pH is set to pH 3 by addition of acid. Vitamins are otherwise
(at neutral pH) not destroyed by a pasteurization process like the one analysed
here. Additionally, the highest possible thermal load achievable in this unit
should be realized by operating at a low flow rate. Two different flow rates
shall be used.

The degradation is analysed by HPLC, (Zapata and Dufour, 1992). First of
all a calibration line must be determined by analysing six dilutions of ascorbic
acid with known dilution factors. Their concentration is now correlated to
measured peak area. By using the calibration line the ascorbic acid content of
the samples can be determined.

The inactivation of microorganisms can be described by the D-value.
Similarly the D-value of other compounds (like vitamins) can be determined,
which described the thermal stability of that compound at a given temperature.
The D-value of ascorbic acid shall be determined approximately with the two
concentrations measured by HPLC at the temperature in the holding tube
(average temperature in the tube).
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15.3. DATA ANALYSIS AND QUESTIONS

15.3.1. Heat Transfer

1. Calculate the following values for co-current and counter-current flow
in section A.

(a) _QA1 Heat flow [kJ �h–1]
_Q ¼ _m � cp � ðT2 � T1Þ(15:1)

(b) Thermal efficiency of the heat recovery [–].

"A ¼
_m � cp � ðT2 � T1Þ
_m � cp � ðT4 � T1Þ

(15:2)

Where is the mass flow rate product, T2, T1, T4 are specified above and
given CP = 4.19 kJ �kg–1 �K–1.

2. Calculate the heat flow [kJ�h–1] in counter-current flow for both sections,
and for both media.

_QA1 ¼ _m � cp � ðT2 � T1Þ _QB1 ¼ _m � cp � ðT3 � T2Þ
mass flow rate HW:

_QA2
_m ¼ _m � cp � ðT5 � T6Þ hot water _QB2 ¼ _mHW � cp � ðT6 � T7Þ

T temperatures as specified above

3. Calculate the heat loss in both sections [kJ �h–1].

�Q ¼ Quptake

�

�

�

�� Qreleasedj j ¼ Q1j j � Q2j j(15:3)

4. Calculate the heat transfer factor k (W �m–2�K–1) in section A (counter-
current flow).

_Q ¼ k � AA ��Tm(15:4)

�Tm ¼
ðT4 � T2Þ � ðT5 � T1Þ

ln T4�T2

T5�T1

(15:5)

5. Calculate the resistance due to foulingRB [m
2�KW–1] in section A.What

is its percentage of the total heat transfer resistance? (counter-current
flow)

RB ¼
1

k
� 1

kth
¼ 1

k
� 1

�1
þ 1

�2

� �

(15:6)
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kth theoretical heat transfer coefficient, assuming heat conduction without
loss in the plate

�1= �2 assumed heat transfer coefficient � with � �= 2000 W �m–2 �K–1)
on both sides of the plate.

6. Calculate the heat loss of the product [kW] in the holding tube (counter-
current flow)

15.3.2. Residence Time Distribution

1. Determine graphically (in the diagram) approximate values of tmin, tmax,
and tm(sec).
Determine the relative distribution (RD) and the efficiency of the hot
dwell time (HT).

RD ¼ �t

tm
¼ tmax � tmin

tm
(15:7)

HT ¼ tmin

tm
(15:8)

Subscripts: m is measured values, w is water and s is salt solution.

2. Calculate an approximate value for both flow rates of tm (s) and of the
average velocity of flow wm (m �s–1) in the holding tube.

tm ¼
L

wm
¼ V

_V
(15:10)

Given: V is the volume of the holding tube, L is the length of the tube,
must be measured (about 8 m) and thediameter of the tube d = 25 mm.

3. Calculate for both flow rates the Reynolds number in the holding tube.
Which state of flow (laminar/turbulent) is present at the respective flow
rates?
Given:

kinematic viscosity of water at 908C, � = 3.3�10–7 m2 �s–1

4. Describe in your own words the effect of increasing the flow rate on the
state of flow, the Reynolds number and the resulting residence time
distribution. Which kind of residence time distribution is desired in the
food processing industry? Explain your answer.

5. The inactivation of microorganisms can be described by the D-value.
Similarly the D-value of other compounds (like vitamins) can be deter-
mined, which described the thermal stability of that compound at a given
temperature. Calculate the D-value of ascorbic acid approximately with
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the two concentrations measured by HPLC at the temperature in the
holding tube (average temperature in the tube) based on the data present
in the annex 15 Tables A15.1 and A15.2.

15.3.3. Determination of the D Value of Ascorbic Acid

T3 ¼ T4 ¼ Average temperature TM ¼

Prepare a diagram, which describes in an appropriate way the dependence
of the concentration of ascorbic acid to the treatment time and determine theD-
value graphically.
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Sterilization in Cans

Albert Duquenoy

OBJECTIVES

1. Visualized and understand the thermal behaviour of different types of
contents.

2. Characterize the effect of a non-isothermal treatment on micro-
organisms.

3. Characterize and quantify the thermal behaviour of a can.
4. Apply these characteristics to help finding better heat treatments that

may achieve:
. A sufficient effect on micro organisms so that almost all cans will be

sterile or biologically stable (no micro organism growth).
. A sufficient cooking without over-cooking.
. The shortest treatment time, saving investment or energy.

5. Evaluate the theoretical microbiological impact of the thermal
process.

16.1. INTRODUCTION

The canning process has several objectives: sterilization, cooking, conservation.

These objectives are fulfilled by a two-step procedure: heating and cooling. The

total effect of the procedure depends on the thermal behaviour of the product

contained in the package.
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The thermal behaviour of a canned product can be described by two simple
models based on the way heat is transmitted inside the can: the perfect convec-
tion model (case of a low-viscosity liquid) and the pure conduction one (case of a
solid). The second model is more complex and not very easy to use when the
cooling phase occurs while the can content is not uniform in temperature.

The method described hereafter does not need any hypothesis on the heat
transfermechanism and thus can be applied to almost every case. It is commonly
used in the canning industry as it is a very efficient tool to help establishing the
best heat treatment.

This method needs to proceed to an experiment performed within condi-
tions as close as possible to the industrial ones: same can, content, heating media
and operating conditions (such as type and speed of rotation for example).

16.1.1. The Essential Concepts: The Sterilisation (or Pasteurisation

or Cooking Value)

Note: The treatment temperature must be understood as the temperature at
which the product is maintained.

This general concept considers that, irrespective of the treatment applied,
an elevation of z8C will amplify the effect of a heat treatment by a factor of 10.
The z-value may depend on the effect to be considered, but it takes some
‘‘standard’’ values, for instance a z-value of 108C is considered for the destruc-
tion of spores and although this is not absolutely true for all spores, it is
‘‘sufficiently true’’ to be used efficiently. The z-value can have values ranging
from 7 to 10 depending on the type of food (e.g., pH, 8Brix, aw, etc.) or stage of
the micro organism (spores or vegetative cells) (Ball and Olson, 1957). Formany
cooking effects such as colour, chemical or textural changes, enzymes inactivation,
z is close to 308C (very important as it determines the chemical stability to the
canned food).

All these effects are expressed as the time of treatment at a certain tempera-
ture, so called ‘‘reference temperature’’ quoted Tref hereafter, that would have
the same effect as the treatment actually performed.

For example, keeping a product 1108C for 10 min will have the same effect
on spores it contains, than a treatment at 1208C for 1 min. Two thermal
treatments will have the same effect as long as:

t1 � 10
T1�Tref

z ¼ t2 � 10
T2�Tref

z(15:1)

The choice of Tref is not critical as a change of its value will change both sides of
the equality by the same factor. Nevertheless it is usual to choose the following
values:

These concepts are particularly useful to quantify the effect of a variable
temperature treatment, such as the one observed inside a canned food placed in a
retort. In this case, the ‘‘values’’ would be defined as:
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Value ¼
Z

10
TðtÞ�Tref

z :dt(16:2)

where T(t) is the temperature evolution inside the canned product. When this

temperature is recorded with a time interval �t the value is simply computed as a

sum:

Value ¼
X

i

10
Tði:�tÞ�T

z :�t(16:3)

When the temperature is not uniform inside the can the coldest point inside the

can should be used to determine the lowest value, thus the lowest effect. In many

cases this point is not known: it can be inside a particulate which moves inside a

sustaining liquid. Therefore the centre of the can will be used as a reference

point.
Applying this last formula to the temperature evolution given in annex 16

will lead to the results shown in Table 16.2.
All these values apply to the sauce, not to the particulates. However they are

good indications of the effect of the heat treatment. It is even used in home

cooking! It is common to read in recipes for pasta cooking, the sentence ‘‘put the

product in boiling water during x minutes’’ thus referring to the temperature of

the heating medium, not the temperature of the pieces of food.
Theoretically the computed value could be ‘‘translated’’ in a result in terms

of sterility, biological or chemical stability or degree of cooking. Actually it is not

so easy to do so, and the computed values will be used as comparative or relative

values: treatments with different temperature evolutions will have merely the

same effect on the spores or flora provided that they ‘‘give’’ the same sterilization

or pasteurization values. The same goes for cooking.

Table 16.2. Values for Can 1

Values (min) Can 1

Sterilization 4.50

Pasteurization 7.51 106

Cooking 97.5

Table 16.1. Tref values for different kinds of thermal processing

Tref (8C) z (8C or K) Denomination of computed time

121,1 10 Sterilization value

75 7 Pasteurization value

100 30 Cooking value
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16.1.2. Quantifying the Thermal Behaviour: f and j Values

Heat transfer between two media separated one from the other by a conductive

interface is proportional to their temperature difference implying that the heating

rate is proportional to their difference. This leads generally to an asymptotic

exponential temperature evolution leading to a null temperature difference. By

applying this general rule to the difference between the outer media (heating or

cooling) and the can temperature.
First the treatment must be characterized by the average value of the

temperature plateau. Then the decimal logarithm of the difference between the

plateau and the can temperature (its opposite at cooling) is plotted as a function

of time (Figure 16.1). A straight line is obtained at least for the largest times. The

line must be fitted to the end of the curve as the asymptotic behaviour is observed

after some delay in the case when heat is transmitted slowly (conduction or poor

convection) to the can centre. This is illustrated hereafter with doted
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Figure 16.1. Plots of decimal logarithm of the difference between the plateau and the can tempera-

ture (its opposite at cooling) as a function of time.

128 A. Duquenoy



experimental points. The line on the right is better fitted than the left one. For
example, MS Excel, can be used to fit a line through the points after discarding
the ‘‘bad’’ points (initial and sometimes irregular ones).

