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Optical Monitoring of Fresh and Processed Agricultural Crops, edited by Manuela Zude (2009)

Food Engineering Aspects of Baking Sweet Goods, edited by Servet Gülüm Sumnu 
and Serpil Sahin (2008)

Computational Fluid Dynamics in Food Processing, edited by Da-Wen Sun (2007)



CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Boca Raton   London   New York

THERMAL FOOD
PROCESSING

Edited by Da-Wen Sun

New Technologies and Quality Issues
Second Edition



MATLAB® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does not warrant the 
accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB® software or related products 
does not constitute endorsement or sponsorship by The MathWorks of a particular pedagogical approach or particular 
use of the MATLAB® software.

CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2012 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20120106

International Standard Book Number-13: 978-1-4398-7679-4 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been 
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright 
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may 
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the 
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For 
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



v

Contents
Series Preface ....................................................................................................................................ix
Preface...............................................................................................................................................xi
Editor ............................................................................................................................................. xiii
Contributors .....................................................................................................................................xv
MATLAB® Disclaimer ...................................................................................................................xix

PART I Modeling of Thermal Food Processes

Chapter 1 Thermal Physical Properties of Foods .........................................................................3

Adriana E. Delgado, Da-Wen Sun, and Amelia C. Rubiolo

Chapter 2 Heat and Mass Transfer in Thermal Food Processing ............................................... 33

Lijun Wang and Da-Wen Sun

Chapter 3 Thermal Effects in Food Microbiology .....................................................................65

Mogessie Ashena�

Chapter 4 Simulating Thermal Food Processes Using Deterministic Models ........................... 81

Arthur A. Teixeira

Chapter 5 Modeling Food Thermal Processes Using Arti�cial Neural Networks ................... 111

Cuiren Chen and Hosahalli S. Ramaswamy

Chapter 6 Modeling Thermal Processing Using Computational Fluid Dynamics (CFD) ........ 131

Xiao Dong Chen and Da-Wen Sun

Chapter 7 Modeling Thermal Microbial Inactivation Kinetics ................................................ 151

Ursula Andrea Gonzales Barron

PART II Quality and Safety of Thermally Processed Foods

Chapter 8 Thermal Processing of Meat and Meat Products ..................................................... 195

Brijesh K. Tiwari and Colm O’Donnell



vi Contents

Chapter 9 Thermal Processing of Poultry Products ................................................................. 221

Paul L. Dawson, Sunil Mangalassary, and Brian W. Sheldon

Chapter 10 Thermal Processing of Fishery Products .................................................................249

María Isabel Medina Méndez and José Manuel Gallardo Abuín

Chapter 11 Thermal Processing of Dairy Products .................................................................... 273

Alan L. Kelly, Nivedita Datta, and Hilton C. Deeth

Chapter 12 Ultrahigh Temperature Thermal Processing of Milk ..............................................307

Pamela Manzi and Laura Pizzoferrato

Chapter 13 Thermal Processing of Canned Foods ..................................................................... 339

Z. Jun Weng

Chapter 14  Thermal Processing of Ready Meals ....................................................................... 363

Gary Tucker

Chapter 15  Thermal Processing of Vegetables ........................................................................... 383

Jasim Ahmed and U.S. Shivhare

Chapter 16  Thermal Processing of Fruits and Fruit Juices ........................................................ 413

Catherine M.G.C. Renard and Jean-François Maingonnat

PART III Innovations in Thermal Food Processes

Chapter 17 Aseptic Processing and Packaging ........................................................................... 441

Min Liu and John D. Floros

Chapter 18 Ohmic Heating for Food Processing ........................................................................ 459

António Augusto Vicente, Inês de Castro, José António Teixeira, 
and Ricardo Nuno Pereira

Chapter 19 Radio Frequency Dielectric Heating ........................................................................ 501

Yanyun Zhao and Qingyue Ling

Chapter 20 Infrared Heating ....................................................................................................... 529

Noboru Sakai and Weijie Mao



viiContents

Chapter 21 Microwave Heating .................................................................................................. 555

Servet Gulum Sumnu and Serpil Sahin

Chapter 22 Combination Treatment of Pressure and Mild Heating ........................................... 583

Takashi Okazaki and Yujin Shigeta

Chapter 23 pH-Assisted Thermal Processing ............................................................................. 611

Alfredo Palop and Antonio Martínez Lopez

Chapter 24 Time–Temperature Integrators for Thermal Process Evaluation ............................. 635

Antonio Martínez Lopez, Dolores Rodrigo, Pablo S. Fernández, 
M. Consuelo Pina-Pérez, and Fernando Sampedro





ix

Series Preface
CONTEMPORARY FOOD ENGINEERING

Food engineering is the multidisciplinary �eld of applied physical sciences combined with the 
knowledge of product properties. Food engineers provide the technological knowledge transfer 
essential to the cost-effective production and commercialization of food products and services. In 
particular, food engineers develop and design processes and equipment to convert raw agricultural 
materials and ingredients into safe, convenient, and nutritious consumer food products. However, 
food engineering topics are continuously undergoing changes to meet diverse consumer demands, 
and the subject is being rapidly developed to re�ect market needs.

In the development of food engineering, one of the many challenges is to employ modern tools 
and knowledge, such as computational materials science and nanotechnology, to develop new prod-
ucts and processes. Simultaneously, improving food quality, safety, and security continues to be a 
critical issue in food engineering study. New packaging materials and techniques are being devel-
oped to provide more protection to foods, and novel preservation technologies are emerging to 
enhance food security and defense. Additionally, process control and automation regularly appear 
among the top priorities identi�ed in food engineering. Advanced monitoring and control systems 
are developed to facilitate automation and �exible food manufacturing. Furthermore, energy saving 
and minimization of environmental problems continue to be important issues in food engineering, 
and signi�cant progress is being made in waste management, ef�cient utilization of energy, and 
reduction of ef�uents and emissions in food production.

The Contemporary Food Engineering Series, consisting of edited books, attempts to address 
some of the recent developments in food engineering. The series covers advances in classical unit 
operations in engineering applied to food manufacturing as well as such topics as progress in the 
transport and storage of liquid and solid foods; heating, chilling, and freezing of foods; mass trans-
fer in foods; chemical and biochemical aspects of food engineering and the use of kinetic analy-
sis; dehydration, thermal processing, nonthermal processing, extrusion, liquid food concentration, 
membrane processes, and applications of membranes in food processing; shelf-life and electronic 
indicators in inventory management; sustainable technologies in food processing; and packaging, 
cleaning, and sanitation. These books are aimed at professional food scientists, academics research-
ing food engineering problems, and graduate-level students.

The editors of these books are leading engineers and scientists from many parts of the world. 
All the editors were asked to present their books to address the market’s need and pinpoint the 
cutting-edge technologies in food engineering. All contributions have been written by internation-
ally renowned experts who have both academic and professional credentials. All the authors have 
attempted to provide critical, comprehensive, and readily accessible information on the art and 
science of a relevant topic in each chapter, with reference lists for further information. Therefore, 
each book can serve as an essential reference source to students and researchers in universities and 
research institutions.

Da-Wen Sun
Series Editor
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Preface
Thermal processing is one of the most important processes in the food industry. The concept of 
thermal processing is based on heating foods for a certain length of time at a certain temperature. 
The challenge of developing advanced thermal processing for the food industry is continuing in line 
with the demand for enhanced food safety and quality as there is always some undesirable degrada-
tion of heat-sensitive quality attributes associated with thermal processing.

The �rst edition of this book was published in 2006, with the aim of providing a comprehen-
sive review of the latest developments in thermal food processing technologies, of stressing topics 
vital to the food industry today, of pinpointing the trends in future research and development, and 
of assembling essential, authoritative, and complete references and data that can be used by the 
researcher in the university and research institution or can serve as a valuable reference source for 
undergraduate and postgraduate studies. This will continue to be the purpose of this second edition.

In the second edition, besides updating or rewriting individual chapters with the latest develop-
ments in each topic area, �ve new chapters have been added in order to enhance the contents of the 
book. In Part I, two new chapters, Thermal Effects in Food Microbiology, and Modeling Thermal 
Microbial Inactivation Kinetics, have been added to provide fundamental knowledge of the related 
food safety issues raised in subsequent chapters. In Part II, a new chapter, Thermal Processing of 
Fruits and Fruit Juices, has been added to provide a complete coverage of thermally processed food 
products. Finally, two new chapters, Aseptic Processing and Packaging, and Microwave Heating, 
have been added in Part III to provide a detailed description of two common thermal processing 
techniques.
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1 Thermal Physical 
Properties of Foods

Adriana E. Delgado, Da-Wen Sun, and Amelia C. Rubiolo

1.1 INTRODUCTION

Thermal food processes, whether electrical or conventional, may be broadly classi�ed as unit opera-
tions in blanching, cooking, drying, pasteurization, sterilization, and thawing, and involve raising 
the product to some �nal temperature that depends on the particular objective of the process [1]. 
The design, simulation, optimization, and control of any of these processes require the knowledge 
of basic engineering properties of foods.

