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h i g h l i g h t s

� Development of quality attributes significantly depends on control strategies.
� Online measurements show that information can be used for process control optimisation.
� Product temperature controlled drying is gentler at comparable drying times.
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a b s t r a c t

The influence of two different control strategies, constant air temperature and constant product tem-
perature, on product quality and drying behaviour of apples was investigated. The interactions of the
drying parameters air temperature (35e100 �C), product temperature (35e85 �C), dew point tempera-
ture (5e30 �C) and air velocity (2.0e4.8 m/s) with drying time, colour changes and shrinkage were
measured continuously and determined for both strategies. Based on these results the two strategies
were compared with regards to their effect on drying performance.

The results show that the drying strategy has a significant influence not only on the development and
duration of the drying process but also on the development of colour changes and shrinkage. Controlling
product temperature led to shorter drying times and generally lower colour changes. Furthermore, it was
shown that the product temperature develops characteristically; two stages and a clearly visible tran-
sition period can be detected. This potentially can be used to control the process and, therefore, improve
its performance regarding duration and quality aspects.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Convection drying is one of the oldest and most wide spread
means of preserving food. It was identified a long time ago that, as
most food products are heat sensitive, the crucial factor in the
convection drying of food and other sensitive agricultural products
are the product temperature and, in particular, preventing that
temperature from exceeding critical levels. Excessive temperatures
lead to structural, organoleptic (smell, taste, visual appearance,
chewiness etc.) and nutritional changes [1]. The extent of changes
of the most important quality characteristics like colour (pigments,

enzymatic and non-enzymatic browning) and nutritional value
(anti-oxidants, vitamins) usually increases with increasing tem-
perature. The dependency of reaction constants on temperature
allows for the assumption that drying at lower temperatures leads
to a lower loss of valuable compounds [2]. However, traditionally,
the drying process is controlled by keeping the air temperature
constant on a predefined level. Often product temperature is un-
known or if it is measured it is not included in the process control
system [3]. The changes of product characteristics during the dry-
ing process are related to reactions of zero-order or 1st order [4]
and usually product temperature is assumed to be constant.
However, several studies on medicinal herbs, fruits and vegetables
[5e7] have shown that for products with high initial product
moisture content, product temperature changes almost throughout
the process and only comes close to air temperature at the end of
the process.
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Several authors have shown for different sensitive biological
products [8,9] that they are not excessively damaged when exposed
to high air temperatures during the first period of drying. This can
be explained by the initially very high moisture content of the
product that leads to a great difference between dry and wet bulb
temperature, therefore no thermal damage is risked in this phase.

A multitude of studies have investigated the influence of drying
conditions in convection drying on drying kinetics and quality as-
pects of apples [9e16]. The general consent is that increase of air
temperature has the most significant influence on drying kinetics,
in addition to colour change, whilst high air velocity is regarded as
reducing shrinkage [17].

In recent years, the importance of dynamic process control has
gained increased recognition in production of dried food stuffs.
Research on the influence of periodically changing drying condi-
tions showed that reducing temperature step wise from an initially
high temperature results in a reduction of colour changes in guava
[18]. Product quality of dried potatoes can be improved by cyclically
changing drying conditions [19]. Cho and Chua [20] concluded that
intelligent online-control of drying necessitates step wise change of
air temperature and observation of product temperature. However,
only a very limited number of studies have actively controlled the
product temperature. Isothermal drying has been used for control
of combined drying processes and for the measurement of effective
diffusivity and shrinking of hygroscopic materials [13,21]. None-
theless, only a few studies [22] have actually obtained and verified
isothermal conditions, uniform temperature is usually assumed.
According to Srikiatden and Roberts [23] isothermal conditions
may be possible for convective hot air drying of a porous material
having a very small characteristic dimension. Lengyel [24] showed
that for the system in question, in bodies with less than 10 mm
thickness, the core warms very quickly and therefore the body
temperature is quasi uniform.

Colour and shrinkage are two of the most important aspects in
determination of product quality. They are both directly related to
consumers’ appreciation of a product as they tend to associate
product colour and other visual properties with its taste, hygienic
security, shelf life, nutritional value and personal satisfaction [25].
Furthermore, colour is directly linked to aroma and taste of the
product [26] while shrinkage tends to be linearly related to mois-
ture content [27]. The degree of shrinkage depends directly on the
temperature, humidity and velocity levels applied.

This paper is concerned with the determination of the influence
of drying strategy and conditions on the quality of dried apples and
performance of the process represented by the duration, temper-
ature and product quality developments. Colour and two-
dimensional shrinkage have been used as indicators of product
quality as they comprehensively represent stresses during drying.

2. Materials and methods

2.1. Raw material

Apples of the Jonagold variety were used as experimental ma-
terial. Fruits were obtained from a local farmer (Lake Constance,
Germany) and stored in the fridge at 4 �C. Before drying, raw ma-
terial was cut into slices of 3.9 mm � 0.2 mm thickness with an
outer diameter of 72 mm and an inner diameter of 20 mm. Average
weight per slice was 13 g � 0.2 g.

2.2. Convection drying

Drying tests were carried out using a high precisions laboratory
dryer developed in the department of Thermal Process Engineer-
ing, University of Applied Sciences Konstanz, Konstanz (Germany).
The experimental system essentially comprises of 5 units: (i) an air
flow control unit, (ii) an air conditioning unit, with a water bath
including heating and chilling units and a packed bed, (iii) a heating
control unit with heating elements, (iv) a drying compartment that
allows for either over or through flow air stream for convective
drying of product (v) a non-invasive online measurement system,
including a CCD camera and a pyrometer. A detailed description of
the dryer was given by Sturm and Sturm et al. [7,28].

For the air temperature controlled tests, the dryer was pre
heated for 20 min to reach the defined set temperatures. The apple
slices were then distributed as described by Sturm [28]. The total
weight of the samples was approximately 90 g. In the case of sur-
face temperature control the dryer was turned on at the start of the
experiment. Air temperature controlled drying was conducted at
35, 45, 60, 75 and 85 �C. Product temperature controlled drying was
conducted at 35, 40, 47.5, 55 and 60 �C. During experiments where
product temperature was controlled, maximum air temperature
was limited to 100 �C. This was due to the fact that the industrial
dryers in question are not operating at any temperatures higher
than 100 �C. Dew point temperaturewas set to 5.0,10.0,17.5, 25 and
30 �C and air velocity to 2.0, 2.6, 3.4, 4.2 and 4.8 m/s for both
strategies investigated. The samples were dried until they reached a
moisture content of approximately 0.13 gw/gDM. This moisture
content was chosen because it is typically used in production of
dried apple products (aW ¼ 0.5 [29] in desorption and 0.52 to 0.55
[30] in absorption).

During drying, the weight, air temperature and product tem-
perature weremeasured continuously. Colour and two dimensional
shape (visible cross section) of samples were measured every five
minutes using the integrated CCD camera (The Imagingsource DFK
31BU03.H). The details of the optical systems as well as the cali-
bration were described in Sturm et al. [7]. For the representation of

Nomenclature

A air
DE total colour difference
P product
R2 coefficient of determination
S shrinkage
t time (min)
v velocity (m/s)
x arithmetic mean
x independent variable
X moisture content (gW/gDM)
y response variables

Greek letters
b approximated coefficient
ε experimental variance
4 relative humidity (%)
s standard deviation
w temperature (�C)

Subscripts
A air
dp dew point
Dr drying
DM dry matter
P product
W water
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