The line drawn as a slope � and intersects at t = 0 (beginning of the
treatment stage) b from which we compute two other parameters:

f ¼ �1=�(16:4)

and

j ¼ 10�

Tplateau � Tcanðt ¼ 0Þ(16:5)

These parameters characterize the thermal behaviour of the can in the condi-
tions of the thermal process. They are quite independent of the values of the
plateau and also of the initial (i.e., at the beginning of each stage) temperature of
the can. Usually they receive a suffix ‘h’ for heating and ‘c’ for cooling, except for
jh which remains j

From the curves obtained with the temperatures recorded at annex 16 we
can compute the following for can 1:

fh (min) j fc(min) jc

Can 1 16.2 0.769 61.7 1.07

Generally the closer j is to 1, the better the temperature uniformity and
reciprocally. This is observed for the cans containing only the sauce and can be
explained by the rotation of the cans. For Can 1, j is even lower than 1. This is
because of a fast initial evolution that slows down after a while. This is fre-
quently the case when natural convection occurs, or a change in the sauce
viscosity occurs (effect of cooking).

The values at cooling are very different for identical cans. This is often
observed and can be attributed to the heat chock created by the cold media
which disrupts the measurement of temperature by thermocouples as well as
the movements of the product inside the can: there can be boiling inside as the
cold can wall initiate condensation of the inner steam.

16.1.3. Using f and j to improve the Heat Treatment: The Ball Method

To find a thermal process that will achieve a desired sterilization value as well as
a desired cooking value several trials should be performed in order to get closer
and closer to the target. Ball’s method enables us to choose a trial that will lead
closer to this target as it uses what has been learnt from the previous trials about
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the thermal behaviour of a canned product. The method uses many tables that
differ according to the z-valuez value to consider mainly, but also some operating
parameters. Canners generally use one table presented in annex 16 and is valid for
z = 10, i.e., for a sterility target.

Ball’s method is based on the hypothesis that f and j will remain constant if
we only change the retort temperature or initial temperature of the can. A
change in the come up time of the retort can also be taken into account. The
principle of the method is based on two considerations. First fh is used as a time
base so that all cans will have the same new fh of 1. Second, the retort tempera-
ture is used as the reference temperature.

To find the heating time necessary to obtain a target sterilization value F0

with a retort temperature Tretort, the several steps of the Ball’s Method should be
followed in this way (Ball and Olson 1957):

1. Compute U applying the formula:

U ¼ Fo � 10
121;1�Tretort

10(16:6)

(U is the sort of sterilization value expressed with Tretort as the reference
temperature).

2. Compute fh/U (the inverse ratio would be the modified sterilization
value expressed with the new time unit).

3. Go to the relevent table to find g that corresponds to the fh/U ratio. g is
the temperature difference between the can and the retort at the end of
the heating stage. The higher the sterilization objective, the lower the fh/
U ratio, the longer the plateau must be and the closer the can comes to
the retort and g is small. This can be seen in the table.

4. The line that has been fitted to the heating curve is defined by
Equation (16.7):

LogðTretort� TcanÞ ¼ � þ �:t(16:7)

And considering Equations (16.8), (16.9) and (16.10):

f ¼ �1=�(16:8)

� ¼ Logðj � ðTretort� Tcanðt ¼ 0ÞÞÞ(16:9)

j ¼ 10�

Tretort� Tcanðt ¼ 0Þ(16:10)

g should be close to this line so that we can find the time t necessary to come to
this point (eq. 16.11):
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t ¼ 1

�
ðLogðgÞ � �Þ ¼ � 1

�
ð� � LogðgÞÞ

¼fh � ðLogðj � ðTretort� Tcanðt ¼ 0ÞÞÞ � LogðgÞÞ
(16:11)

Finally, t is given by Equation (16.12):

t ¼ fh � Logðj �
Tretort� Tcanðt ¼ 0Þ

g
Þ(16:12)

It is then also possible to take into account a chance in the initial temperature
of the product.

All tables are built considering that the f-values are identical for heating and
cooling. For the case when it is not so, the tables also indicate for every g, the
portion, named frac in our table, of the total U/fh reached at the end of heating.
For the same value of g, the contribution of cooling will be the portion (1 – frac)
of U/fc .For every g we thus obtain the total effect of heating and cooling by the
sum of the two U-values thus computed. This computation will be iterated until
the g-value leads to a total effect equal to the fixed target.

As an example of application of thismethodwe shall determine the heating time of
the can no. 1 containing raviolis so that we obtain a final sterilization value of 3 min
insteadof4.5witha retort temperatureof1158Cinsteadof1178C.The initial temperature
will remain at 53.58C, and the water for cooling at 178C. The method gives:

1. Compute U : U ¼ Fo � 10121:1�T retort
10 ¼ 3 � 10121:1�115

10 ¼ 12:2min
2. Compute fh/U: fh=U ¼ 16:2=12:2 ¼ 1:33

(refer to the table in annex 16 to find that this ratio is in the interval):

fh/U G

1.25 0.49

1.50 0.69

Interpolating for fh/U=1.33 is found: g ¼ 0:49þ ð0:69� 0:49Þ�
?1:33�1:251:50�1:25 ¼ 0:55

4. Compute t:

t ¼ fh � Log j � Tretort � Tcanðt ¼ 0Þ
g

� �

¼ 16:2 � Log 0:769 � 115� 53:5

0:55

� �

¼ 31:3min
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Is this estimation a good one? Do we fulfil the conditions necessary to use
the table? These conditions are: z = 108C that is the case; Tretort – Tcooling =
1008C: we have 115 – 17 very close to 100; jc = 1.4: that is not the case. As we do
not have a better table we shall use it but there is still a condition not fulfilled
concerning the equality of f between heating and cooling. Fortunately we can
take this into account with our table.

The g-value we have used also correspond to a value of frac = 0.901 (by
interpolation). From this we can compute the U /fh effect during heating: U/
fh = 0.901.(1/1.33) = 0.677 and during cooling: U/ fc = (1 – 0.901).
(1/1.33) = 0.074

The corresponding U-values are:
U ¼ fh � 0:677 ¼ 16:2 � 0:677 ¼ 10:96 for heating
and
U ¼ fc � 0:074 ¼ 61:7 � 0:074 ¼ 4:59 for cooling
The total U comes to 10.96 + 4.59 = 15.1 min which is too large as we expect
U = 12.2 min.
So, trying again a higher g: (e.g.: 0.90) gives fh/U = 1.75 and frac = 0.882:
then
U/fh = 0.882.(1/1.75) = 0.504
So that for heating,U ¼ 16:2 � 0:504 ¼ 8:15
U/fc = (1 – 0.882).(1/1.75) = 0.067
and for cooling, U ¼ 61:7 � 0:067 ¼ 4:16
The total U is now the sum of the two terms (heating and cooling) 8.15 +
4.16 =12.3 min, which is satisfactory. The heating time can be calculated now:

t ¼ 16:2 � Log 0:769 � 115� 53:5

0:90

� �

¼ 27:8min

The reader may practice this method on can nos 2–4 with the same objec-
tives as we have used for can no. 1.

It must be underlined that the contribution of cooling to the total effect is
small when the f-values are small: this is the case for fluid product in agitated
cans. On the other hand, a large part of the effect will be gained during the
cooling stage for conductive product. This makes the control of the retort more
critical for this kind of product.

All computations above are only a mean to select the best trials to be per-
formed which should never be replaced by them. The computed heating times
must be validated even when the most sophisticated calculations are performed.

16.2. APPARATUS AND MATERIALS

Trials consist to process four cans, equippedwith thermocouples, into a rotary pilot
retort. Two cans are filledwith a tomato sauce, the twoothers also contain dry pasta
pieces (raviolis). They all contain the samemass of product. Two different trials can
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be realized, with different temperature or rotation speed, according to the duration
of the practical sequence. Cans can be rotated axially or end-over-end.

Theuseof can replicates allows to showthe effect of the typeof rotation (if different)
on the importance of the different heat transport phenomena. Alternatively, it allows
showing the repeatability of the process if the cans have the same type of rotation.

To change the heating temperature, together with the duration of heating so
as to obtain the same final sterilization value, allows to show a differential effect
on cooking.

16.2.1. Procedure

16.2.1.1. Sterilization of Tomato Sauce or Sauce with Pasta

1. Prepare the tomato sauce and heat it up to 608C.
2. Fill all the canswith the same totalmass of product, sauce or sauce with pasta.
3. Place thermocouples in the cans.
4. Seam the cans and place them in the rotary autoclave.
5. Adjust pressure and temperature levels to regulators.
6. Process the can with pure steam until the sterilization value attains a

required value (to be defined previously in order to obtain a sterilization
value of 3 min at the end of cooling).

7. Allow cans to cool.

16.2.2. Analysis of Final Result

Open the cans: observe their content. Measure the ‘‘tenderness’’ of pasta using
any kind of ‘‘texturometer’’. These last measures can be (or cannot) related to a
cooking value depending on the kind of rotation or the steam temperature.

16.3. DATA ANALYSIS AND QUESTIONS

Based on data in Annex 16,

1. Compute and compare fh and fc values. What do they depend on?
2. Is it easy to stop heating at a precise sterilization value?
3. Are thermal processes reproducible?
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Ingredients in Infant
Foods – Pregelatinized Amaranth
Flour Using a Drum Dryer

Gernot Zweytick

OBJECTIVES AND LEARNING OUTCOMES

1. Review familiar with the drum drying technology.
2. Examine familiar with the measurement of hot paste viscosity.
3. Calculate the specific capacity of the heating surface.
4. Calculate the specific load of the heating surface.

17.1. INTRODUCTION

Amaranth is a plant originally grown in South America. It is a pseudocereal and

has a starch content of about 60%. It does not contain gluten and thus, it can be

used by people suffering from celiac disease and its use in infant food should be

forced.
Amaranth grain (Amarantus cruentus) could be the basis of infant formula

because of its combination of high digestibility and nutritional quality. For the

use in infant food, the amaranth flour should be pregelatinized. The degree of

gelatinization depends on the method. In comparison to other methods like

extrusion cooking the drum drying technology reaches a degree of gelatinization

of almost 100%.
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A disadvantage of the drum drying is the high energy input and the low rate
of yield relating to the time. There is also a high thermal impact.

The responding factor hot paste viscosity is dependent on the raw materials
used, the temperature of the surface of the drum dryer and the contact time. The
influence of the raw material cannot be calculated or compared to other flours
and mixtures.