Thermophysical properties, in particular, are within the more general group of engineering 
properties and primarily comprise speci�c heat and enthalpy, thermal conductivity and diffusivity, 
heat penetration coef�cient. Other properties of interest are initial freezing point, freezing range, 
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unfreezable water content, heat generation (and evaporation), and the more basic physical property: 
density [2].

The thermal properties depend on the chemical composition, structure of the product, and tem-
perature; however, the processing of the food and the method of measurement are important as 
well. The temperature range of interest to food engineers, that is, −50°C to 150°C, covers two areas 
of food engineering, the applications of heat and cold. At low temperatures, where the conversion 
of water into ice takes place, the change in thermophysical properties is dramatic for all water-rich 
foods. However, the upper end, which is the temperature range considered here is less dramatic. 
Despite that, products rich in fat will also show phase-change effects [2].

In general, for each property, the following information is normally sought: (1) reliable method(s) 
of measurement, (2) key food component(s), and (3) widely applicable predictive relationships [3]. 
Sensitivity tests have demonstrated the signi�cance of the thermophysical properties [4]. For exam-
ple, two thermal properties, thermal conductivity and speci�c heat, and two mechanical properties, 
density and viscosity, determine how a food product heats after microwave energy has been depos-
ited in it [5].

The thermal properties treated in this chapter are speci�c heat, thermal conductivity, thermal 
diffusivity, and density. Since alternative methods to supply heat are considered in this book (e.g., 
radio frequency [RF] and microwave heating), the dielectric constant and dielectric loss factor are 
also taken into account.

1.2 DEFINITION AND MEASUREMENT OF THERMOPHYSICAL PROPERTIES

The measurement of the thermal properties has been notably described previously by many authors 
in literature [6–11] and will not be detailed here. Thermal properties of food and their measurement, 
data availability, calculation, and prediction have also been well described as one of the subjects 
undertaken within European Cooperation in Science and Technology (COST)90, the �rst food tech-
nology project of COST [2,12–14]. Dielectric properties have also been discussed within electrical 
properties in the other European Union concerted project, COST90bis [15]. It was concluded from 
the COST research projects that the physical properties of foods depend not only on the speci�c 
food material but also on the processing of the food and the method of measurement [16]. Therefore, 
a brief comment on the recommended methods used to measure thermal properties is given later.

For most engineering heat transfer calculations performed in commercial heating or cooling 
applications, accuracies greater than 2%–5% are seldom needed, because errors due to variable 
or inaccurate operating conditions (e.g., air velocity and temperature) would overshadow errors 
caused by inaccurate thermal properties [9]. Thus, precision and accuracy of measurement with 
regard to the application of the data are important factors to consider when selecting a measure-
ment method.

1.2.1 SPECIFIC HEAT CAPACITY

The heat capacity (c) of a substance is de�ned as the amount of heat necessary to increase the 
temperature of 1 kg of material by 1°C at a given temperature. It is expressed as Joules per kilo-
gram Kelvin in SI units and it is a measure of the amount of heat to be removed or introduced 
in order to change the temperature of a material. If ΔT is the increase in temperature of a given 
mass, m, as a consequence of the application of heat, Q, the calculated speci�c heat is the aver-
age, that is,

 
c

Q
m T

aveg =
Δ

 (1.1)
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If ΔT is small and q = Q/m, Equation 1.1 gives the instantaneous value of c [11]:

 
c

q
T

dq
dTT

T T

=
⎛
⎝⎜

⎞
⎠⎟

=
⎛
⎝⎜

⎞
⎠⎟→

lim
Δ Δ0

 (1.2)

If both a temperature change and a thermal transition are included, this speci�c heat is then called 
the apparent speci�c heat.

There exist two speci�c heats, cp and cv; the former is for constant pressure process and the lat-
ter for constant volume process. The speci�c heat for solids and liquids is temperature dependant, 
but does not depend on pressure, unless very high pressures are applied. For the food industry, cp is 
commonly used, as most of the food operations are at atmospheric pressure. Only with gases it is 
necessary to distinguish between cp and cv.

The methods often used to measure the speci�c heat and also the enthalpy, are the method of 
mixing, the adiabatic calorimeter, and the differential scanning calorimeter (DSC). Over the years, 
Riedel [17–20] has published extensively on both the speci�c heat and enthalpy of a wide range of 
food products [21]. He used the adiabatic calorimeter, which is a method that can provide high pre-
cision but involves long measuring times and dif�culties for preparing the sample. Although DSC 
has the disadvantages such as necessity of calibration and requirement of small samples and good 
thermal contact, it is the method generally recommended for measuring speci�c heat.

1.2.2 ENTHALPY

Enthalpy is the heat content or energy level in a system per unit mass and the unit is Joules per 
kilogram (J/kg). It can be written in terms of speci�c heat as follows [10]:

 
H c dT= ∫  (1.3)

The speci�c heat and enthalpy are properties of state. Enthalpy has been used more for quantifying 
energy in steam than in foods. It is also convenient for frozen foods because it is dif�cult to separate 
latent and sensible heats in frozen foods, which often contain some unfrozen water even at very low 
temperatures [9].

1.2.3 THERMAL CONDUCTIVITY

Thermal conductivity (k) represents the basic thermal transport property and it is a measure of the 
ability of a material to conduct heat. It is de�ned by the basic transport equation written as Fourier’s 
law for heat conduction in �uids or solids, which is integrated to give

 

q
A

k T T

z
=

−( )1 2  (1.4)

where
q is the heat transfer rate in Watts (W)
A is the cross-sectional area normal to the direction of the heat �ow in square meter (m2)
z is the thickness of the material in meters (m)
T1 and T2 are the two surface temperatures of the material
k is the thermal conductivity in Watts per meter Kelvin (W/m K)

Thermal conductivity is an intrinsic property of the material. For hygroscopic moist porous materi-
als k is a strong function of the porosity of the material [22]. Heat transfer in porous moist materials 
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may occur by heat conduction and mass transfer simultaneously, so the effective thermal conductiv-
ity is used to precisely evaluate the coupled heat and moisture transfer through porous materials.

For measuring the thermal conductivity of foods the line heat source probe has frequently been 
used and it is the method recommended for most food applications. This technique is implemented 
in two designs: the hot-wire k apparatus and the k probe. The hot-wire apparatus is widely accepted 
as the most accurate method for measuring the k of liquids and gases, but is more complicated to 
adapt to instrumentation and more dif�cult to use in solid materials [23]. The k probe method is fast, 
uses small samples, and requires known and available instrumentation [24]. However, it is not well 
suited for nonviscous �uids due to convection currents that arise during probe heating [9]. The tech-
nique has also been used to measure k of moist porous foods materials at elevated temperatures [25]. 
Although the thermal conductivity probe is derived from an idealized heat transfer model, there are 
unavoidable differences between the real probe and the theoretical model, which cause errors in 
the application of the k probe and lead the researchers to corrective measures to either compensate 
or minimize these errors [23]. Various design parameters of the k probe have been analyzed and 
recommendations are given for applications to nonfrozen food materials [23]. As a result, it is rec-
ommended that users should design their thermal conductivity probes using the highest acceptable 
error for their intended application.

A dual-needle heat pulse (DNHP) probe containing two parallel needles spaced 6 mm apart was 
developed to determine simultaneously the thermal conductivity, thermal diffusivity, and speci�c 
heat [26]. One needle contains a line heat source and the other is a thermocouple. By applying 
a short duration pulse and monitoring the temperature response to the heat pulse measured by 
the thermocouple, the thermal conductivity and thermal diffusivity of the sample are determined 
simultaneously, and then the volumetric heat capacity is calculated, which is the product of the 
heat capacity and the density. The DNHP has successfully been used �rst to rapidly and accurately 
measure the thermal properties of soils, and its use was further evaluated with selected foods (e.g., 
apple, beef round, and white and yolk egg) [27]. The DNHP probe was found to be appropriate for 
the accurate measurement of thermal conductivity, thermal diffusivity, and speci�c heat of food 
products, with measured values within 7%–8% with respect to those reported in the literature. In 
addition to its economical advantage, measurements are rapid.

Recently, the feasibility to use the transient plane-source (TPS) method for simultaneously mea-
suring k and α of foods was also evaluated [28]. The TPS sensor is made of a calibrated probe 
constructed with a resistance temperature detector (RTD). Results showed that TPS measured k and 
α values of standard materials (e.g., water, mineral oil, ethanol, ethylene glycol, and olive oil), were 
generally within 0.5%–10% from the standard values in literature. For food materials such as beef, 
chicken, �our, and apple, the deviation of experimental results with respect to published data were 
within 0.2%–15%. Results of this study suggested that the TPS method is an accurate method for 
simultaneously measuring thermal conductivity and thermal diffusivity of foods, though more stud-
ies are needed for improving the sensor construction and accuracy of the measurement.

1.2.4 THERMAL DIFFUSIVITY

Thermal diffusivity (α) determines how rapidly a heat front moves or diffuses through a material 
and can be de�ned as

 
α

ρ
=

k
cp

 (1.5)

where
ρ is the density (kg/m3)
cp is the speci�c heat at constant pressure (J/kg K)
k the thermal conductivity (W/m K) of the material
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The SI unit of α is square meters per second (m2/s). Thermal diffusivity measures the ability of a 
material to conduct thermal energy relative to its ability to store thermal energy; products of large 
α will respond quickly to changes in their thermal environment, while materials of small α will 
respond more slowly.

