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The optimization of industrial food processing

The enjoyable, everyday food in an industrialized society relies not only on agriculture
and fishing but also on efficient food processing. Few people mill their own cereals,
preserve and store their fruit and vegetables from harvest to consumption, churn their
butter, ferment milk into yoghurt and cereals into beer, turn meat carcasses into joints,
sausages and pâtés, or pound mustard seeds to prepare meal accompaniments. Few wish
to restrict themselves to the local products in season and most prefer instead the variety
that modern food production, processing and distribution can offer. Many use ready-
prepared meals so as to spend their evenings with the children or with friends rather than
in the kitchen.

In the early stages of the industrialization of food processing, the competition between
manufactured goods centred mainly on the price at which they were offered; now quality
and safety are in the foreground. A wider range of attractive food products has become
affordable for a large proportion of the population through advances in food science and
technology together with the development of a diverse range of efficient large-scale
processing plant.

Many traditional batch processes have now been replaced by automated production
methods, helped by the introduction of advanced process control systems in the 1980s.
The signal processing and actuating capacity of process control systems is now adequate.
The full potential of these systems, however, can be realized only if they are supplied
with full and up-to-date information on the process to allow feedback or feedforward
control. The development and knowledgeable application of sensors and instruments
have become the key elements in meeting the consumer’s expectations in the food
industry to provide affordable, enjoyable, safe and nutritious products.

This has prompted the development of a wider range of sensors and instruments
suitable for on-line and at-line measurements in the food industry, and also of modern
instruments for the quality control (QC) laboratory. Many of the new instruments rely on
a complex interaction with the food in order to determine properties of the food itself
(such as composition) during processing. They extend the range of data inputs for
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‘sensible’ process control (equipped with senses) well beyond the measurement of
pressure, temperature, level and flow rate.

Other new instruments widen the range of applications for the measurement of the
established variables, now allowing the reliable measurement of flow rate or temperature
in food processes where this was previously impossible. Progress has also been made in
the development of instruments for the assessment of food freshness and food safety, so
that results are now often available within a day and a higher proportion of food
ingredients and products can be screened to ensure good manufacturing practice.

In the choice of instrumentation, an analysis of the processing operation as a whole,
together with an overview of the characteristics of the sensors and instruments available
for on-line, at-line and QC laboratory measurements, will be the basis of optimum
process control design. On-line and off-line instrumentation interlink in guiding process
control and are therefore both included here. Calibration samples need to be chosen and
correctly prepared, and a representative sampling technique and suitable reference
methods must be selected.

For the reliable installation, calibration and operation of the new instruments, and for
the correct interpretation of their readings, it is essential to understand the principles
underlying the functioning of the instruments, the properties of the food and its
processing environment, and their interplay. This approach also helps in assessing the
many novel sensors and instrumental techniques now emerging to provide better long-
term planning of process control optimization.

Special application details for instrumentation

Instrument engineers coming from the aerospace, defence, nuclear or petrochemical sectors
sometimes underestimate the challenges of designing sensors and instruments for the food
industry. They find adequate challenges for their skills when they encounter a wide range of
temperatures, pressures and pH values; mixing paddles continuously scraping container
walls where a sensor is to be mounted in contact with the product; the rejection of guards
around fragile sensor components as germ traps; and a limitation of the choice of
engineering materials to those compatible with food hygiene considerations. The occasional
fracture of a sensor in the chemical industry may be an inconvenience; in the food industry it
is a major incident when any sharp fragments, however small, are lost into the process
stream, requiring the screening or safe disposal of many thousands of food product items.

A standard procedure for the maintenance of hygienic conditions in food processing is
cleaning-in-place (CIP). This may sound harmless enough, but the periodic flushing of
the food processing system with hot caustic soda (NaOH) solutions or pressurized steam
places restrictions on the design of contacting sensors, particularly in the development of
chemical sensors. Instruments based on non-contact methods are especially attractive to
the food industry, being both intrinsically hygienic and easy to maintain. Such
instruments are covered in the first part of this book.

In some applications, hostile conditions and restricted access to the contents of a
process vessel are the main challenges, for example in a cooker extruder which allows the
continuous production of intricately shaped and textured snack foods at a throughput rate
of 400 kg/hour. High pressures, high temperatures, a feed/mixer screw scraping the
interior surface of the heavy metal barrel and sometimes abrasive raw materials combine
here to render the construction of reliable sensors difficult, even for pressure and food
mix temperature.
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More often, it is the variable and complex nature of the food itself that presents
problems in the design and application of instruments. This is the case for non-contact
volume and mass flow rate metering of many foods. The most interesting problems arise,
however, in the measurement of food properties such as composition or rheology. An
interdisciplinary approach is needed here to take account of the interaction between the
instrumental method and the chemical and physical properties of the food and its
environment (beyond the variables to be determined). This applies also to the assessment
of food freshness or conversely to the determination and prediction of changes due to
microbial activity or oxidative processes. A further aspect is the perception of the
consumer which needs to be represented in instruments for the assessment of appearance
and texture.