Basically starch and its gelatinization degree is responsible for the hot paste
viscosity but there are also some other components in cereals, which have some
influence like pentosanes and other hydrocolloids.

The configuration of the drum dryer (heat, speed of rotation, dimensions of
the drum) influences the product in terms of its degree of gelatinization.

During one rotation of the drum the temperature of the product reaches the
temperature of the drum.

17.2. EXPERIMENTAL PROCEDURE

17.2.1. Apparatus

� Pin mill – Pallmann.
� Drum dryer – Goudsche Machinenfabriek, Gouda – heated by steam

(steam pressure is 1.5–2 � 105 Pa and the surface temperature of the
drum is about 1308C, speed of the drum: 1.5 rpm).
� Brabender Viscograph: Volume of the sample: 100 ml.

17.2.2. Materials

� Amaranth: 10 kg.
� Water.
� PE bags.

17.2.3. Procedure

1. Grind the Amaranth kernel using a pin mil comminution, product
should contain all parts of the kernel.

2. Mix the flour with the same amount of water.
3. The drum dryer has to be heated up to the working temperature, step by

step. Every 10 min, the pressure of the steam can be raised minimally
(1 � 104 Pa).

When the drum reaches the desired temperature, the slurry of amaranth
flour and water can be spread on the hot drum. During the rotation the slurry
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is dried and a film of pregelatinized flour can be scraped off with a special knife.
The obtained film has to be cooled by compressed air.

Before it is packaged or used for further mixtures, the dried product has to
be milled again in a pin mill. The pregelatinized amaranth flour is then packed
into PE bags which have to be hot sealed.

In Figure 17.1 the flow chart of the drum drying process is shown.

17.2.3.1. Analysis

For the Analysis of the hot paste viscosity it is necessary to observe the degree of
gelatinization as this is related to the solubility of the end product.

A sample volume of 100 ml has to be filled into the viscometer. Then the
heating and cooling system has to be started and the parameters (heating and
cooling rate, time to keep the temperature) for the analytical process have to be
adjusted in the corresponding software.

The temperature profile has to be adjusted as follows:

� Heating from 30 to 908C within 8 min (7.58C min–1).
� Keeping the temperature for 4 min.
� Cooling from 90 to 308C within 8 min (7.58C min–1).

In Figure 17.2 the hot paste viscosityof two different pregelatinized flours is
shown.

 Amaranth
10 kg

Drum drying
p=1,5 *105 Pa

Mixing

Water
10 L

Milling
Pin Mill

Milling
Pin Mill

Cooling

Packaging
PE-bags

Pregelatinized Amaranth Flour

Figure 17.1. Flow chart of the drum drying process.
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1. Specific capacity of the heating surface (hm):
hm describes the amount of water, which is evaporated per hour and per m2.

It is calculated as kg m–2 h–1 using Equations. (17.1), (17.2) and (17.3):

hm ¼
W

F
½kg�m�2�h�1�(17:1)

whereW is the amount of water which is converted to steam and F is the surface
of the drum.
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Figure 17.2. Analysis of the hot paste viscosity of two different pregelatinized flours.

Figure 17.3. Drum dryer. (Pilot plant-University of Natural Resources and Applied Life Sciences)
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W ¼
ð3600�GÞ

z � �b � �eð Þ
100� �eð Þ ½kg h�1�(17:2)

where G is the amount of material before drying, z is the time used for drying, �b
is the water content before drying and �e is the water content at the end (after
drying).

F ¼ ð2 � r � p � l � ’Þ
360

½m2�(17:3)

where r is the radius of the drum, l is the length of the drum and ’ is the angle
between feeding of the wet material and drop of the dried flour.

2. Specific load of the heating surface (qm):
It is the heat quantity Q, which has to be applied to remove the

amount of water W per hour. It is calculated as J kg–1 using eq. 17.4 and
eq. 17.5.

qm ¼
Q

F
½kJ m�2 h�(17:4)

where Q is the heat quantity.

Q ¼W � R � G � cp tw � tbð Þ½J kg�1�(17:5)

where R is the evaporation heat, Cp is the specific heat of the wet material, tw is
the boiling temperature of pure water and tb is the temperature of the wet
material before feeding.

17.3. DATA ANALYSIS AND QUESTIONS

1. What are advantages and disadvantages of drum-dried products in
comparison to spray-dried or extruded products?

2. What is the advantage using amaranth?
3. Why are pregelatinized flours used in infant food?
4. What is the main difference between the curves A and B in Figure 17.2?
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5. Calculate the specific capacity of the heating surface (use values of Table.
A17.1)

6. Calculate the specific load of the heating surface (use values of Table.
A17.1)
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18

Wheat Crisps – Extrusion
Cooking Technology

Gernot Zweytick

OBJECTIVES AND LEARNING OUTCOMES

1. Review extrusion cooking technology.
2. Examine the texture measurement of extrudates.
3. Calculate the bulk density.
4. Calculate the expansion index.

18.1. INTRODUCTION

Spelt wheat is an ancient and under-utilized crop. As only wheat, rice and

corn are of general interest worldwide the aim is the production of spelt

wheat crisps for further use in granola bars. The texture, the bulk density

and the expansion index of the extruded material will be measured.
Times of overproduction and environmental problems remind people of

less productive but ecological beneficial crops. Furthermore they increase the

interest in healthy nutrition and in food cultivated and produced without

fertilizers or plant-protective agents.
Spelt wheat is ancient wheat covered with husks and able to grow even in

colder climates and on poorer soils. But due to more difficult cultivation and

processing, spelt wheat still remains a cereal for speciality products – though it

was the main crop in Central Europe for centuries. Spelt wheat originates from

South-west Asia; there it was developed from Emmer, which is a tetraploide

wheat and Aegilops squarrosa, a wheat related grass variety. Following the
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Danube it found its way to Central Europe. A change in climate favoured the
cultivation of spelt wheat above the two other mentioned cereals.

During the last years environmental and economical problems of agricul-
ture as well as the increasing demand for healthy food in industrial countries,
caused a revival of spelt wheat as this cereal has some mentionable character-
istics in chemical composition, besides the agricultural beneficial aspects of
robustness, modesty and the hull, protecting against pollution or infections,
(Qing-Bo-Ding et al., 2005).

Extrusion cooking is an effective and economic continuous process in which
the physical, nutritional, and sensory properties of the rawmaterial can be changed
to a desired degree. Positive effects include increased digestibility, destruction of
anti-nutritional constituents, toxic substances and micro organisms (Schiavone,
et al., 2001).

The responding factors texture, bulk density and expansion index
are dependent on the raw materials used and the configuration of the extrusion
cooker. As only spelt wheat flour is used, the influence of the raw material
cannot be calculated or compared to other flours and mixtures.

Starch and similar components like maltodextrines are responsible for
higher expansion indices and lower bulk density while components like fat,
sugar and salt have the contrary effect. Regarding the formation of water vapour
during the discharge of the molten material through the dies the water content in
the flour and water addition have the greatest influence on the expansion.

The influence of the configuration of the extruder on the product is more
complex but in general the geometry of the screws, the temperature profile and
the diameter of the dies have the greatest effect.

Mass temperature and mass pressure in the extruder depend on both – raw
material and configuration of the equipment.

18.2. APPARATUS AND MATERIALS

18.2.1. Apparatus

� Pin mill – Pallmann.
� Extrusion cooker – Cincinnati Milacron: the used extrusion cooker is a

conical counter rotating twin-screw extruder with four temperature
zones, which can be adjusted separately.
� The configuration of the extruder is:
� Temperature zone 1: 708C.
� Temperature zone 2: 1008C.
� Temperature zone 3: 1308C.
� Temperature zone 4: 1608C.
� Temperature of the screws: 708C.
� Speed of the screws: 80 rpm.
� Screw type: 300 with two shearing zones.
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� Die: 16�1 mm.
� Texture Analyzer TA-XT2i, Stable Micro Systems.
� Sliding caliper.
� Tubs.
� Scales.

18.2.2. Materials

� Spelt wheat: 20 kg.
� Water.
� PE bags.

18.3. PROCEDURE

For the preparation of the raw material the hulled whole kernels have to be
milled using a pin mill. The obtained flour is then filled into the hopper of the
extrusion cooker.

The system has to be heated up to the adjusted temperatures and then the
engine of the screws has to be started. The dosing device and the pump for water
addition are then started. The gravimetric dosing has to be adjusted to a value of
30 kg �h–1, the water dosing pump has to be started with maximum flow. When
the product comes out first in a line it is quite wet and knead able. Depending
on the original water content of the flour, the water addition has to be reduced
until the product coming out of the extruder expands and feels dry and less
compact. If the water content in the flour is higher than 12%, no water addition
is necessary. At this time the pelletizing head can be closed and started.

The obtained extruded material must be cooled for about 2 h and can then
be packed or used in the mixture of granola bars. Figure 18.1 shows the scheme
of the used extrusion cooker.

In Figure 18.2 the flow chart of the extrusion process is shown.

18.3.1. Analysis

18.3.1.1. Bulk Density

Tubs for measurement of the volume and scales for the weight are used. The tub
is filled with extrudates and the weight is determined. The bulk density has to be
expressed as g � l–1 using eq. 18.1.

bulk density ¼ weight [g]

volume [L]
(18:1)

Weight: 783 g in 5 L.
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18.3.1.2. Expansion Index

A sliding caliper is used to determine the diameter of extruded material and
diameter of the die. The result is a dimensionless value calculated as shown in
Equation 18.2.

expansion index ¼ diameter of the extrudates

diameter of the die
(18:2)

Diameter of the die: 1 mm.
Diameter of the extrudates: 4.3 mm.

In Figure 18.3, examples (a) and (b) of two different samples are shown.

18.4. DATA ANALYSIS AND QUESTIONS

1. Which parameters are dependant on the expansion of the extruded
material dependant ?

silicon-oil

Silicon-oil

TIC TIC TIC TIC
TI

PI

elel

cooling water

water container

raw material

FI MI

balance
feeder

Die

Zone 1 Zone 2

Figure 18.1. Scheme of the extrusion cooker.
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2. Why is the temperature in the first temperature zone lower than in the
fourth ?

3. Which kinds of forces are occurring in the extruder ?
4. What can the number of peaks in texture measurement tell you about

crispness ?
5. In Figure 18.3, what is the difference between (a) and (b) regarding

crispness and maximum force ?
6. Calculate the bulk density and the expansion index of the obtained

extruded material (Table A 18.1).
7. Which parameters are dependent on is the expansion of the extruded

material dependant ?