The thermal diffusivity of unfrozen foods ranges from about 1.0 × 10−7 to 1.5 × 10−7 m2/s and does 
not change substantially with moisture and temperature because any changes of k are compensated 
by changes of the density of the material [22]. In microwave heating, for example, the fact that 
thermal diffusivities of unfrozen foods are similar means that foods heat similarly for equivalent 
energy deposition [5].

The measurement of thermal diffusivity can be divided into two groups: direct measurement 
and indirect prediction [10]. The direct methods for experimental determination include the use of 
a cylindrical object and time-temperature data, the use of a spherical object and time-temperature 
data, and the use of a thermal conductivity probe. Indirect prediction, that is, the estimation from 
experimentally measured values of thermal conductivity, speci�c heat and density, is the recom-
mended method to determine α [9]. Since speci�c heat can be estimated with suf�cient accuracy 
from the product composition, the experimental determinations are the thermal conductivity and 
the mass density [9].

1.2.5 DENSITY

Density (ρ) is a physical property widely used in process calculations. Density of food materials 
depends on temperature and composition and it is the unit mass per unit volume:

 
ρ =

m
V

 (1.6)

The SI unit of density is kilograms per cubic meter (kg/m3). Different ways of density de�nition, 
measurement, and usage in process calculations is well discussed in literature [10]. In some cases 
the apparent density is used as bulk density. The apparent density is the density of a substance 
including all pores remaining in the material, while bulk density is the density of a material when 
packed or stacked in bulk [10]. Hence, it is necessary to mention the de�nition of density when pre-
senting or using data in process calculations [10].

The density of a food product is measured by weighing a known volume of the product. Since 
food products are different in shape and size, the accurate measurement of volume can be chal-
lenging [29]. There exist different techniques for laboratory measurement of density, which involve 
the use of pycnometer (for �uids and solids), hydrostatic balance (for �uids and solids), Mohr–
Westphal balance (for �uids), x-ray technique (for solids), and resonator frequency (for gases and 
�uids) [30]. An easy procedure recommended for measuring ρ in meat is to add a known mass 
(approximately 5 g) of sample to a calibrated 60 mL �ask, and complete the volume with distilled 
water at 22°C [11]. Density is evaluated from the following equation:

 
ρ = =

−
m
V

m
Vs w60

 (1.7)

where m and Vs are the mass and volume of the sample respectively, calculated from the added 
water volume Vw.

The bulk and solid densities can be measured experimentally and they can be used to estimate 
the bulk porosity. Porosity is an important physical property, since its changes during processing 
may have signi�cant effects on the heat and mass transport properties (e.g., thermal conductivity), 
and thus the quality (nutritive and sensory) of the food product [4].
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1.2.6 DIELECTRIC CONSTANT AND DIELECTRIC LOSS FACTOR

Electrical properties of foods are of general interest as they correlate the physical attributes of foods 
with their chemical ones, and they are of practical interest in optimization and control of dielectric 
heating processes [31]. The most intensively investigated electrical properties of foods have been 
the relative dielectric constant (ε′) and loss factor (ε″). These dielectric properties determine the 
energy coupling and distribution in a material subjected to dielectric heating [32]. The dielectric 
constant or “capacitivity” is related to the material’s capacitance and its ability to store electri-
cal energy from an electromagnetic �eld and it is a constant for a material at a given frequency. 
The dielectric loss is related to a material’s resistance and its ability to dissipate electrical energy 
from an electromagnetic �eld [1]. A material with high values of the dielectric loss factor absorbs 
energy at a faster rate than materials with lower loss factors [33]. It should always be remembered 
that dielectric properties in a time-varying electric �eld are complex, that is to say they have two 
components—real, ε′, and imaginary, ε″ [34]. The dielectric loss factor in turn is the sum of two 
components: ionic, ʹ́εσ, and dipole, ʹ́εd  loss. The ratio of the dielectric loss and dielectric constant 
is called the loss tangent or the dissipation (power) factor of the material (tan δ). The permittivity, 
which determines the dielectric constant, the dielectric loss factor, and dielectric loss angle, in�u-
ences the dielectric heating [33].

The relative ionic loss, ʹ́εσ, is related to the electrical conductivity of a food material (σ) with the 
following relationship [35]:

 
ʹ́ =ε

σ
π ε

σ
2 0f

 (1.8)

where
ε0 is the permittivity of free space (8.854 × 10−12 F/m)
f is the frequency of the electromagnetic waves (Hz)

Power penetration depth (d), one of the essential dielectric processing parameters, is de�ned as 
the distance that the incident power decreases to 1/e (e = 2.718) of its value at the surface [35]. The 
penetration depth is calculated from the dielectric constant and dielectric loss data by using the fol-
lowing expression [36]:
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 (1.9)

where c0 is the speed of light in vacuum (3 × 108 m/s). An approximation for determining the pen-
etration depth that holds for virtually all foods is given by [5]

 
d =

ʹ
ʹ́

λ ε
πε

0

2
 (1.10)

where λ0 is the free space microwave wavelength, which can be in any units of length. For 
2450 MHz, λ0 is equal to 122 mm. Knowledge of the penetration depth can help in selecting a cor-
rect sample thickness to guide the microwave or RF heating processes [35]. It has been reported 
that for mashed potatoes, for example, after calculating the penetration depth, microwave heat-
ing is advisable for packages with relatively smaller thickness (e.g., 10–20 mm for two-sided 
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heating), and RF heating should be applied for packages and trays with large institutional sizes 
(e.g., 40–80 mm depth) [35].

The food map plot for ε″ vs. ε′ with constant penetration depth lines (d) is a recommended way to 
illustrate the dielectric properties [5]. The dielectric properties of liquid and semisolid food products 
depend primarily on their moisture, salts, and solid contents. However, the extent to which each of 
these constituents affects food dielectric behavior depends very much on the processing frequency 
and the temperature history of the product [1]. In an experiment about the effect of sample heating 
procedures (temperature being raised in 10°C intervals or being raised directly to a set point, 121°C) 
on the results of measurements for whey protein gel, cooked macaroni noodles, cheese sauce, maca-
roni and cheese, it was found that the heating procedures did not affect the results of the dielectric 
property measurements for the materials tested [37].

Dielectric properties can be measured by the methods reviewed within the collaborative research 
project COST90bis [34]. The measuring methods can vary even in a given frequency range. Four 
groups of measurement methods can be considered: lumped circuit, resonator, transmission line, 
and free space methods [38]. One of the most commonly used measuring methods employs resonant 
cavities, since they are very accurate but can also be sensitive to low-loss tangents [33]. The method 
can be easily adapted to high (up to 140°C) or low temperatures (−20°C). Another popular technique 
is the open-ended coaxial probe method [33], because it requires no particular sample shapes and 
offers broad-brand measurement [35]. Venkatesh and Raghavan [39] summarized the status of the 
research in this area, and provided an extensive review of the literature on measuring techniques 
and comparison, and potential applications of dielectric properties.

1.3 DATA SOURCES ON THERMOPHYSICAL PROPERTIES

Thermal property data have been measured since the late 1800s, with almost two-thirds of that 
being published in the 1950s and 1960s [9]. A problem that industrial users normally face is that 
the data available are often of limited value because information about composition, temperature, 
error in measurement, etc., is not reported. Furthermore, moisture and air content ranges tend to 
cover a narrow band and thermophysical data at both elevated and low temperatures are sparse [40]. 
Though information available is only partial, such data are very useful for preliminary design, heat 
transfer calculations, and food quality assessment.

Different ways can be recognized to obtain information on thermal properties, namely, (1) origi-
nal publications, (2) summarizing publications such as articles, monographs, and books, (3) bibli-
ographies and compilations of literature references, (4) handbooks and data books, and �nally (5) 
computerized data banks [2]. The recommendation of the COST90 project in 1983 was to replace 
the �rst four choices mentioned earlier with one compilation of basic data and thermophysical 
properties by product, containing calculated values and experimental data as references, accompa-
nied also by a reference to their source in case more information was needed. Computer programs 
such as COSTHERM and FoodProp were developed for the thermal properties of foods. In turn, a 
computer program based on the computer program COSTHERM was developed at the Budapest 
University of Technology and Economics [16]. This program [16] considered properties of new 
food products, especially those of liquid products (e.g., milk products, oils, and fruit juices), and it 
was also improved to predict further characteristics, mainly engineering properties. The data were 
organized and processed to make them suitable for use in computer aided design packages [16]. 
Food Properties Database 2.0 for Windows [41] was the �rst database assembled in the United 
States [40]. This database includes over 2400 food property combinations and over 2450 food 
materials; it also features a collection of mathematical models that have been proposed for predict-
ing food property values. In the European Union, there is an online database available for physical 
properties of agro-food materials (www.nelfood.com) [40]. The database contains �ve main cat-
egories of data: thermal, mechanical (rheological and textural), electrical and dielectric, sorption 
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and diffusional, and optical (spectral and color) properties of foods. The future work of NELFOOD 
database will improve the predictive features of the database. The novelty of the database is that 
it speci�es both the experimental method and the descriptions of the food, and also provides a 
score (four-point scale) indicating the quality of the method speci�cation and food de�nition. This 
characteristic in particular is very helpful when selecting appropriate values or models from many 
sources available, since it is not only the data but also the interpretation and application that are 
equally important.