A rapid accurate measurement is often needed to maintain specifications within
narrow margins. A pH value or water activity above specifications could lead to food
spoilage during storage and distribution; a deviation to lower values could reduce the
palatability. Too little preservative could endanger food safety; too much would be
unacceptable to many consumers. Too high a water content could be infringing legal
requirements or be associated with a water activity above specifications (with
implications for food stability); too little water could result in an unattractive texture
and an uncompetitive price for the food product.

Line speeds in automated continuous food processing and packaging are high, and this
is both a motivation for the application of on-line instrumentation (or of rapid at-line
methods) and a challenge in the design of instruments for this purpose. A further
constraint in the design of instrumentation for the food industry is the fact that the price
of the sensor or instrument will be important in the purchasing decision. Whereas the
aircraft constructor may well buy the best instruments at any price, the food industry
cannot afford to do so.

Instrument types and aspects

Instruments relying particularly on an interaction with the food or an environment typical
for the food industry are described in this book. Practical applications already established
are discussed and newly emerging applications are introduced. The considerations that
will allow the best use of the interplay of the instrumental method, the food and the
process are outlined as a basis for the successful development and implementation of
instrument applications. Both on-line and QC laboratory instruments are included as they
have to interlink in guiding process control.

Instrument users often wonder why the flood of novel sensors and measurement
techniques described in scientific and technical journals or at conference results in a mere
trickle of novel commercial instruments. This has been the case particularly in the field of
biosensors and chemical sensors based on microelectronic devices where rapid
developments have taken place in recent years. Part III of the book illustrates the
complex and expensive process of developing a novel instrument from concept to
commercial fruition with the help of two examples. The basis of recent commercial
instrument developments based on novel chemical sensors and the feasibility of further
food applications are also examined there.

For each instrument type, the underlying principles are described with emphasis on
aspects relevant to food applications. The authors show the significance of the variables
to be determined, and identify the variables actually measured (unless identical) and their
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relation to the desired information about the food product. Considerations in the design,
choice, calibration and running of instruments within a given group are discussed and
illustrated with examples.

Aspects covered include hygienic design (e.g. flush fitting sensor heads or choice of
non-contact techniques) or the adaptation of techniques to the variable nature of food
ingredients. (In three cases, two chapters deal with different aspects of the same
technique.) Factors influencing the accuracy and reliability of the technique (for a
particular group of food products if applicable) are spelled out and compared with
alternative techniques where applicable.

Instrument systems requiring a high computing capacity (such as real-time image
acquisition and processing), employing ionizing radiation (such as gamma-ray density
gauges) or relying on principles beyond the realms of classical physics are omitted to
allow a full description of the instruments covered.

The authors’ background

To promote an interdisciplinary understanding, these aspects are discussed here by
scientists and engineers from a wide range of backgrounds including electronics, physics,
chemistry, microbiology, food science and food technology. Their professional
experience spans an equally wide range of areas within the fields of the development
and application of instrumental methods for the food industry. The authors have worked
in the management and optimization of quality control and quality assurance in the food
industry, in the development of new techniques for this area, in applications development
or overall management at an instrument supplier’s laboratory, or in a research institute or
association in close contact with the food industry.

It would be difficult to find a single author with full and detailed knowledge and
practical experience in all the aspects of physics, electronics, chemistry, microbiology,
food science, food technology and process control that are relevant to instrumentation in
the food industry. Nor would it necessarily be helpful to set up a committee of authors to
compose a text together. Instead, each chapter reflects the particular expertise of the
author(s) based on their scientific or engineering background and their professional
experience acquired in the practical application or development of instruments.

Aims and scope

For a wide range of established and emerging instrument types, this book treats the
underlying principles and their implications for industrial applications. It sets out the
complementary roles and characteristics of both the on-line and at-line instrumentation
linked to the process control system and of the off-line instruments in the quality control
laboratory. The significance of the measured variables for quality assurance and process
management and the technical and commercial factors that determine the success or
failure of an instrument are considered.

The book is intended to assist engineers and managers responsible for process
optimization and quality assurance in the food industry in choosing, setting-up and
maintaining instruments and in using their readings to best effect. It is also intended for
use by engineers in the instrumentation sector who develop new instruments, adapt
existing instruments for new applications or liaise with instrument users. In the choice
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and installation of an instrument in a process line, the effective cooperation between
instrument supplier and user is essential and this book aims to promote this by facilitating
the communication between engineers and managers, from different backgrounds.

The chosen approach is also designed to help advanced students of instrument
engineering, food science, physics or biochemistry who seek an introduction to
instrumentation in the processing industries. Further, the book will be of interest to
scientists active in research and pre-commercial development in the fields of process
engineering, industrial instrumentation and process control.