Spelt wheat
20 kg

Gravimetric
dosing

m = 30 kg/h

Extrusion Cooker
T1 = 70 °C

T2 = 100 °C
T3 = 130 °C
T4 = 160 °C

Tscrews = 70 °C
Screw speed = 80 rpm

Water
10 L

Milling
Pin Mill

Cooling

Packaging
PE-bags

Spelt Wheat Crisps

Volumetric dosing
m = 3 L/h

Figure 18.2. Flow chart of the extrusion process.

Wheat Crisps – Extrusion Cooking Technology 147



8. Why is the temperature in the first temperature zone lower than in the
fourth ?

9. Which kinds of forces are occurring in the extruder ?
10. What can the number of peaks in texture measurement tell you about

crispness ?

Force N

Distance

Force N

Distance

b)a)

Figure 18.3. (a) Sample A and (b) Sample B.

Figure 18.4. Extrusion cooker (Pilot plant – University of Natural Resources and Applied Life

Sciences).
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19

Semolina – Milling and Sieving

Maria Papageorgiou

OBJECTIVES AND LEARNING OUTCOMES

1. Evaluate the yield and quality parameters of durum wheat semolina.

19.1. INTRODUCTION

Milling tests performed on experimental equipment are useful for comparing

different varieties and for obtaining comparison data among different samples

of durum wheat.
Durum wheat mills have the task of freeing the wheat from additions and

foreign seeds and preparing it, by dampening to the best condition for grinding.

They then detach the protective hull so as to free the farinose kernel, after which

reduction and cleaning are used to produced the finished product, semolina.
The production cycle of these operations is composed of three basic pro-

cesses: (1) reception of cereal, sampling, cleaning and conditioning of (2) grind-

ing of by-products and final products (3) sieving of semolina (Bizzari and

Morelli, 1988).
Semolina that is produced in thiswaymust fulfill certain requirements that can

be placed into two groups according to how they affect: (a) themilling performance

of thewheat, i.e., the proportionof semolinaof thedesireddegreeof refinement that

can be extracted from the wheat (semolina milling quality), (b) the ability of the

extracted semolina to give pasta with the required appearance, resistance to break-

age and cooking tolerance (pasta quality) (Feillet and Dexter, 1996).
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The factors that are usually determined in assessing semolina quality are (a)
those affecting dough development and some quality characteristics of pasta,
i.e., granulation and particle size distribution, ash content and pigment content
(b) those associated with cooking quality of pasta, i.e., rheological character-
istics through the performance of mainly farinograph test of semolina dough for
levels of absorption used in pasta processing (30–35% absorption levels),
protein and gluten quality, experimental pasta making tests followed by assess-
ment of pasta quality.

19.2. EXPERIMENTAL PROCEDURE

19.2.1. Conditioning the Wheat

� Cleaning

The grain must be carefully cleaned and all foreign grains (cereals other
than wheat and fodder plants), stones and metallic particles are removed. The
cleaning operations separate the impurities and foreign seeds by dimension,
weight and form.

� Conditioning to obtain correct moisture level

Milling is carried out using 500 g of durum wheat. Weigh 500 g wheat and
put it in a plastic bag. By either damping or drying the moisture capacity of the
grains must be fixed at 16.5%. Add the estimated amount of water and shake the
bag in order to distribute the water evenly in the bag. Seal the bag and leave it for
about 24 h. The amount of water that is to be added is given by the following
formula:

X ¼ 16:5MS=83:5� A

where X is the amount of water we have to add to 100 g of wheat, MS is the dry
matter % and A is the initial moisture content of wheat %.

19.2.2. Milling

Model: Laboratory Mill Chopin -Dubois CD2/Durum Wheat.

� The 500 g used in the first stage are poured through the spout into the
feed-hopper at right. The spout, which is removable, has on the bottom
edge a magnet for catching metallic particles, which is not removed
during the cleaning process.
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� Break. Start the grinding by turning the right-hand electric starting
switch (clockwise) which simultaneously controls the distributor micro-
motor and the grinder and sieve motor. Grinding time varies with the size
of the grains (weight of 1.000 g). This takes about 3–3½ min. After
grinding 500 g wait approximately 1½ min so that the sieving is com-
pleted. Then empty the sieve.

Two main fractions are obtained:

– at the end, coarse and fine bran and
– coarse semolina in the central collecting pan.

� Reduction. Pour the semolina into the left feed-hopper of the reduction
system (with a flour scoop). Start the motor by turning on the left-hand
switch (clockwise) which controls the distributor-reduction roll and sieve
unit. Reduction time varies, depending on the amount of semolina
extracted during the break stage (3–5 min).

When the semolina has been reduced, wait approximately 1½ min for the
sieving to be completed and for the sieve to empty itself.

Three fractions are obtained:

– at far end, medium coarse semolina,
– in the left collecting-pan, reduction flour and
– in the right collecting fine semolina.

19.2.3. Sieving

Model: Sieve Chopin SA

� The fractions obtained from the mill are used in the following way:
� The reduction flour is ready and can be collected in a plastic bag.
� The other two fractions are mixed together and they are poured in the

sieve.
� Turn on the button and start sieving. When the mixture is reduced the

machine should be stopped.
� Three fractions are obtained in the three drawers of the sieve.
� Mix the one in the middle with the one at the right and pour the mixture

to be sieved for one more time.
� When the sample is reduced, wait for about 1 min in order to collect as

much sample as possible.
� Finally turn off the machine and collect the three fractions in the same

bag where the flour was collected from the second stage.
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19.3. DATA ANALYSIS

1. How much water would you need to add to 100 g of a wheat sample of
initial moisture of 11%?

2. Calculate the semolina extraction rate.
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20

Semi-Hard Cheese – Cheese
Making Technology

Victoria Ferragut and Toni Trujillo

OBJECTIVE AND LEARNING OUTCOMES

1. Produce a rennet coagulated cheese made from cow’s milk for obtaining
a semi-hard, pressed curd cheese.

2. Review the role of the ingredients used in cheese-making.
3. Understand the importance of each step of the process and its influence

on the characteristics of the final product.

20.1. INTRODUCTION

Cheese making is the process of removing water, lactose and someminerals from
milk to produce a concentrate of milk fat and protein. The essential ingredients
for cheese are milk, rennet, starter cultures and salt. Each step of the process has
a relevant importance to obtain a good quality and characteristic cheese.

20.1.1. Pasteurization

This preservation process is one of the major critical control points in the cheese
making process. It destroys the pathogenic micro-organisms present in the raw
milk. Pasteurization also contributes to the increase of yield by promoting the

VICTORIA FERRAGUT AND TONI TRUJILLO � Universitat Autònoma de Barcelona Centre
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association of whey proteins and casein in a favour of a higher water retention.
The starter culture is added from cultures prepared from inoculates of bacteria,

in this case mesophilic and thermophilic heterofermentative bacteria, which
have the purposes to develop acidity and to promote ripening. Acid production
by bacteria cultures is essential to aid in the expulsion of whey from the curd and

largely determines the final cheese moisture, flavour and texture.

20.1.2. Protein Coagulation

During cheese production, the rennet (coagulating enzymes) is stirred into the
milk. Under certain conditions (T, acidity) rennet hydrolyses casein causing the

gel formation. CaCl2 is also added to promote the gel formation, the curd.

20.1.3. Cutting

Proper cutting is important to both quality and yield. Both early cutting when
the curd is fragile and late cutting when the curd is brittle cause losses of

particles. The curd is ready to cut if it breaks cleanly. Curd size has a great
influence on moisture retention.

20.1.4. Cooking

The cooking and stirring will cause an increase in the acidity. Therefore, the
moisture and soluble compounds will be expelled.

20.1.5. Curd Washing

Part of the whey is removed and substituted by warm water. This step contri-

butes to remove some lactose and controlling pH of the curd.

20.1.6. Drainage

Whey is removed and curds are allowed to settle.

20.1.7. Pre-pressing and Moulding

Contributes to pre-forming and remove whey from the curd.
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20.1.8. Pressing

Pressing is increased gradually to avoid moisture trapping inside the cheese
which would be undesirable.

20.1.9. Salting

This step contributes to inhibit the growth and activity of pathogenic micro-
organisms; controls the activity of various enzymes in cheese; changes proteins
which influence cheese texture and protein solubility; contributes to the initial
rind formation of cheese and affects cheese flavour.

20.1.10. Ripening

The prepared curd is exposed to certain environmental conditions (T, RH) for
several months to several years depending on the cheese type. The purpose is to
take place glycolysis, proteolysis and lipolysis which produce the compounds
responsible of texture and flavour of cheese.

Attention has to be drawn to the hazards to human health due to the
potential presence of pathogenic bacteria from the raw milk used in some
cheese production. As cheese making is a process usually open, hygienic
conditions of installations must be extremely controlled and adequate
personnel training performed. Recommendations have been given for safe
production of cheese applying Hazard Analysis Critical Control Point
principles.

Potential environmental problems of cheese making may result from
the lack of a managing system for the whey, as the main by-product of the
process, and in a lesser extent, from brine used in the salting step.

20.2. EQUIPMENT

20.2.1. Materials

� Raw cow’s milk.
� Calf rennet (Renifor-15/E, Lamirsa, Spain) containing 780 mg

chymosinl–1.
� Starter containing L. lactis subs. lactis, L. lactis subs. cremoris and S.

thermophillus.
� CaCl2 (food quality grade, 35%w/v).
� Brine solution (19% NaCl, r = 1.143).
� 1 kg perforated plastic moulds.
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� Cotton gauzes.
� Strainer.
� Test tubes.
� Glasses.
� pH-meter.
� Thermometer.
� Latex gloves.
� Lab coat.
� Lab cap.
� Wellington boots.

20.2.2. Apparatus

� Pasteurizer.
� Steam/water jacket tank with agitation system, wire knives (horizontal

and vertical) and plate for drainage.
� Ripening chamber.

20.3. EXPERIMENTAL PROCEDURE

20.3.1. Main Raw Material: Milk

To assess the milk quality some parameters are commonly used.

1. pH: potentiometrical determination.
2. Microbial quality of raw and pasteurized milk assessment by enumerat-

ing total counts on PCAmedium incubated for 48 h at 30̊C (IDF, 1991).
3. P Protein content (IDF, 1993).
4. Fat content (ISO, 1976).
5. Qualitative analysis of the activity of alcaline phosphatase in raw and

pasteurized milk (IDF, 1987).