References to important sources of information on thermophysical properties have been pub-
lished in literature [2]; Table 1.1 presents additional information on data recently available. In par-
ticular, the Food Properties Handbook, second edition [10], contains exhaustive and extensive data 
on physical, thermal, and thermodynamic properties of foods, including measurement, predictions, 
and applications. The database of the Food Research Institute of Prague contains more than 16,000 
manuscripts, which can be accessed in part through the NELFOOD database. Average values and 
variation ranges of thermal conductivity of more than 100 food materials, classi�ed into 11 food 
categories were also compiled [42]. More than 95% of these data are in the ranges of 0.03–2 W/m K 
for thermal conductivity, 0.01–65 kg/kg db for moisture content and −43°C to 160°C for tempera-
ture range.

Very few thermal diffusivity data are available; however, thermal diffusivity can be calculated 
from speci�c heat, thermal conductivity, and mass density [9] if they are available as shown in 
Equation 1.5.

A compilation of dielectric property data has been presented (dielectric constant ε′, dielectric 
loss ε″, and penetration depth d) for a wide range of fruits, vegetables, meat, and �sh for the fre-
quency range of 2000–3000 MHz [36]. The references for each set of data and the type of mea-
surement used are provided as well. In some cases, the composition data are from sources other 
than those from which the data were taken. The amount of information available on the dielectric 
properties of foods in the RF range is limited in comparison with data at microwave frequencies. 
Dielectric properties of selected foods in the RF range 1–200 MHz have been reported along with 
information related to data sources [33]. Except for one work [46], very few studies provide the 
dielectric properties above 65°C [47]. Dielectric properties of whey protein gel, cooked macaroni 

TABLE 1.1
Literature on Thermal Physical Properties of Foods

Source Information

Nesvadba et al. [40], http://www.
nelfood.com database

Thermal, mechanical, electrical, diffusional, and optical properties. Data available 
in tables and equations as function of temperature, pressure, composition, etc.

http://www.vupp.cz/envupp/research.
htm database

Physical properties data at the Institute of Food Research Prague

Krokida et al. [42], Article Compilation of thermal conductivity data with range of material moisture content 
and temperature

Singh [41], Database Experimental values, mathematical models of food properties along with literature 
citations

Rahman [10], Chapters 13 through 
20, Textbook

Density, speci�c heat, enthalpy and latent heat, thermal conductivity, and thermal 
diffusivity

Measurement, experimental values, and prediction models

Datta et al. [36], Chapter 9 Dielectric property data of fruits, vegetables, meat, and �sh

Sosa-Morales et al. [43], Article Dielectric property data of fruits, vegetables, meat and seafood, nuts, bread, egg, 
and liquid foods

ASHRAE [44], Chapter 30 Speci�c heat, thermal diffusivity, and thermal conductivity

Singh [45], Chapter 5 Speci�c heat, thermal diffusivity, and thermal conductivity
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noodles, cheese sauce, and macaroni and cheese, at both microwave and radio frequencies (27, 40, 
915, and 1800 MHz) over a temperature range from 20°C to 121.1°C were reported [37]. Recently, a 
comprehensive review on dielectric properties for foods after the year 2000, along with the methods 
for their determination and the factors that in�uence on dielectric properties have been published 
[43]. This review [43] provides information of different foods such as (1) fruits and vegetables; (2) 
�our, dough, and bread; (3) nuts; (4) coffee grains; (5) meat, �sh, and seafood; (6) dairy products; 
(7) eggs and egg products; and (8) liquid �uids.

It is important to note that the data �le for speci�c heat capacity published in ASHARE (American 
Society of Heating, Air Conditioning and Refrigeration Engineers) Handbook of Fundamentals [44] 
is not experimentally measured values, instead they are calculated from equations based on water 
content, which can result in considerable error for calculations.

In summary, considerable data on thermal properties have been published to the present, though 
in many cases the information available is only partial. Therefore, when reporting thermal prop-
erty data, researchers should provide a detailed and informative description of the product tested 
(variety, chemical composition, pretreatment, etc.), the experimental procedures (process variables), 
and the data obtained [9].

1.4 PREDICTIVE EQUATIONS

Thermal processing was the �rst food process to which mathematical modeling was applied, 
because of its great importance to the public health safety and the economics of food processing 
[4]. Modeling requires the information of the mean or effective values of the components together 
with the representation of the physical structure [11]. Because of the large variety of foods and for-
mulations, it is almost impossible to experimentally measure the thermal properties for all possible 
conditions and compositions. Therefore, the most viable option is to predict the thermophysical 
properties of foods using mathematical models. However, if more accuracy is required, a good solu-
tion is the experimental determination.

Water as a major component in foods affects safety, stability, quality, and physical properties of 
food. Analysis of published data shows that the less water there is in the material the more discrep-
ancies between predicted and measured values that exist [32]. It seems that discrepancies arise from 
the treatment of whole water in food as bulk water, without taking into account the interactions 
between water and food components, which must affect thermal properties.

Most of the thermal property models are empirical rather than theoretical; that is, they are based 
on statistical curve �tting rather than a theoretical derivation involving heat transfer analyses [9]. 
Arti�cial neural networks (ANNs) in particular are promising tools for application to process iden-
ti�cation and controls owing to the ability to model functions with accuracy. They also offer a cost- 
effective method of developing useful relationships between variables, when the experimental data of 
these variables are available [48]. ANNs are optimization algorithms, which attempt to mathemati-
cally model the learning process by using basic foundations and concepts inherent in the learning pro-
cesses of humans and animals [49]. Neural network modeling has generated increasing acceptance in 
the estimation and prediction of food properties and process related parameters (e.g., thermal conduc-
tivity of fruits and vegetables, bakery products, milk, and speci�c heat and density of milk) [48–50].

A comprehensive compilation of predictive equations of thermal physical properties of foods is 
provided in literature [10–12,51]. From the many published equations, some examples of commonly 
used correlations are given later.

1.4.1 SPECIFIC HEAT

Water has a high speci�c heat in comparison to other food components; hence, even small amounts 
of water in foods affect its speci�c heat substantially [32]. The simplest speci�c heat model for 
low-fat foods has the following form [32]:
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 c  = a + bxp w  (1.11)

where
a and b are constants that depend on the product and temperature
xw is the water content in decimals
cp is in Joules per kilogram degrees Centigrade (J/kg°C)

Table 1.2 lists the constants a and b, the moisture content and temperature range for a great variety 
of foods [10].

It is generally accepted that speci�c heat obeys the rules of additivity. This means that the spe-
ci�c heat of a product is equal to the sum of the fractional speci�c heats of the main constituents 
[32]. Using additivity principle speci�c heat can be calculated as follows:

 
c  =  c xp pi i•  (1.12)

where
cpi is the speci�c heat at constant pressure of the food component i
xi is the mass fraction of the ith food component (water, xw; protein, xp; fat, xf; carbohydrate, xc; 

and ash, xas)

The thermal properties of the major food components as a function of temperature can be found in 
literature [52]. When the food contains a large amount of fat, the speci�c heat is made up from the 
contribution of the fat fraction and also from the phase transition of the fat.

TABLE 1.2
Linear Models for Specific Heat of Foods

Material a b xw Range T Range (°C)

Foods 837 3349

Fish and meat 1670 2500 ≤0.25

Fruits and vegetables 1670 2500 ≥0.25

Orange (navel) 1452 2515 0.00–0.89

Lentil 1030 4080 0.02–0.26 10–80

Potato 904 3266 ≥0.5

Potato 1645 1830 0.20–0.50

Milk products

Cheese (processed) 1918 2258 0.425–0.684 40

Dulce de leche 1790 2640 0.28–0.60 30–50

Sorghum and cereals 1400 3200 Low water

Sorghum 1396 3222 0.00–0.30

Wheat (hard red spring) 1090 4046 0.00–0.40 0.6–21.1

Soybeans 1637 1927

Soy �our (defatted) 1748 3363 0.092–0.391 130

Source: Rahman, S., Food Properties Handbook, 2nd edn., CRC Press, Boca 
Raton, FL, 2009, pp. 398–697.
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The speci�c heat above the initial freezing point can be calculated if the cp of the fat is assumed 
to be half of the cp of water, and the cp of the solids, which have similar speci�c heats, is assumed 
to be 0.3 times that of water cp [21,53]:

 
c  = 4180 (0.5x  + 0.3x  + x )p f s w  (1.13)

Equation 1.13 gives a rough estimate of the speci�c heat above the freezing point of the product.
An empirical equation for the calculation of cp of some different foods is given as follows [54]:

 
c 4187 x 1T 1 x exp 43xp w w w= + + − − −[ ( . )( ) ( )].γ β0 00 2 3  (1.14)

where the temperature T is in degrees Centigrade (°C), and the numerical values of the coef�cients 
in Equation 1.14 for some foods are

γbeef = 0.385 βbeef = 0.08
γwhite bread = 0.350 βwhite bread = 0.09
γsea �sh = 0.410 βsea �sh = 0.12
γlow-fat cheese = 0.390 βlow-fat cheese = 0.10

If detailed composition data are not available, the following simpler model can be used [55]:

 
c 419 23 x 628xp s s= − −0 00 3  (1.15)

where
xs is the mass fraction of solids
cp is in Joules per kilogram degrees Centigrade

Gupta [56] developed the following correlation to predict the speci�c heat of foods as a function 
of moisture content and temperature considering 15 types of foods [10]:

 
c  = 2476.56 + 2356x  3.79Tp w −  (1.16)

where
T is in Kelvin (K)
cp in Joules per kilogram (J/kg K)
xw ranges from 0.001 to 0.80 and T from 303 to 336 K

Equation 1.16 gives fairly good values for substances like sugar, wheat �our, starch, dry milk, rice, 
etc. For substances containing higher moisture (more than 80%), Equation 1.16 shows higher devia-
tions from reported values.