Erika Kress-Rogers and Chris J. B. Brimelow

Preface xv



This page intentionally left blank



Chapters 1, 13, 19 and 20

Dr Erika Kress-Rogers
(Alstom)
Hamannstr 75
D-40882 Ratingen
Germany

Tel: +49 2102 51192
Fax: +49 2102 705204
E-mail: ErikaKressRogers@compuserve.de

Erika Kress-Rogers has a background in experimental solid-state physics (Universität
Karlsruhe) and in the physics of semiconductor devices (University of Oxford). She
has carried out and coordinated a wide range of interdisciplinary R&D projects in the
area of instrumentation and sensors for process control and quality assurance for the
food industry while at the LFRA (Leatherhead Food Research Association), an
international association that provides R&D, consultancy and technical services to
food companies, government bodies and agencies. For seven years, she has served as
Member of the International Editorial Board for the journal Food Control. She is the
editor of the Handbook of Biosensors and Electronic Noses: Medicine, Food and the
Environment and of the first edition of Instrumentation and Sensors for the Food
Industry, the first handbook to provide a detailed account of a wide range of on-line
and at-line measurement technologies for the determination of physical, chemical and
microbial properties in the food industry. Dr Kress-Rogers now works as a Technical
Editor for ALSTOM.

Contributors



Chapter 2

Dr Alain Hugi
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c speed of sound
� dispersive ultrasound phase velocity
Z specific acoustic impedance
� coefficient of ultrasound attenuation
�T coefficient of transmission through boundary
f frequency
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� angular frequency; � � 2�f
k wave vector; k � 2���
� relaxation time
	 density
P absolute pressure
M molecular weight

 coefficient of viscosity
rp radius of suspended spherical particle
V volume
T absolute temperature
EM elastic modulus (as appropriate)
K bulk modulus
Y Young’s modulus
G shear modulus
KS adiabatic bulk modulus
�P coefficient of expansion at constan pressure
� ratio of principal specific heats cP/cV

cP/cV specific heats at constant pressure, volume
 coefficient of thermal conductivity
R universal gas constant
B second virial coefficients
STP standard temperature and pressure
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An function in equation (15.22)
Bn function in equation (15.22)
d capillary tube diameter
e distance from bottom of bob to cup or container
f frequency
G shear modulus
G� storage modulus
G�� loss modulus
g gravitational constant
H separation of the two plates
h difference in levels between liquid in reservoirs of a capillary

viscometer
hc end effects correction in concentric cylinder viscometry
h� height of bob for a rotary viscometer
I2 Bessel function
K constant for capillary viscometer
Kn root of modifier Navier-Stokes equation
k apparent viscosity or consistency index for power law fluid
k� constant in Casson equation
k�� constant in Herschel-Buckley
L length of capillary tube
Lo sample length before deformation
L�o final sample length after deformation
n power law exponent
�p pressure drop along a capillary tube
Q flow rate
Rc radius of cone
R1 radius of bob in concentric cylinder viscometer
R2 radius of cup in concentric cylinder viscometer
Rp radius of the plate (parallel plate systems)
�R R2 � R1

T torque
Te equivalent torque
t time (equations (15.8) (15.9) or (15.12))
t� relaxation time (equation (15.4))
up slope of plot of shear stress versus shear rate once yield stress has

been exceeded
V volume of liquid used in a capillary viscometer
� conical angle
� relaxation time
� shear strain �� �L�o � Lo��Lo, dimensionless)
�� shear rate (or rate of shear strain) d�/dt
��eff effective shear rate
��max shear rate at the outer edge (rim) of the plate
��meas measured shear rate
� phase displacement angle
� viscosity
�0 viscosity at zero shear rate
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�p slope of straight line plot of shear stress vs. shear rate (equation
15.17)

�� viscosity at infinite shear rate
� angular velocity
� 3.1417
	 density
� shear stress
�b shear stress at the bob
�y yield stress
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k initial specific conductivity, S m�1
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( �n/n)0 initial specific growth rate, h�1

r correlation coefficient
t time, h
tg generation time, h
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tD time after inoculation at which population density grows to a value

nD, detection time, h
tL lag time, h
A electrode area, m2

AD conversion gain
CD, RD series capacitance and series resistance due to alignment of polar

dipoles in double charge layer in fluid, F, �
Cox, Rox series capacitance and series resistance resulting from the presence

of an oxide layer at the electrode surfaces, F, �
Cse lumped electrode capacitances CD and Cox (for RD, Rox � Rs), F
G0 initial conductance of medium in test cell, S
Gs subsequent conductance of medium in test cell, S
K increase in specific conductance associated with production of single
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N number of colonies counted on agar plate
Rfs full-scale range of resistance, �
Rs true resistance of medium in test cell, �
S substrate mass, g
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�S mass of substrate metabolised by one bacterial cell, g
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1.1 Introduction

1.1.1 The role of quality assurance in the food industry
Quality control is essential in the food industry, and efficient quality assurance is
becoming increasingly important. The consumer expects a wide range of competitively
priced food products of consistently high quality. Each food item has to be safe,
wholesome and attractive in appearance, taste and texture, and needs to be consistent with
the product image. Variations within the same batch or between batches will have to be
kept to a minimum as they are often interpreted by the consumer as indicating a fault,
even when the differing product is of high quality.

The availability, quality and price of raw materials will place conditions on the food
manufacturing operation, as will the prevailing structure of the retailing sector. More and
more frequently, the product palette has to be adapted to changes in tastes and nutritional
ideas, and to the appearance of competing products on the market. In the manufacture of
each new product, there is the challenge of getting it right first time. Increasingly, food
processing operations are technology-based rather than skill-based. Legislation on food
composition and labelling will also play a role. Changes in legislation are driven by
consumer demands and by international harmonization.