20.3.2. Process

1. x l of milk are used to process y cheeses.
2. Pasteurize cow milk at 728C, 15 s in a plate and frame pasteurizer.
3. Transfer the milk to a tank and add (2% w/w) of starter.
4. Then add CaCl 2 (food quality grade 0.015% v/w).
5. Rennet (0.02% v/w; 520 mg/L active chymosin).
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6. Setting (318C, 30–45 min).
7. Cut the curd with the wire knives (horizontal and vertical) . . . . . . (pea

size).

Cow’s milk

Pasteurization
(72ºC, 15 s)

Mixing in tank

Setting
(31ºC, 30–45min)

Cutting
(pea size)

Overheating
(47ºC, 10 min)

Curd washing

Draining 

Prepressing and
moulding 

Pressing
(1 h 0,5 Kg/cm2, 17 h 2 Kg/cm2)

Brinning
(ρ brine = 1,143 g/cc; 4h/Kg, 14ºC)

Ripening
(14ºC, 85% RH, min 30 d)

2) CaCl2 
(food quality grade

 0,015% v/w)

3) Rennet
(0,02% v/w; 520 mg/L

active chymosin)  

1) Starter (2% w/w) 

Figure 20.1. Flow chart of the process for cheese production.

Semi-Hard Cheese – Cheese Making Technology 159



20.3.3. Final Product: Cheese

The methods for cheeses analysis, consist in an overall quality control to assure
established standard requisites for a specific type of cheese at its optimum time
for consuming, in this case 30 days.

1) Total solids content (IDF, 1982).
2) Fat content (% on dry basis). Van Gulik method (ISO, 1975).
3) pH: potentiometrical determination on a slurry obtained by homogeniz-

ing 10 g of cheese and 10 ml of deionized water in a pH meter.
4) Sensory evaluation to asses the typical characteristics.

20.4. QUESTIONS

1. Indicate the steps of the process in which temperature control have a
special relevance and justify the answer.

2. Indicate in which steps of the process it would be interesting to control
pH for an optimum ripening evolution of cheese.

3. Why it is required to add CaCl2 into the milk for the gel formation?
4. Try to find the critical control points for this process and your specific

working conditions.
5. Why are chamber conditions of temperature and relative humidity

relevant for the ripening process. Indicate what defects would be devel-
oped when RH is higher or lower than optimal conditions.
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Annexes

ANNEX 1. MIXING OF SOLID PARTICLES

Angle of repose of bulgur (after classification): 338
Angle of repose of semolina (after classification): 378
Hectolitre-weight of bulgur (after classification): 77 gmL–1

Hectolitre-weight of semolina (after classification): 73 gmL–1

ANNEX 2. FILTERABILITY

Table A1.2. Data for cone type tumbling mixer

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5

Time
(min) Bulgur Semolina Bulgur Semolina Bulgur Semolina Bulgur Semolina Bulgur Semolina

2 6.2 18 18.4 8.2 3 19 4.1 17.5 2 24

4 7.3 19 9.3 16.1 12.6 14.8 6.8 15.3 3 22

6 9 17 13.4 10.9 13.5 12.9 14.1 10.1 5 20

8 7.2 10.9 9.8 11.9 11.8 14.9 8.6 17.6 5 11.5

10 13 12 14 14.5 11.9 12.9 17.5 18.6 8.9 9.6

I – 0.45A
V – 220 V

Table A 2. Data obtained from experiments A and B

Co(FTU) C(FTU) Q(cm3min�1) H(mm) t(s) T(8C)

EXPERIMENT A 54 42 93 30 595 19

EXPERIMENT B 57 2.5 93 23 660 21



ANNEX 3. CAKE FILTRATION OF KIESELGUHR SUSPENSION
ON PLATE-AND-FRAME FILTER

�P= 0.85 bar
Cell radius = 4 cm

COFRAM-SEITZ FILTER

S = 0.09 m2

Table A3.1 Experimental data for filtration

K-150 T-1000

V(m3) t(s) t/V(s.m–6) t(s) t/V(s.m–6)

0.1 10–3 30 0.30 106 6 0.60 105

0.2 10–3 65 0.32 106 15 0.75 105

0.3 10–3 102 0.34 106 27 0.90 105

0.4 10–3 145 0.36 106 41 1.02 105

0.5 10–3 189 0.38 106 58 1.16 105

0.6 10–3 235 0.39 106 77 1.28 105

0.7 10–3 285 0.41 106 98 1.40 105

0.8 10–3 336 0.42 106 123 1.54 105

0.9 10–3 393 0.44 106 150 1.67 105

Average value of r = 6.2 1010 m.kg–1

Table A3.2 Set of data for the pilot experiment

First stage Second stage

constant flow rate filtration constant pressure filtration

Q = 400 L.h–1 �P = 1 bar

t(s) �P (bar) t(s) dV/dt (m3.s–1)

75 0.2 495 1.0

100 0.3 495 1.10 10–4

166 0.4 508 0.97 10–4

221 0.5 565 0.92 10–4

280 0.6 720 0.83 10–4

350 0.7 911 0.78 10–4

392 0.8 1140 0.75 10–4

439 0.9 1421 0.69 10–4

First stage r = 5.6 1010 m.kg–1

Second stage r = 7.2 1010 m.kg–1
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ANNEX 4. CENTRIFUGATION OF MILK

Table A4.1. Experimental data for milk separation

Milk flow

measurement Milk

Cream Flow

measurement

Valve

position

Milk

T 8C V(mL) t(s) �(gmL–1) %fat (w/w) V(mL) t(s)

Cream

%fat(w/w)

1 51.4 1890 9.23 1.030 3.8 228 30.00 71

2 45.7 1990 7.20 1.032 3.6 760 24.26 35

3 38.5 2000 6.40 1.032 3.8 1560 33.78 30

Other data needed for calculations:
� milk fat = 9.15 g.mL–1

mmilk = 1.42 x 10–3 Pa.s
m = 8110 rpm
R= 0.045 m (location of the centre of the hole)
r= 0.0045 m (radius of the hole)
V= 0.0032 m3 (volume of the centrifuge)
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ANNEX 6. VACUUM IMPREGNATION

Table A6.1. Vacuum impregnation parameters for some fruits (Salvatori, 1997)

�a �r X g ee

Apple G. Smith 802 1052 19 –0.6 21

Apple R. Chief 830 1059 17.9 –2.4 20.3

Apple Golden 787 1055 11.2 –6 17.4

Mango Tommy Atkins 1130 1130 14.2 8.9 5.9

Strawberry Chandler 984 1050 1.9 –4 6.4

Kiwi Hayward 1051 1076 1.09 0.8 0.7

Peach Miraflores 1038 1065 6.5 2.1 4.7

Peach Catherine 987 1070 4.4 –4.2 9.1

Pineapple Española Roja 1030 1051 5.7 2.3 3.7

Pear Passa Crassana 1030 1070 5.3 2.2 3.4

Table A6.2. Results from experimental work

xw 8Brix Mass gained %

Apple G. Smith 0.86 0.104 19.0

Apple R. Chief 0.86 0.130 17.9

Apple Golden 0.84 0.153 11.2

Mango 0.79 0.178 14.2

Strawberry 0.91 0.072 0.2

Kiwi 0.82 0.143 0.89

Peach Miraf. 0.82 0.150 6.5

Peach Cath. 0.88 0.119 4.4

Pineapple 0.89 0.897 5.7

Pear 0.80 0.160 5.3
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ANNEX 7 EXTRACTION OF PUMPKIN OIL

Table A7.1. The influence of pumpkin cultivar and screw rotation speed on oil and press

cake yield (an example)

Pumpkin Seeds cv. Yield

Miranda Golosemianaja Herakles

Screw Rotation

Speed (rpm) Oil (ml) Press cake (g) Oil (ml) Press cake (g) Oil (ml)

Press

cake (g)

10 40 60 45 55 50 60

20 39 57 48 51 54 57

30 33 62 43 57 48 62
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ANNEX 9 MASS BALANCES ON A COMBINED
AIR-MICROWAVE PROCESS

Drying temperature =40 8C xw (g water total mass–1) = 0.87
Psat (T2) = 4.3993 atm Dry mass (g) = 2.86

Table A 9.1. Saturation pressure and density of water vapor
for a common temperature range

Temperature (oC) Saturation Pressure (Pa) Density (kg/m3)

0 603 0.005

10 1212 0.009

20 2310 0.017

30 4195 0.030

40 7297 0.051

50 12210 0.083

60 19724 0.13

70 30866 0.20

80 46925 0.29

90 69485 0.42

100 100446 0.59
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Table A 9.2. Time-temperatures profile during the drying process of apple slices in an air

microwave drier

Time

(s)

Mass

(g)

Air

velocity

(m s1)

Room

temperature

(8C)
RH1

(%)

Time

(s)

Mass

(g)

Air

velocity

(m s1)

Room

temperature

(8C)
RH1

(%)