The speci�c heat is related to the dielectric properties and the temperature increase (ΔT) through 
the following equation [33]:

 
ΔT

tf V
c

0

p

=
ʹ2 2π ε ε δ
ρ
tan

 (1.17)
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where
t is the temperature rise time (s)
ε0 is the dielectric constant of free space
V is the electric �eld strength, equal to voltage/distance between plates (V/cm)

Equation 1.17 shows that the speci�c heat affects the resulting ΔT. A material with greater speci�c 
heat will undergo a smaller temperature change since more energy is required to increase the tem-
perature of 1 g of the material by 1°C [33]. In a multicomponent product, where the components 
have wide differences in dielectric and thermal properties, it is often necessary to balance both sets 
of properties in order to approach equal heating for each component. It is usually more fruitful to 
adjust speci�c heat rather than dielectric properties to obtain such a balance [5].

1.4.1.1 Specific Heat of Juices
The speci�c heat for fruit juices with water content greater than 50% can be calculated as fol-
lows [57]:

 
c  = 1674.7 + 25.12xp w  (1.18)

The speci�c heat (J/kg °C) of clari�ed apple juice as a function of concentration (6°Brix–75°Brix) 
and temperature (30°C–90°C) can be estimated from [11,58]

 
c  = 3384.57 18.1774Bx + 2.3472 Tp −  (1.19)

Equation 1.19 gives a good �t (correlation coef�cient R2 = 0.99) of the experimental data in the entire 
range of concentrations and temperatures under consideration.

Alvarado [59] developed a general correlation using 140 data for fruit pulps, with moisture 
content ranging from 0.012 to 0.945 and temperatures from 20°C to 40°C, which is given as 
follows [10]:

 
c  = 1560 [exp(0.9446x )]p w  (1.20)

1.4.1.2 Specific Heat of Meat
Sanz et al. [51,60] presented a list with experimental values and the most appropriate equations to 
calculate the speci�c heat, the thermal conductivity, thermal diffusivity, and density of meat and 
meat products. The following general correlation for meat products for temperatures above the ini-
tial freezing point is proposed:

 
c  = 1448 (1 x ) + 4187xp w w−  (1.21)

cp in lamb meat can be estimated with the following expression [61]:

 
c  = 979 + 3175.4xp w  (1.22)

where
xw is the moisture content in % wet basis
cp is in Joules per kilogram degrees Centigrade
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AbuDagga and Kolbe [62] measured and modeled the apparent speci�c heat of salt-solubilized 
surimi paste with 74%, 78%, 80%, and 84% moisture content in the temperature range 25°C–90°C. 
The following linear model was �tted to the experimental data as function of the temperature and 
moisture content:

 
c  = 2330 + 6 T + 14.9xp w  (1.23)

where
cp is in Joules per kilogram degrees Centigrade
The moisture content, xw, is in percent wet basis

Equation 1.23 can be considered as a workable engineering model in most design circumstances.

1.4.1.3 Specific Heat of Fruits and Vegetables
The speci�c heat (J/kg °C) of Golden Delicious apples for the temperature range from −1°C to 60°C 
can be estimated with the following correlation [63]:

 
c  = 3360 + 7.5Tp  (1.24)

and for Granny Smith,

 
c  = 3400 + 4.9Tp  (1.25)

Hsu et al. [64] proposed the following equation to predict cp (J/kg °C) for pistachio with water con-
tents ranging from 5% to 40% on wet basis [11]:

 
c  = 1074 + 27.79xp w  (1.26)

cp for potatoes (Desiree variety) can be estimated with the following correlation, which was gener-
ated from data obtained with DSC measurements, for a temperature range from 40°C to 70°C and 
moisture content from 0% to 80% on wet basis [65]:

 
c 418 4 6 1 46 1 T 2 3x 2 49 1 xp

3
w

2
w= + × + − ×− −0 0 0 0 0 0 0 2( . . . . )  (1.27)

The main relative percentage deviation of Equation 1.27 is equal to 3.36%, which indicates a reason-
ably good �t for practical purposes.

1.4.1.4 Specific Heat of Miscellaneous Products
For milk, the following expression is proposed [66] at temperatures above freezing [9]:

 
c  = 4190 x  + [(1370 + 11.3T)(1 x )]p w w−  (1.28)

where
T is in degrees Celsius
cp is in Joules per kilogram degrees Centigrade
cp (J/kg °C) for processed cheese can be estimated from the general correlation [67]:
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c  = 4101 + 1.2T (1673 + 0.27T) x (2716 1.1T) xp f ns− − −  (1.29)

Equation 1.29 is applicable to a temperature range from 40°C to 100°C, from 0.316 to 0.575 mass 
fraction of solutes, and from 0.135 to 0.405 mass fraction of nonfat solids (NFS), xns [10].

Christenson et al. [68] assumed that the dependence of the speci�c heat of bread with moisture 
follows a mass fraction model [11]:

 
c  = c  x  + c  (1 x )p pw w pdry solid w−  (1.30)

where cp of dry solid is given by

 
c  = 98 + 4.9Tpdry solid  (1.31)

T is in Kelvin (K) for 298–358 K temperature range and cp is in J/kg K.
The following empirical equation that incorporates temperature, moisture content, and protein 

content was developed to predict the speci�c heat of cereal �ours and starches between 20°C and 
110°C, moisture content between 0% and 70% dry basis and protein content from 7.5% to 16% dry 
basis [69]:

 
c T x x xp w w p= + + − ( ) +1 056 0 0058 3 71 2 34 0 62

2
. . . . .  (1.32)

where
cp is in J/g°C
xw and xp are the moisture and protein mass fraction in wet basis

Equation 1.32 predicts the speci�c heat of �ours (wheat, corn, and rice) with an average absolute 
error of 4.3% with respect to the speci�c heat of cereal �ours and starches reported in literature. 
Inclusion of a protein dependent term becomes signi�cant for predicting the speci�c heat at low 
moisture content and low protein content, while the speci�c heat of water dominates at high mois-
ture levels.

1.4.2 ENTHALPY

The enthalpy content is a relative property. For temperatures above the initial freezing point, it can 
be evaluated with the following general expression [12]:

 

H x c dTi pi

T

= ∫∑
0

 (1.33)

which is valid at atmospheric pressure. If the speci�c heats, cpi, are independent of temperature, 
then the following equation should be used:

 
H T x ci pi= ∑  (1.34)

1.4.3 THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVITY

Thermal conductivity and thermal diffusivity strongly depend on moisture content, temperature, 
composition, and structure or physical arrangement of the material (e.g., voids and nonhomogeneities). 
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The thermal conductivity of �uid foods is a weak function of their composition, and simple empiri-
cal models can be used for its estimation. However, to model the thermal conductivity of solid foods, 
structural models are needed, due to differences in micro- and macrostructure of the heterogeneous 
materials [22,70]. For example, for meat the thermal conductivity along the meat �bers is different 
from what it is across the �bers. These differences were considered by Kopelman [71]. His models 
for thermal conductivity are presented by Heldman and Singh [72].

Porous foods are dif�cult to model because of the added complexity of the void spaces. The 
effective thermal conductivity depends on the heat �ow path through solids and voids; it may be 
affected by pore size, pore shape, percent porosity, particle-to-particle resistance, convection within 
pores, and radiation across pores [9]. At low moistures, the thermal conductivity and thermal dif-
fusivity of porous foods are nonlinear functions of the moisture content, due to signi�cant changes 
of bulk porosity; at moistures higher than 30%, k increases linearly with the moisture content [4]. 
A review of thermal conductivity values and mathematical models for porous foods was given by 
Wallapapan et al. [73]. Despite the attempts in developing structural models to predict the thermal 
conductivity of foods, a generic model does not exist at the moment [42].

Since theoretical models have a number of limitations for application in food material, empirical 
models are popular and widely used for food process design and control, even though they are valid 
only for a speci�c product and experimental conditions [74].