Food processing has a long history (Georgala 1989) and has always had two main
purposes. The first is the conversion of agricultural products (or of fished, hunted and
gathered foods) into palatable, attractive, digestible and safe foods. Cereals, for example,
are virtually inedible without prior milling and cooking or fermenting; some fruits and
pulses are toxic without prior cooking; and large proportions of the Asian and African
populations can consume lactose only after conversion to lactate by fermentation. The
second purpose is the preservation of foods for availability out of season, for years of lean
harvests, and for transport to areas distant from agricultural producers.

The assessment of food still centres on its taste, aroma, appearance and nutritional
value, and on its safety and stability. Optimized process control plays an essential part in
maintaining the commercial viability of a food manufacturing operation in the face of
changes in the food market and in the structure of the food industry. Advances in
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Table 1.1 Food and drink market sectors in the UK (Bailey et al. 1991)

(a) Market sectors in 1990 by value (£ million)

Alcoholic beverages (inc. duty)* 21 864
1 Meat and meat products 9 882
2 Dairy products (inc. ice cream) 5 884
3 Soft drinks 5 286
4 Fresh fruit and vegetables 4 598
5 Bakery products 3 790
6 Confectionery 3 700
7 Frozen foods 2 250
8 Canned foods 1 686
9 Fish and fish products 1 606

10 Snack foods 1 287
11 Hot beverages 1 281
12 Cereal products 1 230
13 Oils and fats products 971
14 Ready meals 715
15 Meal accompaniments 678
16 Sweeteners, preserves 535

(b) Increase of market sector values in the UK from 1989 to 1990 (per cent)

Alcoholic beverages* 8.2
1 Frozen foods 11.2
2 Soft drinks 10.9
3 Ready meals 10.5
4 Confectionery 8.8
5 Fresh fruit and vegetables 8.2
6 Snack foods 6.5
7 Cereal products 5.4
8 Meal accompaniments 4.3
9 Hot beverages 4.0

10 Dairy products 3.5
11 Meat and meat products 3.5
12 Fish and fish products 3.3
13 Bakery products 2.1
14 Oils and fats products 1.4
15 Canned foods 1.1
16 Sweeteners, preserves 0.6

Notes:
* As much of the market value of the alcoholic beverages sector is the duty, the value has not been used to rank
this sector.
1. For the cost/benefit assessment for a potential instrument development, the market values listed here need to

be seen together with other factors such as the relative values of raw materials and final product or the
growth rate and profit margins in a sector. For snack foods, for example, the added value would, in general,
be higher than for canned foods or meat. Additionally, the viability of an instrument development is
increased when it is relevant to health and safety (where legislation is linked to the availability of
instruments) or to the price of commodities (for example, in the case of the water content of wheat) or where
the specifications for the proportional content of an expensive ingredient need to be met.

2. All market sectors increased in value, but not all growth rates exceeded the rate of inflation.
3. Categories are not mutually exclusive.
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microelectronics have provided fast data processing and have made efficient process
control systems possible. In the 1980s, programmable logic controllers (PLCs) were
widely installed in the food industry. Massive control centres were designed earlier for
integral plant control; these centres were subsequently replaced by distributed control
systems (McFarlane 1983; Vidal 1988).

Whichever control system is used, it still has to make do with a small number of
continuously updated product variables, and often relies largely on inputs at long time
intervals and with long delays depending on the assay time and the distance to the quality
control (QC) laboratory. The effective application of both established and novel sensors
and instruments will play a key role in gaining the full benefit of the potential that
modern control systems offer.

Table 1.1 shows the sizes and growth rates of food and drink market sectors in the UK.

1.1.2 On-line, at-line and off-line instrumentation
For optimum quality assurance the manufacturer requires cost-effective methods for the
rapid assessment, and preferably the on-line measurement, of the chemical and physical
properties and the microbial status of raw materials, process streams and end products.
Monitoring during the processing operation helps prevent expensive rework or disposal
of out-of-specification product. Tight control is needed for variables that influence the
stability of the end product towards microbial spoilage or oxidative rancidity. This
concerns particularly the monitoring of temperature profiles during heat processing and
storage, the control of cleaning-in-place procedures, and the measurement of the pH,
water activity, solute concentration and preservative levels of the product. Water activity,
usually measured as equilibrium relative humidity (ERH), cannot be measured rapidly.
From an on-line measurement of the moisture content, the ERH can be deduced if the
isotherm is well defined.

The trend towards continuous automated production in place of batch processing
necessitates tight feedback loops based on on-line monitoring methods or, failing
that, on rapid at-line techniques. Even when a laboratory method provides a result
within one hour of taking a sample from the line, over a tonne of product or over
10 000 jars, tins or packs of food may already have passed the production line. The
cost of rework or disposal for such a quantity is considerable. Alternatively, excessive
safety margins with respect to legal requirements or customer specifications on the
minimum content of expensive ingredients will lead to an uncompetitively priced
product.

Prolonged holding times to await the outcome of assays, as a regular part of the
process, lessen the benefits of continuous processing. Nevertheless, holding times of
around eight hours are currently observed prior to filling certain sterilized foods, for
example, in order to await test results from impedance monitoring for microbial
assessment (Chapter 17). Refinements of this technique, based on more sensitive
oscillometric detection of impedance changes with microbial growth, for example, have
been investigated in order to shorten the assay time (Cossar et al. 1990).