30 21.78 5.08 17.58 36.34 870 19.6330 5.03 17.81 36.65

60 21.69 5.06 17.51 36.43 900 19.5900 5.07 17.78 35.31

90 21.61 5.06 17.67 36.3 930 19.5180 5.05 17.69 36.46

120 21.53 5.03 17.49 36.85 960 19.4320 5.05 17.58 36.41

150 21.45 5.04 17.47 37.05 990 19.3850 5.07 17.59 36.66

180 21.35 5.05 17.58 36.79 1020 19.32 5.02 17.55 36.59

210 21.29 5.05 17.49 36.49 1050 19.24 5 17.56 36.85

240 21.21 5.14 17.64 37.03 1080 19.18 5.08 17.59 36.5

270 21.13 5.03 17.53 36.27 1110 19.11 5.03 17.59 35.37

300 21.04 5.03 17.59 36.1 1140 19.05 5.02 17.58 35.71

330 20.97 5.07 17.68 36.01 1170 18.99 5.04 17.62 35.77

360 20.89 5.08 17.57 36.74 1200 18.93 5.03 17.56 36.1

390 20.82 5.04 17.55 36.51 1230 18.80 5.01 17.59 36.48

420 20.73 5.08 17.6 36.46 1260 18.80 5.02 17.58 35.92

450 20.67 5.05 17.57 36.13 1290 18.72 5.03 17.91 35.29

480 20.59 5.02 17.56 36.49 1320 18.67 5.03 17.6 35.81

510 20.50 5.02 17.45 36.95 1350 18.59 5.05 17.63 36.08

540 20.45 5.05 17.54 36.42 1380 18.55 4.95 17.55 35.6

570 20.370 5.04 17.6 36.44 1410 18.48 5 17.7 35.44

600 20.30 5 17.76 34.96 1440 18.42 5.04 17.61 35.96

630 20.22 4.98 17.55 36.3 1470 18.36 4.99 17.68 35.45

660 20.15 5.03 17.48 36.53 1500 18.31 5.03 17.59 35.43

690 20.08 5.05 17.46 36.54 1530 18.250 4.98 17.61 35.48

720 20.01 5.05 17.52 36.36 1560 18.18 5.08 17.66 35.35

750 19.94 5.04 17.87 35.24 1590 18.14 5.03 17.62 35.47

780 19.8590 5.07 17.73 35.44 1620 18.07 4.92 17.6 36.47

810 19.7810 5.04 17.59 36 1650 18.00 4.99 17.58 35.43

840 19.7230 5.04 17.58 35.82 1680 17.95 5.06 17.59 35.53

1710 17.89 5.05 17.79 34.72 1980 17.3980 5.01 17.61 35.48

1740 17.84 5.06 17.58 34.93 2010 17.3330 5.08 17.62 35.89

1770 17.79 5.03 17.58 35.18 2040 17.2890 5.09 17.64 35.82

1800 17.7220 5.04 17.61 35.4 1890 17.5680 5.04 17.61 35.3

1830 17.6750 4.98 17.61 35.55 1920 17.5090 5 17.6 35.31

1860 17.6080 5.07 17.62 35.4 1950 17.4500 5.02 17.61 36.2

1890 17.5680 5.04 17.61 35.3 1980 17.3980 5.01 17.61 35.48

1920 17.5090 5 17.6 35.31 2010 17.3330 5.08 17.62 35.89

1950 17.4500 5.02 17.61 36.2 2040 17.2890 5.09 17.64 35.82
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ANNEX 11 EXPERIMENTAL DATA FOR FLUID BED DRYING

Table A11.1.Relationship between

drying rate & time

Drying rate

(kg water m–2h–1) Time (min)

10 0

8 10

5 20

3.5 30

3 40

1.5 50

*Conditions: 508C and 0.9 ms–1 air velocity
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ANNEX 13 FREEZING – I. DETERMINING FREEZING TIMES
OF FOOD WITH A PLATE FREEZER

Figure A13. Pressure-enthalpy diagram of superheated R-12.
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Table A13.1Data for the determination of the fraction
water content of potato and carrot purees

M1(G) M2(G) M3(G)

POTATO 55.02 69.46 55.18

CARROT 54.35 68.13 55.47

M1 – Petri box weight;M2 – Petri box weight + potato/carrot puree;
M3 – Petri box weight + potato/carrot after 48 hours in the stove

Table A13.2 Time-temperatures profile during the frozen process of potato puree

Time

(min)

T bottom

surface (8C)
T centre

(8C)
T top

surface (8C)
Time

(min)

T bottom

surface (8C)
T centre

(8C)
T top

surface (8C)

0 21 23 17.6 35 –11.8 4.6 –30.2

1 –5.6 22.8 –10.2 36 –12 4.4 –28.2

2 –4.4 22 –9 37 –12.6 3.8 –26.4

3 –3.6 21.6 –10 38 –12.8 3.6 –24.8

4 –4.4 20.6 –18.2 39 –13.4 3.2 –33.6

5 –4.8 19.8 –16.2 40 –13.4 3.2 –32.8

6 –5 18.8 –14.6 41 –13 2.8 –28.8

7 –5.8 18 –20.4 42 –13.4 2.6 –27.2

8 –6.4 17.4 –26.4 43 –13.6 2.2 –25

9 –6.8 16.6 –25 44 –14 2 –24.2

10 –7.2 16 –21.8 45 –14.4 1.8 –32

11 –7.4 15.4 –19.8 46 –14.4 1.6 –31.2

12 –7.6 14.8 –27 47 –14 1.2 –28

13 –8.2 14 –28.6 48 –14.4 1.2 –26.4

14 –8.2 13.6 –26.6 49 –14.6 0.8 –24.8

15 –8.4 13 –24 50 –14.8 0.8 –23.8

16 –8.6 12.6 –21.6 51 –15.2 0.6 –23

17 –9 12 –30.2 52 –15.4 0.6 –23.4

18 –9.4 11 –30.4 53 –15.2 0.2 –23

19 –9.4 10.8 –26.6 54 –15.4 0.2 –22.4

20 –9.4 10 –24 55 –15.4 0 –21.6

21 –10 9.8 –22.2 56 –15.6 –0.2 –26.2

22 –10 9.6 –29.2 57 –15.8 –0.2 –27

23 –10.2 9 –31.8 58 –15.6 –0.2 –25.6

24 –9.6 8.6 –28 59 –15.6 –0.6 –24.2

25 –10 8.4 –25 60 –15.8 –0.6 –23.4

26 –10.2 7.8 –23.4 61 –15.2 –0.6 –23

27 –10.4 7.4 –30.2 62 –16.6 –0.8 –26.6

28 –10.8 7 –35 63 –17.8 –0.6 –25.6

29 –10.4 6.6 –32.6 64 –16.6 –0.8 –24.8

30 –10.4 6.4 –29.2 65 –16.4 –0.8 –23.8

Annexes 173



Table A13.2 (continued)

Time

(min)

T bottom

surface (8C)
T centre

(8C)
T top

surface (8C)
Time

(min)

T bottom

surface (8C)
T centre

(8C)
T top

surface (8C)

31 –11 5.8 –27.2 66 –16.6 –0.8 –22.6

32 –11.2 5.6 –25.8 67 –17 –1 –22.6

33 –11.8 5 –34.4 68 –16.6 –1 –22.6

34 –12 4.8 –35 69 –16.6 –0.8 –22.4

70 –17 –0.8 –21.6 97 –18.8 –3.6 –29

71 –17 –1 –21.2 102 –19.6 –4 –28.6

72 –17.4 –1 –20.8 109 –19.8 –4.6 –28.2

73 –17.8 –1.2 –21.2 112 –20 –4.8 –27.4

74 –17.4 –1.2 –21.4 117 –20.6 –5.4 –29

75 –17.4 –1.2 –21.4 122 –20.8 –5.6 –28.6

76 –17.4 –1.6 –20.8 127 –22.2 –5.8 –29

77 –17.4 –1.6 –20.4 132 –21.8 –6.4 –30.4

78 –17.8 –1.6 –20.2 137 –23 –7.2 –30.6

80 –18 –1.8 –20.4 142 –23.4 –7.8 –29.8

82 –17.8 –2 –24.2 147 –24.6 –9 –29

87 –18 –2.6 –28.6 152 –24.8 –10.8 –30.2

92 –18.4 –3 –29.2

Table A.13.3. Temperatures in the carrot puree

Time(min) T bottom surface (8C) T centre (8C) T top surface (8C)

0 14.6 13.8 14

1 –8.2 13 6.6

2 –5.6 12.4 6.4

3 –4.4 11.6 6.4

4 –4.8 10.8 6

5 –5 10 5.8

6 –5 9.4 5.4

7 –5.6 8.8 5.4

8 –6 8.6 5

9 –5.8 7.8 4.6

10 –5.6 7.6 4.6

11 –5.8 7.4 4

12 –6.4 6.8 3.8

13 –6.6 6.6 3.6

14 –6.6 6 2.8

15 –6.4 6 2.6

16 –6.8 5.8 2.2

174 Annexes



Table A.13.3. (continued)

Time(min) T bottom surface (8C) T centre (8C) T top surface (8C)

17 –7.2 5.4 2

18 –7.4 5 1.2

19 –7.2 4.6 0.8

20 –7.4 4.6 0.8

21 –7.4 4.4 0.6

22 –7.8 3.8 0.6

23 –8.2 3.8 0

24 –7.8 3.6 –0.6

25 –7.6 3.2 –0.6

26 –7.8 3.2 –0.8

27 –8.2 3 –1

28 –8.4 2.8 –1

29 –8.2 2.8 –1.8

30 –8.2 2.6 –1.8

31 –8.2 2.2 –2

32 –8.4 2 –2

33 –8.6 2 –2.2

34 –8.6 1.8 –2.8

35 –8.4 1.6 –2.8

36 –8.4 1.6 –3

37 –8.6 1.2 –3.2

38 –9 1.2 –3.2

39 –9.2 1 –3.6

40 –9 1 –4

41 –8.6 0.8 –4

42 –9 0.6 –4

43 –9.2 0.6 –4.4

44 –9.2 0.6 –4.6

45 –9.2 0.6 –4.6

46 –9.4 0.2 –4.6

47 –9.2 0 –5

48 –9.4 0 –5

49 –9.4 0 –5

50 –9.6 0 –5.4

51 –10 –0.2 –5.4

52 –10 –0.2 –5.4

53 –9.6 –0.6 –5.6

54 –9.6 –0.6 –5.8

55 –10 –0.6 –5.6

56 –10.2 –0.6 –5.8

57 –10.4 –0.6 –5.8

58 –10 –0.6 –6

59 –10 –0.8 –6

60 –10.2 –0.8 –6.4
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Table A.13.3. (continued)

Time(min) T bottom surface (8C) T centre (8C) T top surface (8C)

61 –10.4 –0.8 –6.4

62 –10.8 –0.8 –6.4

63 –10.4 –0.8 –6.4

64 –10.4 –1 –6.4

65 –10.4 –0.8 –6.4

66 –10.8 –0.8 –6.4

67 –10.8 –1 –6.4

68 –11 –0.8 –6.4

69 –11 –1 –6.6

70 –11 –1 –6.6

71 –11.2 –1 –6.4

72 –11.2 –1.2 –6.6

73 –11.4 –1.2 –6.6

74 –11.2 –1.2 –6.6

75 –11.4 –1.6 –6.6

76 –11.4 –1.6 –6.6

77 –11.4 –1.6 –6.6

78 –11.8 –1.6 –6.6

80 –12 –1.8 –6.6

82 –11.8 –2 –6.6

87 –12 –2.6 –7.2

92 –12.8 –3 –7.6

97 –13 –3.6 –7.8

102 –13.4 –4 –8.2

109 –13.8 –4.8 –8.4

112 –14 –5 –8.4

117 –14.6 –5.8 –8.6

122 –15.2 –6 –8.4

127 –15.4 –6.6 –9

132 –15.8 –7.2 –9.4

137 –16.6 –8.2 –9.6

142 –17.4 –9.2 –10

147 –18.4 –10.4 –10.8

152 –19.6 –11.8 –11.4

Water content on commercial milk powder: 5.57%
Water content on milk powder obtained after the process: 4.06%
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ANNEX 14 FREEZING – II. COMPARING AIR BLAST
AND FLUIDIZED BED FREEZING