Similar to speci�c heat, most of the models used to calculate the thermal conductivity of foods 
with high moisture content have the following form [32]:

 k c c x1 2 w= +  (1.35)

where c1 and c2 are constants. At xw = 1 most of the equations converge on the thermal conductivity 
of water. Predictions agree at high water contents, and discrepancies between experimental and 
predicted values are marked at low water contents. Table 1.3 lists some simple equations, which 

TABLE 1.3
Simple Thermal Conductivity Equations for Foods

Material Model Source

Fruits and vegetables k = 0.148 + 0.493xw

0 < xw < 0.60
[9]

Tomato paste k = 0.029 + 0.793xw

0.538 < xw < 0.708, T = 30°C
[10]

Tomato paste k = −0.066 + 0.978xw

0.538 <xw < 0.708, T = 40°C
[10]

Tomato paste k = −0.079 + 1.035xw

0.538 < xw < 0.708, T = 50°C
[10]

Spring wheat (hard red) k = 0.129 + 0.274xw

0.014 < xw < 0.148, 32°C < T < 60°C
[10]

Dairy products and margarine k = 0.141 + 0.412xw [11]

Meat and �sh k = 0.080 + 0.52xw

0.60 < xw < 0.80, 0°C < T < 60°C
[12]

Fish k = 0.0324 + 0.3294xw [12]

Minced meat k = 0.096 + 0.34xw [12]

Fruit juice k = 0.140 + 0.42xw [12]

Sorghum k = 0.564 + 0.0858xw [12]

Pistachio k = 0.0866 − 0.2817 × 10−3xw [64]

5% < xw < 40%
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only takes into account the water content of the food (xw is in decimal form). Linear models, simi-
lar to Equation 1.3, are also commonly used to estimate the thermal diffusivity with the moisture 
content or the temperature as variables [10]. Riedel [75] proposed the following equation for esti-
mating α [12]:

 
α × α ×= + −( )− −0 088 10 0 088 106 6. .w wx  (1.36)

where αw is the thermal diffusivity of water.
Several composition models have been proposed and discussed in literature [9,10,12]. Additivity 

principles can also be used to calculate the thermal conductivity of many liquids and solid foods, by 
taking into account the water, protein, carbohydrate, fat, and sometimes also the ash content. The 
following equations are recommended for estimating k of foods that are not porous [9]:

 
k x x x x xw p c f as= + + + +0 61 0 20 0 205 0 175 0 135. . . . .  (1.37)

and

 
k = + + + +0 58 0 155 0 25 0 16 0 135. . . . .x x x x xw p c f as  (1.38)

For the thermal diffusivity Hermans [76] proposed the following equation, which is slightly depen-
dent on temperature (K) [12]:

 
α ×= + +( ) −0 0572 0 0138 0 0003 10 6. . .x x Tw f  (1.39)

Although Equation 1.37 is for liquids foods [77], it is relatively accurate for solid foods [9]. Equation 
1.38 was �tted to more than 430 liquids and solids foods with satisfactory results; but it is not 
accurate for porous foods containing air (e.g., apples). The temperature effect is not included in 
Equations 1.37 and 1.38, so they are valid at the �tting region approximately at 25°C.

For heterogeneous foods, the effect of geometry must be considered using structural models [22]. 
In general, the models assume that foods consist of two different components physically orientated 
so that heat travels either in parallel or in perpendicular through each of them [32,70]. In dispersed 
systems, the volume fraction of the dispersed or discontinuous component and the thermal conduc-
tivity of the dispersed or continuous component are considered [32]. These models are not widely 
applicable since foods tend to have more than two components and they are not arranged in simple 
con�gurations [9]. The continuous dispersed components model may be expanded to more than two 
components, and then appears to have application for some food systems [9].

Saravacos and Maroulis [22] presented another approach to estimate the thermal conductivity 
as a function of moisture content and temperature, which is given in the following. To develop the 
model, it was assumed that a material of intermediate moisture content consists of a uniform mix-
ture of two different materials—a dried material and a wet material with in�nite moisture—and 
that k can be estimated using a two-phase structural model. The temperature dependence of the 
thermal conductivity is then modeled by an Arrhenius-type model, and thus, the proposed math-
ematical model has the following form:
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where
X (kg/kg db) is the moisture content
T (°C) is the material temperature
Tr is the reference temperature at 60°C
R is the ideal gas constant (0.0083143 kJ/mol K)

The adjustable parameters are as follows: k0 (W/m K) is the thermal conductivity at X = 0, T = Tr, 
ki (W/m K) is the thermal conductivity at X = ∞, T = Tr, E0 (kJ/mol) is the activation energy for heat 
conduction in dry material at X = 0, and Ei (kJ/mol) is the activation energy for heat conduction in 
wet material at X = ∞.

Table 1.4 shows the results of the parameter estimation by applying the model to all the data of 
each material, regardless of the data sources. Since the results are not based on the data of only one 
source, the accuracy is very high [22].

1.4.3.1 Thermal Conductivity of Meat
Few data are available on the thermal conductivity of meat in the cooking temperature range. For 
predictive purposes Baghe-Khandan et al. [78] developed models to estimate thermal conductivities 
at temperatures up to 90°C and heating rates of <0.5°C/min based on the initial water (xw0) and fat 
(xf) contents at 30°C [79]:

TABLE 1.4
Parameter Estimates of Equation 1.40

Material ki (W/m K) k0 (W/m K) Ei (kJ/mol) E0 (kJ/mol) SD (W/m K)

Cereal products

Corn 1.580 0.070 7.2 5.0 0.047

Fruits

Apple 0.589 0.287 2.4 11.7 0.114

Orange 0.642 0.106 1.3 0.0 0.007

Pear 0.658 0.270 2.4 1.9 0.016

Vegetables

Potato 0.611 0.049 0.0 47.0 0.059

Tomato 0.680 0.220 0.2 5.0 0.047

Dairy

Milk 0.665 0.212 1.7 1.9 0.005

Meat

Beef 0.568 0.280 2.2 3.2 0.017

Baked products

Dough 0.800 0.273 2.7 0.0 0.183

Model foods

Amioca 0.718 0.120 3.2 14.4 0.037

Starch 0.623 0.243 0.3 0.4 0.006

Hylon 0.800 0.180 9.9 0.072

Other

Rapeseed 0.239 0.088 3.6 0.6 0.023

Source: Saravacos, G.D. and Maroulis, Z.B., Thermal conductivity and diffusivity of foods, in: 
Transport Properties of Foods, Marcel Dekker, New York, pp. 269–358, 2001.

SD, standard deviation.
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For whole beef,

 
k x x Tf w= − − +( )−10 732 4 32 3 56 0 6363

0 0. . .  (1.41)

For minced meat,

 
k x x Tf w= − + +( )−10 400 4 49 0 147 1 743

0 0. . .  (1.42)

For lamb meat [11,51],

 k T; T 9113 C= + ≥ −−0 48534 1 0627 10 03. . .× �  (1.43)

Thermal conductivity for meat products and for heat transfer parallel or perpendicular to muscle 
�ber can be correlated as follows [78]:

 k x x T; Parallel to fiberw w= + + −0 1075 0 501 5 052 10 4. . . ×  (1.44)

 k x x T; Perpendicular to fiberw w= + + −0 0866 0 501 5 052 10 4. . . ×  (1.45)

The correlation given in the following is proposed for surimi paste for temperatures in the cooking 
range of 25°C–90°C [62]:

 k T T x xw w= − + − + +− − − − −1 33 4 82 10 5 10 2 45 10 1 7 10 2 4 103 5 2 2 4 2. . . . .× × × × × 55x Tw  (1.46)

where
xw is in percent wet basis
T is in degrees Centigrade (°C)

The standard deviations of Equation 1.46 ranged from 0.1% to 5%, with higher deviations found at 
higher temperatures.

1.4.3.2  Thermal Conductivity and Thermal Diffusivity of 
Juices, Fruits and Vegetables, and Others

The thermal conductivity of clari�ed apple juice as a function of the concentration (Bx) in °Brix and 
temperature (T) in k can be expressed as follows [58]:

 k Bx T= − +−0 27928 3 5722 10 1 1357 103 3. . .× ×  (1.47)

Thermal conductivity of Golden Delicious and Granny Smith apples can be evaluated as fol-
lows [11]:

 k x Tw= + −0 0159 0 0025 0 994. . .  (1.48)

and for the thermal diffusivity,

 α ×= − − −( . . ) ;0 00278 1 39 10 7T Golden Delicious  (1.49)

 α ×= − − −( . . ) ;0 00556 1 31 10 7T Granny Smith  (1.50)
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for a temperature range from the initial freezing point up to 60°C, xw and T are the water content 
on percent wet basis and temperature in °C, respectively. Simpli�ed analytical equations are very 
useful for practical industrial calculations [80].

Quadratic and multiple form correlations are also used to model k in an attempt to cover a wide 
range of moisture contents [10]. Rahman et al. [74] improved a general model developed previously 
for fruits and vegetables, and obtained the following general power law correlation which is valid 
for a wide range of temperature (from 5°C to 100°C), water content (from 14% to 88%, wet basis), 
and porosity (from 0 to 0.56):
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where α0 is the Rahman–Chen structural factor, which includes the effective value of the thermal 
conductivity (ke ) and accounts for the effect of temperature and structure of a food item as
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 (1.52)

Equation 1.51 gives a mean percent deviation from 6.8% to 15.1%, so the model can be applied 
in process design and control purposes where around 15% maximum allowable error in data is 
 permitted [74].