The advances in plant for automated continuous production and in the signal
processing capabilities of process control systems have stimulated progress in the
development of many novel sensors and instruments for the food industry, often by
technology transfer from other industrial sectors or from the clinical sector (Kress-Rogers
1985, 1986). These have since matured; sensor concepts have been developed into
prototypes, and instrument types already available in the 1980s have become more
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versatile and can now be applied reliably to a wider range of foods and processing
situations or determine a wider range of target variables.

With the help of these advances in on-line and at-line instrumentation (Fig. 1.1),
quality assurance (QA) is employed increasingly in the management of manufacturing
operations. The quality control (QC) laboratory supports QA by checking and updating
the calibration of on-line and at-line instrumentation and by providing a wide range of
analyses and assessments that are not feasible for QA implementation.

The variables measured on-line and those measured off-line in the QC laboratory do
not necessarily coincide. The process stream at the on-line measurement point will often
be quite different from the sample taken to the laboratory, either due to changes during
sampling and transporting, or because the laboratory test measures properties of the end
product, whereas the on-line instrument measures precursors of these, or other properties
of the process stream or the process environment that will determine the relevant
properties of the product.

When the time taken for a QC laboratory result exceeds a day, as would be the case for
many microbiological tests or trace analysis assays for toxins, it is often impractical to
hold the food in quarantine during this time, as a perishable food may be well into its
shelf-life by the time the result is available. Even when prolonged holding times can be
observed, it is not usually possible to provide 100 per cent screening of the product with
QC methods, and so a negative result is no absolute guarantee that the whole production
volume is ‘clean’. The test then becomes a means of checking that good manufacturing
practice (GMP) is being observed, and the process has to be analysed to define the
product and process variables that can be monitored and controlled in order to minimize
the possibility of manufacturing a product having too high a microbial load, carrying
pathogens or containing toxins. This approach is known as hazard analysis critical control
point (HACCP) system.

For the overall control of the process, the monitoring of level and flow rate as well as
pressure and temperature are essential (Chapters 10–13). Important for the stability of
foods towards microbial spoilage are product properties such as the water activity and the
pH as well as the microbial load and the concentration of preservatives and nutrients
(Chapters 16, 17, 20–23). The integrity of the food packaging is also vital, and in modern
modified atmosphere packs (MAPs) the initial headspace gas composition and its
retention during distribution and storage will be relevant. The adherence to appropriate
storage temperatures (and ambient humidities) throughout the shelf-life needs to be
ensured. An important process variable influencing the shelf-life is the time-temperature
profile of the process stream and, related to this, the excess pressure in the headspace.
Also relevant are the concentration and temperature of cleaning liquids and their efficient
application to process plant surfaces (Chapters 10, 12, 13).

In conventional cooking and canning operations, heating the interior of a solid food
item (or a highly viscous liquid) relies on thermal conduction, often resulting in
overcooking of the outer layers in order to ensure adequate temperatures in the centre.
This is not to say that high surface temperatures are not desirable in processes such as
roasting, where the Maillard reaction provides a range of flavours and colours in the
presence of reducing sugars and amino acids at elevated temperatures. The flavour
changes caused by prolonged boiling are, however, usually considered undesirable.
Microwave or radiofrequency waves, on the other hand, can penetrate food and heat
deeper layers directly. Direct ohmic heating is also possible by mounting electrodes in
contact with a conductive food, and ohmic heaters allowing continuous automated heat
processing are available.
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With these methods, it is possible to retain more of the flavour and vitamins of the
food, and yet to ensure a given minimum temperature to be reached throughout. In order
to optimize such processes for the manufacture of products that combine adequate
cooking, pasteurization or sterilization (as required for the product) with good flavour
retention, analysis of the spatial distribution of the time-temperature profiles is necessary.

Several variants of time-temperature integration are used to assess the effect of heat
processing on a food. The most common is the F0 value, which expresses the degree of
sterilization of a food. The F0 value (expressed in minutes) is obtained by calculating the
integral

F0 �
�

L dt

where lg L � (T � Tref)/Z defines the lethality L, and the temperature T has been
measured in the coldest part of the food. For F0 evaluation, Tref � 121ºC and Z � 10.

For canned foods and ultra heat treated (UHT) products, F0 values of 3 to 18 are used,
depending on the types and numbers of spores present. This treatment results in
commercial sterility, that is the remaining microorganisms will not cause spoilage or
disease or have a detrimental effect on the product quality during its stated shelf-life
(usually in excess of six months) (Lewis 1987).

Other values of Tref and Z apply for the loss of nutrients by protein denaturation,
vitamin destruction and certain other chemical reactions. A cook value can be defined, in
analogy to the sterilization value F0, to quantify the degree of cooking or overcooking
and thus predict the loss of quality (flavour, nutrient levels) by heat processing.