Table A14.1. Freezing data for meat balls

Time TEnv Tmeat ball time TEnv Tmeat ball

0 –18,9 15,7 16 –25,5 –14

1 –23,9 10,7 19 –23,4 –17,6

2 –25,8 6,7 24 –26,7 –22,8

3 –23,9 3,4 25 –23,5 –23,1

4 –20,8 0,8 26 –21,3 –22,8

5 –25 –2,1 27 –24,9 –23,1

6 –25,4 –4,1 28 –26,2 –23,8

7 –21,8 –5 29 –23 –23,7

8 –23,9 –5,9 30 –21 –23,1

9 –26,2 –7 31 –25,5 –23,5

10 –23,8 –7,4 32 –25,4 –24

11 –21,1 –7,6 33 –22,7 –23,8

12 –25 –8,9 34 –21 –23,1

13 –26,3 –10,2 35 –25,7 –23,5

14 –22,9 –11,3 36 –25,3 –24

15 –20,9 –12,2 37 –22,5 –23,8
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Table A14.2. Freezing data for meat balls

Sausage

Time Tenv Tcenter sausage time Tenv Tcenter sausage

–23 23,1 19 –23,4 –3,6

0 –18,9 23,1 20 –26,1 –4,8

1 –23,9 22,6 21 –24,3 –6,6

2 –25,8 20,5 22 –21,6 –9

3 –23,9 17,6 23 –24,3 –12,2

4 –20,8 14,3 24 –26,7 –15,3

5 –25 11,2 25 –23,5 –17,9

6 –25,4 8,4 26 –21,3 –19,6

7 –21,8 5,9 27 –24,9 –20,4

8 –23,9 3,8 28 –26,2 –21,5

9 –26,2 2,1 29 –23 –22,6

10 –23,8 0,7 30 –21 –22,9

11 –21,1 –0,4 31 –25,5 –22,8

12 –25 –1,1 32 –25,4 –23,5

13 –26,3 –1,6 33 –22,7 –24

14 –22,9 –1,9 34 –21 –23,8

15 –20,9 –1,9 35 –25,7 –23,4

16 –25,5 –2 36 –25,3 –24,1

17 –25 –2,1 37 –22,5 –24,4

18 –22,1 –2,7
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Table A14.3. Freezing data for fish fillets

Fish Filets

Time Tenv. Tfish filet time Tenv. Tfish filet

–23 24,5 19 –23,4 –22,6

0 –18,9 12,3 20 –26,1 –23,8

1 –23,9 1,2 21 –24,3 –24,5

2 –25,8 –0,8 22 –21,6 –23,4

3 –23,9 –1,5 23 –24,3 –22,7

4 –20,8 –5,4 24 –26,7 –24,2

5 –25 –14,8 25 –23,5 –24,4

6 –25,4 –21,1 26 –21,3 –23,1

7 –21,8 –22,5 27 –24,9 –22,9

8 –23,9 –22,3 28 –26,2 –24,3

9 –26,2 –23,6 29 –23 –24,2

10 –23,8 –24,3 30 –21 –22,8

11 –21,1 –23 31 –25,5 –23,1

12 –25 –23 32 –25,4 –24,5

13 –26,3 –24,3 33 –22,7 –24,1

14 –22,9 –24,2 34 –21 –22,7

15 –20,9 –22,7 35 –25,7 –23,2

16 –25,5 –23,3 36 –25,3 –24,5

17 –25 –23,7 37 –22,5 –24

18 –22,1 –24,4
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ANNEX 15. HEAT PROCESSING – I. PASTEURIZATION
WITH A PLATE HEAT EXCHANGER
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Figure A15.1. Residence Time Distribution (RTD) of fruit juice flowing through the system

and detected at the exit of the system (the arrow represents tracer injection).

Figure A15.2. Time–temperature history.
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Table A15.1A. Calibration line

concentration [g/l] peak area

Dilution 1 0.0050 0.161177

Dilution 2 0.0100 0.357121

Dilution 3 0.0200 0.742209

Dilution 4 0.0399 1.546308

Dilution 5 0.0599 2.515498

Dilution 6 0.0799 3.317897

Table A15.2. Experimental Data

Run #

Max temp.

reached(8C)
Flow rate

(l h–1)

Dwell time in the

holding tube 1
Peak

area C
C0

� �

exp

2 98 3.6 0.0070

3 98 4.8 0.0068

4 80 3.0 0.0065

5 90 3.6 0.0078

7 85 4.8 0.0073

8 70 3.0 0.0074

12 90 8.4 0.0088

1 Approximate calculation according to Equation 15.10.

Table A 15.3. Results from pasteurization

Flow rate (l h–1)

Dwell time in the

holding tube 1 Peak area Concentration (g l–1)

Sample 11 3 0.0088

Sample 12 3 0.0900

Sample 21 8.4 0.0149

Sample 22 8.4 0.0145

1 Approximate calculation according to Equation 15.10.

Annexes 181



ANNEX 16. HEAT PROCESSING – II. STERILIZATION IN CANS
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Figure A16.1. Plots of Decimal logarithm of the difference between the plateau and the can

temperature as a function of time for heating and cooling.
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Figure A16.2. Time-temperature profile of the 4 cans during sterilization of tomato sauce.
�����Retort temperature,——, Can 1.,�—� , Can 2������ Can3 — Can4.
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ANNEX 17- INGREDIENTS IN INFANT
FOODS – PREGELATINIZED AMARANTH FLOUR USING
A DRUM DRYER
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Figure A16.3. Time-temperature profile of the 4 cans during sterilization of tomato sauce with pasta.

. �����Retort temperature,——, Can 1.,�—� , Can 2������ Can 3 and — Can 4.

Table A17.1. Results of the drum drying trials

PARAMETER

G kg h–1 Z S b % e % R m I m ’ 8 R kJ/kg CP kJ kg
–1 tb8C

19,5 3600 88,3 2,2 0,25 0,5 300 2260 16981 21,3
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ANNEX 18 WHEAT CRISPS – EXTRUSION COOKING
TECHNOLOGY

ANNEX 19 SEMOLINA – MILLING AND SIEVING

Table A 18.1.Diameter and weight (in 5 l)

of 10 measurements

Sample diameter (mm) weight (g)

1 4,37 745

2 3,92 796

3 4,75 756

4 3,97 768

5 4,44 799

6 3,97 784

7 4,05 793

8 3,78 775

9 4,49 771

10 4,23 782

Table A19.1. Semolina production No: 1

Wheat reference: Melissa

Moisture content before tempering: 11.06%

Moisture before milling: 16.5%

Quantity milled: 531 g

Tempering time: 20 h

g %

MILLING

Break

B1.Overtails of sieve no 25 102.8 19.4

B2.Coarse semolina 426.5 80.3

Reduction

R1.Medium coarse semolina 349.0 65.7

R2.Fine semolina 47.5 8.9

R3.Flour 24.0 4.5

Sieving

S1.Coarse semolina 66.0 12.4

S2. Medium 66.5 12.5

S3. Fine semolina 120 22.6

Semolina Extraction

R3+S1+S2+S3 276,5 52

184 Annexes



INDEX

A

Air blast freezing, 105
Air blast and fluidized bed freezing

blanching, 106
experimental procedure
apparatus, 109

mass balance, 75
material, 110
tray freezing, 110

freezer, 109
freezing data for fish fillets, 179
freezing data for meat balls, 177–178
freezing time, 108–109

brick shaped food, values of, 107
thermophysical properties, 107

Air microwave, drying process

air volumetric and mass flow, 74–75
experimental procedure
apparatus, 73

material, 74
saturation pressure and density of water
vapor for common temperature

range, 169
air conditions, 73
drier, 74
drying curve, 72–73

experimental procedure, 75
mass balance on, 75
transport phenomenon, 72

Air speed, 105
Air velocity, 74, 75, 81, 83, 109
Amaranth, 137–139, 141

Amaranth grain, 137
data analysis, 141
extrusion process flow chart, 147
gelatinization process, 138–139

drum dryer, 140–141

hot paste viscosity analysis, 139–140
Amarantus cruentus, see Amaranth grain
Angle of repose apparatus, 15

Apples
drying data, 168
time-temperatures profile, 170

Arrhenius law equation and
pasteurization, 117–118

Atomization, 77–79

Atomizer, 77–79

B

Ball method and sterilization in cans, 129

retort temperature (Tretort) and, 130
steps of, 130–132

Ball’s method, 125, 129, 130

Blending process, 6
Blower speed control, 81, 83
Bulk density, 16, 90, 143–146

C

Cake, 27–33, 53, 55–58, 60

Cake filtration, 27–28
mechanism, 29

Candying, 47
Canning

apparatus and materials, 132–133
procedure, 133

ball method, 129–132

f and j values, 128–129
decimal logarithm of, 128, 182

models, 126

sterilisation
reference temperature (Tref), 126–127

thermal behaviour of, 129
time-temperature profile of, 182–183

Capillary pores, 48
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Centrifugal force, 14, 35, 37–38
Centrifugation

experimental procedure
apparatus and materials, 36
calculations, 37–38

mechanical analysis of, 37

separation operation of, 35
Centrifuge, 36–38
Cheese, 90, 155–160

Cheese analysis, 155
Cheese ingredients,155
Cheese making, 155–159

Cleland’s equation, 97, 101
Coagulation, 155, 156
COFRAM-SEITZ filter, 29, 162
Cohesive powder mixing, 7

Cold-pressed vegetable oil, screw presses
for production, 55–57

Cold pressing, 55, 58

Combined processes, 71
Conditioning, 151, 152
Cone type tumbling mixer, 13–14

Constant rate period, 65, 66, 67
Continuous and batch of free flowing

powders comparison, 12

Continuous mixing process, 12
Convective mixing, 5
Cream, 35–39, 90
Crispness, 143, 147

Critical humidity, 65, 67
Cryogenic freezers, 105, 109
Cryoprotectant, 48

Crystallisation, 97, 99
Curd, 155–157, 159

D

D value, 113, 115, 118, 120, 122, 123
Darcy Law, 27
Deformation–relaxation phenomena, 48