Califano and Calvelo [81] measured the thermal conductivity of potatoes between 50°C and 
100°C, and obtained a quadratic equation, which �tted experimental values within a mean absolute 
deviation of 2.3%, the �tted equation is given as follows [11]:

 k T T= − +− −1 05 1 96 10 1 90 102 4 2. . .× ×  (1.53)

For extruded Durum wheat pasta, k for the range 20°C–60°C can be predicted from [82]:

 k xw= +0 305 0 285. .  (1.54)

with an error in the order of 1% in the extreme temperatures [11]. For the thermal diffusivity, the 
following general relationship is proposed, involving moisture content and temperature with an 
error of 4% [11]:

 
α ×= − −( ) −1 73 0 9 0 003 10 7. . .x Tw  (1.55)

1.4.4 DENSITY

In most engineering design, it is assumed that density moderately changes with temperature and 
pressure [10]. Pretreatments (heating, cooking, drying, etc.) and product preparation are factors 
that can also in�uence the value of density. Rahman [10] presented one of the most comprehensive 
books related to food properties. Experimental values and models to predict density are reviewed 
and discussed by the author [10].

The density of materials also in�uences their electrical properties [83]. This can be seen in 
Equation 1.17, which shows that density is inversely proportional to the temperature increase (ΔT).

Some of the many equations that exist in literature for density are given here. The most com-
monly used model to predict density is
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ρ

ρ
=

∑
1

xi i/
 (1.56)

Since the porosity (ε) of a food material can strongly in�uence its density, Equation 1.55 should be 
modi�ed to incorporate porosity (ε):

 
ρ ε

ρ
= −

∑
( )1

1
xi i/

 (1.57)

and i denotes the ith component of the food system. A rule of thumb, regarding densities of major 
food components, states that values of fats, proteins, and carbohydrates fall within narrow ranges; 
consequently average values of 920, 1250, and 1550 kg/m3 can be taken for most of the calcula-
tions [11].

A general correlation for density of fruit juices, which is claimed to agree with values calculated 
from the Choi and Okos model and �ts experimental values obtained for 30 different juices, is pre-
sented in the following [84]. The following equation is valid for temperatures above freezing and for 
soluble solid concentration up to 30°Brix [11]:

 ρ × ×= + − + −− −( . ) . . .1002 4 61 0 460 7 001 10 9 175 103 2 6 3Bx T T T  (1.58)

For sour cherry, apple, and grape juices, correlations as a function of temperature (T) in K and con-
centration (Bx) are obtained as follows [11,85]:

 ρ ×= + − −0 79 0 35 0 0108 5 41 10 4. . exp( . ) .Bx T; Sour cherry juice  (1.59)

 ρ ×= + − −0 83 0 35 0 01 5 64 10 4. . exp( . ) .Bx T; Apple juice  (1.60)

 ρ ×= + − −0 74 0 43 0 01 5 55 10 4. . exp( . ) .Bx T; Grape juice  (1.61)

For fruit juices, Riedel [86] suggested measuring the index of refraction of the juice, s, and to use 
the following relationship [45]:

 
ρ =

−
+

s
s
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16 0185
.

.
.  (1.62)

In general, density of food materials varies nonlinearly with moisture content. The density of fruits 
and vegetables during drying can be correlated as follows [87]:
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where g, h, p, and u are constants for each speci�c product considered (e.g., carrot, garlic, pear, 
potato, sweet potato, etc.).

For meat products, a density equal to 1053 kg/m3 for temperatures above freezing point can be 
used [51]. AbuDagga and Kolbe [62] reported the following straight line regression in two variables 
for the density of Paci�c whiting surimi paste:
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 ρ = − −1511 2 1 16 5 4. . .T xw  (1.64)

The moisture content for Equation 1.64 ranges from 74% to 84% and T from 30°C to 90°C, xw is in 
percent wet basis. Equation 1.64 indicates that density decreases with increased moisture content 
and temperature. Protein denaturation during cooking is likely to be responsible for the decrease in 
ρ with temperature.

Pasta density as a function of moisture content (%) can be correlated as follows [11,82]:

 

1
3 02 6 46 10 4

ρ
= +( ) −. .xw ×  (1.65)

For milk it is often suf�cient to use only three components, water, fat, and NFS. The following equa-
tion was suggested for the component densities in kg/m3 in terms of temperature (°C) [88]:

 ρfat T= −966 665 1 334. .  (1.66)

 ρNFS T T= − +1635 2 6 0 01 2. .  (1.67)

The density of water as function of temperature and for the 5°C–100°C range can be calculated with 
good accuracy as follows:

 ρwater T T  T= + − + −1000 35 0 004085 0 0057504 1 50673 102 5 3. . . . ×  (1.68)

1.4.5 DIELECTRIC PROPERTIES

Electrical properties of foods have generally been of interest for two reasons. One relates to the pos-
sibility of using the electrical property as a means for determining moisture content or some other 
quality factor. The other has to do with the absorption of energy in high-frequency dielectric heat-
ing or microwave heating applications in food processing [83]. Primary determinants of electrical 
properties of foods are frequency, temperature, chemical composition, and physical structure [31]. 
The effect of composition on dielectric properties is complex. For example, the dielectric constant 
increases with moisture content for most foods, but studies report different trends for the dielectric 
loss factor [89].

Extensive experimentally obtained data for the dielectric properties of various foods are reported 
in literature; however values of dielectric properties above 100°C for both microwave and RF ranges 
are scarce [35]. Furthermore, data extrapolation from low temperature up to sterilization region 
should not be done [46].

Efforts have been made to relate dielectric properties to food composition, temperature, and fre-
quency [35]. The responses of different components in a system (e.g., salt or ash content, and carbo-
hydrates) depend upon the manner in which they are bound to the other components in a food matrix; 
the particle geometry in a food mixture is also an important parameter [90]. Therefore, for food 
mixtures, the prediction of dielectric properties from data for the individual components is dif�cult 
[90]. On the other hand, prediction from composition can potentially avoid costly measurements and 
can provide valuable insight into the behavior of individual components in the food [36].

A series of polynomial equations have been developed to estimate ε′ and ε″ for cereal grains, 
fatty/low moisture content, fruits and vegetables, and meat products [90]. The predictive equations 
include the in�uence of food composition and temperature (below 70°C in general) at microwave 
frequencies between 0.9 and 3 GHz for all the products, and up to 10 GHz for grains. Table 1.5 
shows the predictive equations which give coef�cients of determination R2 ≥ 0.9.
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Datta et al. [36] performed a regression analysis for the dielectric constant and loss data set of 
about 100 experimental points in the frequency range of 2400–2500 MHz and the temperature 
range of 5°C–65°C. The most important factors proposed to use in the predictive equations were 
moisture (moisture content greater than 60%), salt and temperature. After �tting to the reported data 
in literature, the authors [36] concluded that it was dif�cult to develop a generic composition-based 
model for all products; then, they separated meat products from those of fruits and vegetables. The 
different methods of measurement and the lack of composition data could have probably led to the 
signi�cant variability observed. For a restricted data set containing about 30 data points for raw 
beef, beef juice, raw turkey, and turkey juice, the best correlation for the dielectric constant contains 
two components—water and ash [36]:

 ʹ = − + +ε x T xw as( . . ) ( . ) .1 0707 0 0018485 4 7947 8 5452  (1.69)

Equation 1.69 has a correlation coef�cient of 0.94 and the maximum error in the prediction is 5%. 
The dielectric loss for this restricted data set was modeled as a function of the mass percentage of 
water and temperature. The addition of a temperature-dependent ash term resulted in the �nal cor-
relation, which has a high correlation coef�cient (R2 = 0.989) and an error lower than 10%:

 ʹ́ = − + + − + −ε x T T x Tw as( . . . ) ( . . ) .3 447 0 0187 0 000025 57 093 0 231 3 5992  (1.70)

ε′ and ε″ of ham as a function of temperature (0°C–70°C), moisture (38.2%–68.9%), and ash con-
tents (1.78%–6.80%) at 2450 MHz can be predicted from [89]

 ʹ = − + − +ε 25 49 1 063 1 041 0 03452. . . .x x Tw as  (1.71)

 

ʹ́ = − + + − −

− +

ε 150 2 5 243 6 220 0 2845 0 04322

0 4732

2

2

. . . . .

.

x x T x

x

w as w

as 00 002245 0 10902. .T x Tas+  (1.72)

where
xw and xas are the percentages of moisture and ash, respectively
T is in °C
The adjusted coef�cients of determination, R2, are equal to 0.817 and 0.852, respectively.