Figure 1.2 summarizes the roles of on-line, at-line and off-line instrumentation in
process management, quality assurance and quality control. Measurements relevant for
product safety, stability and quality and for process management are listed in Tables 1.2
and 1.3. Instrument requirements and measurements for special concepts are given in
Tables 1.4 and 1.5.

1.1.3 Technology transfer: opportunities and pitfalls
Instruments for measurements in quality control and in the control of processing
operations in the food industry are often the result of technology transfer from other
industries. The history of such new introductions has, in some cases, been characterized
by initial successes, followed by a phase of disappointment with the instrument
performance when the range of applications was widened. Subsequently, lost confidence
had to be regained by defining the range of suitable application areas and by adapting the
instrument or the setting-up and running procedures to particular applications. To avoid
setbacks, it is necessary to understand both the instrument design and its underlying
principles as well as the properties of the food and its processing environment.

Problems have, for instance, been experienced with some early applications of
ultrasound flow meters in the food industry. These flow meters have the attraction of
providing a non-contact measurement which facilitates maintenance and is intrinsically
hygienic. However, for certain food process streams, unacceptable errors in the readings
were observed until it was recognized that special designs or other types of flow meters
were needed for samples with non-Newtonian flow profiles, or containing large
particulates with flow rates differing from that of the carrier liquid, or where high
attenuation of the ultrasound signal by the food liquid restricted the sampled flow volume
to the outer layer (Chapters 12, 13, 15).
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Fig. 1.1 Sensor configurations: (a) sensors on continuous processing lines (b) sensors on conveyor
belts (c) sensors in batch processes (d) handheld sensors. The window material will depend on the

instrument principle, for example Teflon for microwave transmission. Conditions for at-line
measurements (not on-line, but in the production area) are more stringent than for off-line

measurements (in the QC laboratory). At-line instrumentation and accessories should be free of
glass components (potential foreign body hazard) and of toxic reagents that are not fully contained
at all times. Also, mechanical robustness, tolerance of the processing environment (for example, of

steam) and simple and rapid operation are essential.
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1.2 Challenging conditions for sensors

1.2.1 Complex and variable samples
Many foods are highly complex in their chemical composition and in their physical structure.
Gaseous, liquid and solid phases often coexist in the same product. Each phase may
incorporate many different chemical compounds. One phase can be finely dispersed in
another, or samples can be highly inhomogeneous or even largely separated. Within the
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Fig. 1.2 Quality assurance (QA) and quality control (QC) in food processing operations.

Actuation of process changes

A programmable logic controller (PLC) may be used to operate actuators that cause changes in process conditions in
dependence of a measured variable. Where complex relationships exist between the measured variables and the
process, an expert system can provide an automatic evaluation of a set of measured values and a decision on corrections
to the process conditions. Combined inspection/sorting systems are used to identify and remove, for example, products
that contain foreign bodies or that are mis-shaped.

In-situ measurements in batch processes

The scheme needs to be adapted for industrial batch processing operations, for batch processes in catering
establishments and for measurements in food distribution. In-situ measurements with dip- or stab-probes, or with
instruments installed during the batch process or permanently in a processing vessel or storage container can be used
here.

Calibration

The choice of the reference method can influence the calibration. Systematically different values can be obtained, for
example, between drying and titration methods for moisture determination in the laboratory.
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liquid portion, fat and water may be combined in an emulsion, or even in a double emulsion.
Water can be present as free water or bound in many different ways: as water of crystal-
lization, bound to protein or starch molecules, entrapped in biopolymer networks or absorbed
on solid surfaces of porous food powder particles. Active enzymes may be present, either in
the tissues of fresh meat or produce, or within the cells of the microbial flora.

Table 1.2 Measurements in quality assurance and quality control

Measuring properties relevant for product quality

appearance (colour, gloss, shape)
texture, mouthfeel, pouring characteristics
flavour (aroma, taste)
nutritional value
functional properties
composition according to specifications

Screening for product safety
chemical contamination (agricultural residues, endogenic toxins, . . .)
microbial contamination (total load, presence of pathogens and spoilage organisms, . . .)
contamination with unwanted genetically modified organisms
foreign matter (metal or glass fragments, insects, stones, . . .)
unwanted matter (nutshells, fruit calices, . . .)

Assessing product stability towards
chemical reactions (such as oxidative rancidity)
microbial growth (due to inappropriate pH, water activity, preservative concentration, either in
the product as a whole or in a small region within the product)
microbial or chemical contamination (due to defective or inappropriate packaging) (including
the migration of compounds in the packaging material into the food)
migration of water or fat (between pastry shell and filling, between food and environment)
loss of protective atmosphere (due to defective seal) (for products packed under a modified
atmosphere designed to suppress microbial growth or oxidation)

Table 1.3 Measurements in process management

Objectives
ensure safety and continuity of the processing operation
maintain conditions for in-spec. products
use resources efficiently (labour, raw materials, energy, machinery)
reduce loading of effluents (e.g. of waste water with organic matter)

Measurements
pressure
temperature (also spatial distribution of temperature and time integral over temperature),
pH
mass and volume flow rates of liquids and particulate solids
fill levels of liquids and particulate solids bulk density, weight apparent viscosity

Also wanted, but more difficult to achieve on-line:
chemical composition (gross and fine)
complex rheological properties (yield value, elasticity, . . .)
particle, droplet, bubble size, (average size and distribution)
volatiles evolved in cooking, baking, roasting, drying operations
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Samples in the food industry are, moreover, very diverse and highly variable. The
season, the region of origin, the harvesting and storage conditions as well as the
processing steps (such as the fermentation of cocoa beans) will all influence the
properties of the raw materials. New food-processing technologies are being introduced
to provide an ever wider range of food products that require frequent adaptation to
changing consumer preferences and market structures.