Dehydration, 65
Diffusive mixing, 4
Direct osmosis, 41–45

Direct osmotic concentration (DOC), 41
experimental conditions for
comparative treatments, 164

experimental procedure
apparatus and materials, 42–44
calculations, 44–45

direct osmotic rig, 43
set-up, 42

flux data and values, 44, 165
osmotic flux (F), 44
RO type membranes, 42

Disc bowl, 36

Disc centrifuge, 36
Dispersion, 3, 12
Drag force, 37, 38

Dried food, 77
Droplets, 77
Drum dryer

experimental procedure, 138–141
results of drum drying trials, 183

Drum drying technology, 138
Dryer, 77, 81–85, 89, 93, 137–138, 140, 141

Dryer cabinet, 81, 82
Drying, 32, 50, 65–69, 71–76, 77–79,

81–84, 87–94, 137, 138, 139(fig 17.1),

141, 152, 168, 169, 170, 171, 183
Drying parameters, 87, 94
Drying rate, 66–67, 69, 71, 72, 73, 76, 81,

87, 93
Drying rate curves for constant drying

conditions, 66

Drying time, 65, 67, 69, 81, 90
Durum wheat, 151–152

E

Effective porosity, 47
Effective porosity �, 48
Evaporative concentration techniques, 41

Expansion index, 143, 144, 146
Experimental approach, 125
Extraction rate, 151

Extrusion, 137, 143–147
Extrusion cooking technology and wheat

crisps, 184
apparatus and materials, 144–145

bulk density analysis, 145–146
cooker, 146, 148
expansion index, 146

process flow chart, 147

F

Falling rate period, 65, 66, 67
Falling rate period for drying, 67
Fat, 35–38, 53, 144
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Filter, 21, 24, 25, 26, 27–33, 58, 79,
82, 83

Filter media, 21, 24, 25, 26
Filterability, 21–26
Filterability number, 22
Filter-aid, 28

Filtration, 21–23, 25, 27–32, 42, 72
Fluid bed, 109
Fluid bed drier

air velocity, 83
drying rate and time, relationship
between, 171

experimental procedure, 83
fluidization velocity (umf) in, 84

materials range
optimum bed depth, 83

Fluid bed dryers, 81–82
Food dehydration, 65
curves for, 66

data analysis, 69
procedures
tray drier (Armfield), 67–69

time calculation, 67
Food freezing method, 97
Food preservation, 97–98

Freeze drying, 72, 87–94
Freeze drying of food
collapse temperatures, food, 90
dryer, scheme of, 89

experimental procedure, 93–94
apparatus, 93
equipment, 89

material, 93
measurements, 94

glass transition and onset ice melting

temperatures, 87–88
ice sublimation, 88
time in, 93
freeze data, graphic presentation of,

92
material dimensions, 91

Freezing, 72, 88, 97–104, 105–111, 172,

177, 178, 179
Freezing point, 97, 99–100, 101, 105, 108
Freezing time, 97, 99–103, 105, 106

Frontal, 29
Frozen–thawing processes, 48
F-value, 131, 132

G

Global heat transfer coefficient, 113

Golosemianaja pumpkins cultivars, 59

H

Heat capacity, 101, 113

Heat exchanger, 37, 55, 113–123
Heat transfer, 65, 71, 72, 81, 83, 91, 100,

106, 113, 120, 126, 128

Heat transfer coefficients, 81, 84, 113
Heating surface, 137, 140, 141
Herakles pumpkins cultivars, 59

High-speed mixers, 11
Horizontal trough (screw conveyor)

mixers, 14–16
Hot paste viscosity, responding factor, 138

Human nutrition, dietary fats role, 53–54
Humidity, 57, 65, 67–68, 71, 72, 73, 74,

75, 84

Hydrodynamic mechanism, 48

I

Impregnation, 47–50
Instant-quick-frozen (IQF), 109

K

Kieselguhr, 29, 30, 31, 32
Kieselguhr solutions with the plate

and frame filter

filtration of, 31–32

L

Laboratory filtration cell, 28
Laboratory fluid bed drier, 82
Length of constant rate period, 67

Liquid concentration, 41
Liquid foods, 41–45, 77, 78, 113, 118
Log mean temperature difference, 113

M

Mass transfer, 42, 44, 48, 71, 72, 81, 87, 91,
92, 93

Membrane concentration, 41–42
Meyer, 115
Microwave power, 71, 75

Microwaves, 71, 90
Milk, 9, 35–40, 77–80, 88, 114, 155–160,

163, 176
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Milling, 139, 147, 151–154
Miranda pumpkins cultivars, 59

Mixing, 1–18, 139(fig 17.1),
159(fig 20.1), 161

Mixing efficiency, 3, 10, 12
Mixing index, 3, 6, 9, 10, 11, 17

Mixing process, 3
cohesive powder mixing, 7
data analysis, 17–18

data for cone type tumbling mixer, 161
energy input in, 11
filterability, 161

mixers, selection of, 11–12
mixing index, 9
mixing rate and efficiency, 10–11
physical particle properties and

aeration and friability, 5
probability distribution-symmetrical, 8
procedure, 12–17

proportions in, 6–7
requirement of, 7

Mollier psychometric diagram and drying

process in air microwaves, 74

N

NIRO atomizer, 78
Non-evaporative concentration, 42
Non-thermal concentration, 42

O

Oil, 29, 53–60, 146(fig 18.1), 167
Oil seeds

cleaning and, 55
compression of, 56
press cake, 58

pressing procedure, 54–55
residual oil content, 57

Optimum bed depth, 81, 83
Osmotic concentration

medium, mass flow-rates, 45
module morphology of, 42
rig, 43

Osmotic dehydration, 47

P

P and R, 9, 100, 105, 106, 108
Particles, 3, 5–7, 9–14, 18, 21, 27, 29, 37–38,

81, 82, 83, 152, 156

Paste viscosity, 137, 138, 139, 140
Pasteurization, 113–123, 125, 127,

155–156, 159
Permeability clogging, 21
Physical properties, 97, 103, 107
Plank, 100, 104, 106–108, 111

Plank’s equation, 97, 100, 101
Plank’s equation and freezing time

estimation

geometry constants for, 100
Plate and frame, 27–33
Plate-and-frame filter

cake filtration of Kieselguhr suspension
on, 162

calculations, 32
COFRAM-SEITZ filter press, 29–30

laboratory filtration cell, 28
procedure, 30
Kieselguhr solutions filtration of,

31–32
schematic illustration of, 29

Plate area, 113

Plate freezer, 97–103, 109
Plate freezer and freezing time
data for determination of fraction water

content of potato and carrot purees,
173

environmental and safety aspects, 104
experimental procedure

apparatus, 101–102
equipment, 98
evaporator, 102

food preparation, 103
materials, 101

freezing plots, 98–99

plate freezer Armfield, 101
pressure-enthalpy diagram of, 172
quality preservation, 97
temperatures in carrot puree, 174–176

time estimation
Cleland’s equation and, 100–101

time–temperature data, 99

time-temperatures profile for potato
puree, 173–174

Plate heat exchanger and pasteurization

ascorbic acid and d value
determination, 123

environmental and safety aspects, 113
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chemical reactions and microbial
destruction in food, 114–116

food quality reaction, order of, 115
models in, 117–118
quality and safety attributes, 114
survivors curve, 116

temperature dependence, 116
thermal preservation, 114

experimental procedure

apparatus, 118–119
materials, 119

heat transfer, 120–121

residence time distribution, 120,
122–123
fruit juice, 180

results from pasteurization, 181

schematic view and measuring
points, 119

thermal degradation kinetics, 120

Powder, 5, 6, 7, 9, 12, 77, 78, 79, 83
Pre-filtration, 20
Pregelatinized flour, 137, 139, 140

Preservation of quality, 97
Preservation process, 105–106
Press cake, 53, 55–58, 60

Pre-gelatinized flour and infant food,
139–140

Pumpkins, 53, 54, 55, 57, 58–59
Pumpkin seed oil extraction, 58–59

cultivar and screw rotation speed
influence on oil and press cake
yield, 167

data analysis, 60
nutritional value for oil, 58
procedure, 59–60

Q

Quality, 5, 6, 11–12, 22, 41, 47, 54, 55, 77,
81, 97–98, 104, 114, 115, 116, 118,

132, 137, 151–152, 155, 156, 157,
158, 159, 160

R

Rate of drying curve, 65
Rate of mixing, 3, 10

Relative deformation g, 48
Retort time estimation, 125
Ribbon type mixer, 15

S

Screw press

CA 59 G type, 59–60
hole cylinder type, 57
strainer type, 56

Segregation, 3, 5, 6, 11, 12, 14, 15

Segregation process, 5–6
Semolina
experimental procedure

cleaning, 152
wheat conditioning, 152

milling, 152–153

production cycle of, 151
sieving, 153

Sensitive products, 77, 78
Separation, , 33, 35, 36, 37, 38, 41, 78

Shape, 5, 13, 14, 17, 100, 105, 106, 108, 118,
120

Shear mixing, 5

Sieving, 13, 17, 151–153
Solids, 3, 5, 11, 13, 16, 29, 35, 42, 50, 57, 67,

68, 75, 78, 79, 81, 90, 160

Specific capacity, 137, 140
Specific load, 137, 141
Specific resistance, 27, 30, 32

Spelt wheat, 143–145
Spray drier, 77, 78, 79
Spray drier and milk atomization
cyclone separator in, 78

droplets in, 77
experimental procedure, 79

apparatus and material, 78

milk separation, experimental data for, 163
niro atomizer, 78

Spray Drier NIRO Atomizer, 78

Starch and gelatinization degree, 138
Sterilization, 114, 125–133
Sublimation, 87–88, 90, 91

T

Temperature evolution, 125, 127
Texture, 50, 98, 114, 115, 143, 144, 145,

147, 148, 156, 157
Texturometer, 133
Thermal behavior of cans, 125

Thermal death time (TDT) curve,
117–118

Tray drier (Armfield), 67–69
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Tray drying, 65–69
Trays, 67, 68, 69, 105, 109, 110

Thermal process, 113, 114–115, 118, 125,
127, 129

Tumbler mixers, 13–14

U

UOP8Drier, 67–69

V

Vacuum impregnation of porous foods, 47
equipments for, 49

material and procedure, 50

parameters for fruits, 166
results from experimental work, 166

Vegetable oils characterization, 54
V-Shape tumbling mixer, 14

W

Waste water, 21

Y

Yield, 53, 56, 57, 59, 138, 151, 155, 156

Z

Z value, 113, 126, 130
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