TABLE 1.5
Predictive Equations for the Dielectric Constant and Loss Factor of Foods

Food Type f (GHz) T (°C) xw (%) xa (%) xf (%) R2

Fatty/low-moisture-content foods

ε′ = 2.63 − 0.0015T + 0.162xw 1–3 0–100 0–30 0–5 70–100 0.98

Fruits/vegetables

ε′ = 2.14 − 0.104T + 0.808xw ≈2.45 0–70 50–90 — — 0.98

ε″ = 3.09 − 0.0638T + 0.213xw ≈2.45 0–70 50–90 — — 0.90

Meat products

Pork

ε′ = −70 − 0.1T + 1.7xw + (1.5 + 0.02T)xas 2–3 0–70 60–80 0–6 0–20 0.89

Poultry

ε′ = −87.3 − 0.051T + 1.91xw + (2 + 0.02T)xas 2–3 0–70 60–80 0–5 ≈10 0.90

Source: Calay, R.J., Int. J. Food Sci. Technol., 29, 699, 1995.



25Thermal Physical Properties of Foods

Sipahioglu et al. [47] obtained dielectric constant and loss factor predictive equations for tur-
key meat with the addition of sodium chloride, sodium tripolyphosphate, glycerol, lactic acid, and 
sodium lactate as a function of temperature (5°C–130°C), moisture, water activity, and ash content 
at both 915 and 2450 MHz.

Sipahioglu and Barringer [91] developed predictive equations at 2450 MHz for 15 vegetables and 
fruits at 5°C–130°C as a function of temperature, ash content (0.26%–1.56%), and moisture con-
tent (57.30%–95.89%). It was found that separating vegetables from fruits increased the correlation 
between dielectric properties and food composition and temperature. Predictive equations for each 
vegetable and fruit as a function of temperature were also reported. The average percent error of 
prediction was 6.20% for the dielectric constant and 13.22% for the dielectric loss. Table 1.6 lists 
the predictive equations at 2450 MHz. The units for temperature, and moisture and ash contents are 
°C and percent wet basis, respectively.

Dielectric properties of mashed potatoes relevant to microwave and radio-frequency pasteuri-
zation and sterilization processes have been measured over 1–1800 MHz and 20°C–120°C, and 
regressed with polynomial relationships as a function of moisture content (81.6%–87.8% wet basis), 
and salt content (0.8%–2.8% wet basis) [35]. The regression equations are shown in Table 1.7 at four 
frequencies: 27, 40, 433, and 915 MHz. All the regression equations have R2 values equal to or above 
0.91. The calculated data for ε′ differ from measured values by less than 10%, and the calculated 
data for ε″ differ by 1%–25%, except that the discrepancies are up to 40% at 20°C. Literature shows 
that it is more dif�cult to predict loss factor than dielectric constant [91].

ε′ and ε″ for skim milk, green pea puree, and carrot puree were measured under continuous �ow 
conditions, and were correlated as a function of temperature for a temperature range of 20°C–130°C. 
The second-order polynomial correlations obtained at 915 MHz are as follows [92]:
For skim milk,

 ʹ = − −ε 73 4 0 1615 0 001 2. . .T T  (1.73)

 ʹ́ = + +ε 13 15 0 0489 0 0009 2. . .T T  (1.74)

For green pea puree,

 ʹ = − −ε 74 8 0 2957 0 0007 2. . .T T  (1.75)

TABLE 1.6
Predictive Equations for Vegetables and Fruits at 2450 MHz
Dielectric constant

Overall ε′ = 38.57 + 0.1255T + 0.4546xw − 14.54xas − 0.0037xwT + 0.07327xasT

Vegetables ʹ = − + + − + − −ε 243 6 1 342 4 593 426 9 376 5 0 01415 0 32. . . . . . .T x x x x Tw as as w 1151x Tas

Fruits ε′ = 22.12 + 0.2379T + 0.5532xw − 0.0005134T2 − 0.003866xwT

Dielectric loss factor

Overall ʹ́ = − + − + −

+

ε 17 72 0 4519 0 001382 0 07448 22 93 13 442 2. . . . . .T T x x xw as as

00 002206 0 1505. .x T  x Tw as+

Vegetables
ʹ́ = − − + + − +ε 100 02 0 1611 0 001415 2 429 378 9 316 22 2. . . . . .T T x x xw as as

Fruits ε″ = 33.41 − 0.4415T + 0.001400T2 − 0.1746xw + 1.438xas + 0.001578xwT + 0.2289xasT

Source: Sipahioglu, O. and Barringer, S.A., J. Food Sci., 68, 234, 2003.
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 ʹ́ = + +ε 13 2 0 0829 0 0005 2. . .T T  (1.76)

For carrot puree,

 ʹ = − −ε 77 5 0 2022 0 00001 2. . .T T  (1.77)

 ʹ́ = + +ε 18 4 0 0359 0 0019 2. . .T T  (1.78)

The correlation coef�cients for Equations 1.73 through 1.78 were higher than 0.97.
ANN was found to be a suitable method to express dielectric constant and dielectric loss factor of 

cakes [93]. The ANN model developed can be used in different formulations, with or without emul-
si�ers and/or fat replacers, and under a wide range of moisture content and porosity values. Such 
models are useful for the estimation of dielectric properties of bakery products, which are needed 
for modeling the heat transfer during microwave baking.

1.5 CONCLUSIONS

Extensive data on experimental values and predictive equations for thermal properties of foods have 
been reported in literature; in some areas, for example, dielectric properties, the data are very lim-
ited. Although the data are sometimes incomplete, they are of great value for preliminary design, 
heat transfer calculations, and food quality assessment. There are few databases available at present, 
and in some cases (e.g., Nelfood) the databases available give a score indicating the quality of the 
method speci�cation and food de�nition. These databases can be very helpful tools when there is no 
enough expertise. In general, data or predictive equations for the upper temperature range of interest 
to food engineers are rather scarce. Mathematical models for predicting properties are very useful, 
but if more accuracy is desired, experimental determination should be carried out. The data analysis 
shows that when experimental values are compared with the ones obtained from predictive models, 
the less the water there is in the material, the higher are the discrepancies between predicted and 
measured values. The reason seems to be the treatment of water as bulk water, without taking into 
account the interactions with the food components. Future work, as suggested by many researchers, 
should be addressed to study the in�uence of the state of water on thermal and electrical properties.

TABLE 1.7
Predictive Equations for the Dielectric Properties of Mashed Potatoes

Dielectric constant R2

27 MHz ʹ = + − + + −ε 54 98 5 81 2 0 000019 0 00121 0 0000262 3 2 2. . . . .x x T T x T xas as as ww as+18 6 3. x 0.95

40 MHz ʹ = + − + + −ε 37 5 114 86 4 0 000020 0 000683 0 0000352 3 2. . . . .x x T T x Tas as as
22 318 6x xw as+ . 0.91

433 MHz ʹ = − + + − − +ε 59 2 0 940 115 0 00138 82 4 16 82 3. . . . .x x Tx x xw as w as as 0.92

915 MHz ʹ = − + + − + − +ε 85 5 1 26 105 76 3 0 000012 0 000025 152 3 2. . . . .x x x T T xw as as w ..7 3xas 0.91

Dielectric loss factor

27 MHz ε″ = −285 + (636 + 0.0893T2)xas 0.98

40 MHz ε″ = −187 + (426 + 0.0601T2)xas 0.98

433 MHz ε″ = −9.51 + (39.1 + 0.0053T2)xas 0.97

915 MHz ε″ = 0.12 + (19.3 + 0.00234T2)xas 0.96

Source: Guan, D. et al., J. Food Sci., 69, FEP30, 2004.
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NOMENCLATURE

Symbols
a,b Constants in Equation 1.11
A Area (m2)
Bx Concentration (°Brix)
c Speci�c heat (J/kg °C)
c0 Speed of light in vacuum (m/s)
c1,c2 Constants in Equation 1.35
d Penetration depth (cm)
E0 Activation energy in dry material (kJ/mol)
Ei Activation energy in wet material (kJ/mol)
f Frequency (Hz)
g,h Constants in Equation 1.63
H Enthalpy (J/kg)
k Thermal conductivity (W/m K)
m Mass (kg)
p Constant in Equation 1.63
q Heat transfer rate (W)
Q Heat (kJ)
t Time (s)
u Constant in Equation 1.63
V Electric �eld (V/cm)
VS Sample volume (m3)
Vw Water volume (m3)
x Mass fraction
z Thickness (m)

Greek letters
α Thermal diffusivity (m2/s)
α0 Rahman–Chen structural factor
β Constant in Equation 1.14
δ Dielectric loss angle (°)
ΔT Temperature increase (°C)
ε Porosity or volume fraction
ε0 Dielectric constant of vacuum (8.85419 × 10−12 F/m)
ε′ Dielectric constant of the material (F/m)
ε″ Dielectric loss factor of the material (F/m)
ʹ́εd  Dipole loss component (F/m)
ʹ́εσ  Ionic loss component (F/m)

γ Constant in Equation 1.14
λ0 Free space microwave wavelength (m)
ρ Density (kg/m3)
σ Electrical conductivity (S/m)

Subscripts
A Air
As Ash
C Carbohydrate
E Effective value
F Fat
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i ith component in a food system
ns Nonfat solids
P Protein
R Reference temperature (°C)
S Solids
W Water
W0 Initial water content
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