1.2.2 Hostile conditions and stringent hygiene requirements
The pH extends over a wide range, with low values for vinegar or citrus fruit juices and
high values for caustic cleaning solutions used regularly in-line. A wide range of pH
values is also encountered in the monitoring of effluents, that is waste liquids formed in
washing raw materials or in cleaning container surfaces, for example.

Table 1.4 Instrumentation requirements, on-line

hygienic sensing head
contaminant-free (no reagents, no microbes)
no foreign body hazard (no fragile glass components), robust
CIP (cleaning-in-place) tolerant if permanently installed on-line (alternatives for specific
chemical measurements: instruments with disposable sensing element which must be easily
replaced and inexpensive, or, in certain applications, robust, easily cleanable dip-probes or stab-
probes for in situ measurements)
reproducibility in accordance with task, reliable, low maintenance effort suitable for complex
chemical and physical sample properties
total cost (capital, maintenance, running) in good proportion to benefits

Table 1.5 Measurements for special concepts

HACCP – Hazard analysis critical control points
On-line measurements

pressure, temperature (spatially resolved, time integral)
relative humidity
product pH product solute content
strength and surface coverage of solutions used for periodic cleaning of machinery

Off-line measurements
water activity (as equilibrium relative humidity)
pH (spatially resolved) preservative concentration
microbial contamination of ingredients including water
microbial contamination on machinery and on other surfaces in the production area

Marker (indicator) approach
For the on-line, at-line or in situ assessment of

microbial pre-spoilage status
oxidative rancidity status
level of heat-induced deterioration
progress of ripening or conditioning browning potential
end of heat processing operation

Measured are chemical or physical variables that have first been identified as indicative of the
complex condition of interest. Usually, a given marker (or indicator) variable will be valid for a
particular group of products only. (See Section 1.3.4 and Chapter 19.)
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Temperatures vary from freeze-drying conditions (�50ºC or lower) to hot frying fat
conditions (up to 250ºC) and roasting operations (320ºC or higher). Processing and
packaging under vacuum is employed, and excess pressure is used in cooking and
canning operations. A retort would typically operate with pressures of 60–600 kPa, that is
0.6–6 bar (McFarlane 1983, see Appendix B, Tables 3 and 4). Particularly severe
conditions can prevail in a cooker extruder, where both high pressures (over 10 MPa, that
is, over 100 bar) and high temperatures (around 200ºC) can be encountered. Moreover,
the inner barrel surface is scraped by the extruder screw, and access to the food mix
within the barrel or in the extruder head is certainly restricted. The food mix itself can be
quite abrasive in the early part of its passage through the extrusion cooker. Maize grits,
for example, may be present, expanding later on in the fashion of popcorn. These
conditions present a challenge even for the design of pressure and temperature (p/T)
probes. (For a description of extrusion cookers see McFarlane 1983; O’Connor 1987;
Wiedmann and Strecker 1988.)

Nevertheless, sensors for the measurement of moisture and other variables are under
development for this hostile environment. Radiofrequency open-ended coaxial probes
have been designed to fit into the openings foreseen for the bolt-type p/T probes designed
for extrusion cookers, and a microwave stripline has been constructed for mounting in an
extrusion head (Chapter 9).

In general, the conditions in the food industry are more favourable than in a cooker
extruder. A common challenge for in situ sensors is, however, the cleaning-in-place (CIP)
procedures used in many processing systems in the food industry (Kessler and Weichner
1989). These usually involve flushing with hot caustic soda solutions (NaOH) which can
corrode probe surfaces, and this is particularly unfavourable for many chemical sensors.
High-pressure steam cleaning is another effective CIP procedure; this will challenge the
mechanical and thermal stability of a sensing head.

The strict hygiene standards in the food industry also demand that in-line probes in
contact with the sample must have crevice-free surfaces. This applies both to the sensing
head and to the mounting flange area. For aseptic processes, any sensor surfaces in
contact with the sample need to be tolerant to CIP procedures. In fermentation processes,
the use of a disposable sterilized sensor can be an option.

Any danger of chemical contamination of the food by sensor reagents or
components of slight solubility must be eliminated. The introduction of foreign
bodies, particularly glass or metal fragments, in the case of damage to the sensor, must
also be prevented. Food powders with a very low moisture content can accumulate
high electrostatic charges, and sensors that may come into contact with such powders
(typically starch-based products) must be designed to minimize the risk of a dust
explosion.

The transducer and electronics may have to withstand exposure to water, steam or
airborne dust. Occasionally, they may be enrobed in chocolate or coated with a thin film
of condensed polymerized frying oil. Sensors in contact with food or food volatiles are
often subject to fouling by proteins, fats or starch particles (Kessler and Weichner 1989).

Electromagnetic interference (EMI) will be encountered in industrial microwave
ovens or in direct ohmic heating appliances. There will also be electromagnetic noise and
mechanical vibrations from pumps, hoppers and other plant. Rotating mixer paddles
scraping the walls of a vessel may be in the way of a radiated signal or restrict the
positioning of a wall-mounted probe.
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1.2.3 Non-contact techniques and robotic sampling and conditioning
Given the often hostile conditions for invasive sensors, either during the processing of
foods or during the periodic cleaning operations, and the always stringent hygiene and
other food safety requirements, non-contact measurements are particularly attractive to
the food industry. These can be based on the interaction of electromagnetic waves,
including gamma-rays, light, infrared radiation, microwaves or radiofrequency waves, or
of ultrasound signals with the sample. Such methods do, however, require an awareness
of the nature of the interaction of the applied signal with the food, its headspace and
container. This understanding is needed at all stages of instrument development, in the
choice of suitable applications and installation points, during the setting-up and
calibration procedures (including the preparation of training samples), in the running of
the instrument and in the evaluation of the readings (Chapters 6, 7, 9, 11, 12, 13).

To develop the wide range of sensors desirable for in-line measurement in the food
industry would be prohibitively expensive. Not only different target variables, but also
different analytical ranges and variable chemical and physical environments, would have
to be catered for. The recognition of the cost that would be associated with the
development of in-line sensors for a wide range of chemical, physical and microbial
properties, each for a wide range of diverse applications, has led to an interest in
techniques that make the best of the sensors available.

Robotic sampling and sample preparation systems allow rapid measurements at short
intervals by enabling the use of sensors that would otherwise be confined to laboratory
applications. This approach has been implemented particularly in Japan. An example is
shown in Fig. 1.3 (see also Chapter 20, Section 5).

1.3 Interpreting the readings

1.3.1 Measured variables and target variables
In non-contact measurements, the relationship between the measured variables and the
target variables is often complex, so that a given calibration will apply only to a limited
range of food products and processing conditions. For instance, a water content
measurement based on near infrared reflection analysis will have to rely on a predictable
relationship between surface moisture and average bulk moisture content; or, the
monitoring of solute concentration by a measurement of ultrasound velocity depends on a

Fig. 1.3 Robotics approach.
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constant composition of both the solute and the carrier liquid (and on compensation for
temperature changes, as is the case with most measurement methods). Care in the setting
up and calibration are essential, as is the choice of appropriate applications. Non-contact
in-line techniques will then provide highly reliable continuous measurements that allow
process adjustments before an out-of-specification situation arises (Chapters 6, 9, 12, 13).

In contact measurements also, the measured variable is not always the target variable.
For example, pH is often measured as an indicator of acid concentration (provided that
the acid composition is known). Ion activity is often measured in place of ion
concentration. Frying oil samples are taken for an at-line measurement of colour or free
fatty acid (FFA) content in order to infer the degree of frying-induced polymerization and
oxidation. Yet, both colour and FFA-content are highly dependent on other factors such
as the oil type, the food fried and the frying conditions. (See Chapters 19 and 20 on oil
quality and pH, respectively.)

In the QC laboratory, the assay of chemical composition can involve deductions from
the proportion (by weight) of sample becoming volatile or dissolved under certain
conditions. Clearly, such assay types, and many others, need to take into account the
nature of the sample. Indeed, the official methods prescribe sample-specific assay
procedures.

In addition to these relationships between measured and target variables, the
significance of a target variable for the manufacturing operation needs to be considered.
This can reside in assuring the safety and stability of the food, the enjoyment in handling
and eating it, and the efficiency in producing it or in complying with legal regulations or
customer specifications. These aspects are discussed in Section 1.4.1.

1.3.2 Relationship between in-line and QC laboratory methods
Differences between the readings of the in-line instrument and the off-line quality
control (QC) laboratory results are, at times, unjustly blamed on the in-line method. The
QC reference assay can be applied only to a small fraction of the sample volume passing
the sampling point, and this alone can lead to a result differing from an in-line method
that provides 100 per cent screening. Moreover, different laboratory methods will often
give systematically differing results between them for a particular food sample type,
even though they may give identical results for other sample types (see, for example,
Fig. 1.4).

Often, the definition of the measured variable depends on the laboratory reference
method used. For example, for an oven-drying procedure, moisture is defined as that part
of the sample that will be driven off at the applied temperature and pressure. For a
titration procedure, on the other hand, the relevant part of the water is that which can be
extracted from the food matrix (or dissolved and dispersed together with food solids) and
brought into contact with the reagent. For this reason, official analysis protocols exist for
different food types; for accurate results to be achieved, an instrument used in the QC
laboratory needs to be calibrated for each food type against the official method.

In some situations, the comparison between the on-line reading and the chemical or
rheological QC result, for example, is not strictly valid because the sample changes on
removal from the line and during the preparation and analysis steps in the QC laboratory.
Oxidation, thinning, thickening, fermentation or other changes can occur during this time,
and homogenization steps can cause the breaking up of tissue cells, leading to changes in
the composition of the juices and also exposing the cell contents to oxidation or other
reactions.
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