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Preface

The preservation processes for foods have evolved over several cen-
turies, but recent attention to nonthermal technologies suggests the 
initiation of a new direction in food preservation. This book docu-
ments the quantitative approaches to preservation process design and 
prepares food science professionals for the food preservation chal-
lenges of the future—such as evaluating emerging preservation tech-
nologies and selecting appropriate food preservation technologies.

The text focuses on the three primary elements of food preserva-
tion process design:

1. Kinetic models for changes in food components, including 
microbial populations—the background, statistics, and applica-
tions of kinetic models used to describe changes in components 
of food during a preservation process.

2. Transport models for food systems—the primary transport 
models needed to describe the changes in physical characteris-
tics within a food structure during a preservation process.

3. Process design models—the integration of kinetic and transport 
models, as needed predict the process time required to accom-
plish the desired objectives of the preservation process.

The concepts presented build on the strong, successful history 
of thermal processing of foods, using examples from these preser-
vation processes. Significant attention has been given to the fate of 
food quality attributes during the preservation process and the con-
cepts for optimizing the process parameters to maximize the reten-
tion of food quality.



viii  Preface

Food Preservation Process Design is an ideal text for a capstone 
or senior design course at the fourth year of the undergraduate pro-
gram in food science. The information in the book also provides 
the basis for a graduate-level course on preservation processes. 
The examples, tabular data, and the computational approaches are 
designed to stimulate individual or team efforts in process design. 
In addition, the content should be an excellent reference for food 
industry professionals involved in preservation process design.

The first chapter provides historical background on food pres-
ervation processes, with an emphasis on quantitative aspects. 
Attention has been given to positive outcomes from successful 
food preservation technologies as a basis for evaluating alternative 
process technologies. The introduction to the book emphasizes the 
challenges associated with experimental verification of preserva-
tion processes, and the opportunities for optimizing the processes 
to maximize retention of product quality attributes.

Chapter 2 presents the background on kinetic models currently 
used for food preservation process design. The evolution from 
reaction rate kinetics is reviewed, and examples are used to illus-
trate the evaluation of the appropriate kinetic parameters for first- 
and multiple-order models. The relationships of the typical kinetic 
parameters to the traditional parameters from thermal processing 
are presented, along with a justification for a more uniform set of 
parameters for the future.

Typical kinetic parameters for inactivation of microbial popula-
tions are presented in Chapter 3. Some of the best available kinetic 
parameters for both vegetative pathogens and pathogenic spores are 
presented in tabular form, along with background on the conditions 
of measurement. These parameters include examples for alterna-
tive process technologies. The variability associated with kinetic 
parameters, as well as the influence of product composition on the 
magnitude of the parameters, has been considered with examples 
illustrating the use of the kinetic parameters in process design.

Chapter 4 covers the kinetic parameters for typical food product 
quality attributes. Most of the available parameters are for nutrient 
and color changes as a function of temperature. Examples illus-
trate the use of kinetic models to predict the retention of quality 
attributes during a preservation process and provide the basis for 
optimizing the retention of quality.

The fundamental aspects of transport models are presented in 
Chapter 5, as background for food preservation process design.  
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The prediction models for physical properties based on product 
composition have been provided along with typical transport models 
for thermal energy exchange. Emphasis has been placed on models 
for prediction of temperature within the food product structure dur-
ing typical preservation processes and on the unique relationships 
occurring during the application of alternative process technologies.

In Chapter 6, the emphasis is on process design and the inte-
gration of appropriate kinetic and transport models. The process 
design parameter for food preservation is established, with specific 
attention to microbiological safety, as well as product spoilage. The 
impact of product structure on uniform application of the process, 
as well as the influence on process design, is illustrated. The sub-
sequent impact of the process on product quality attributes is illus-
trated through the use of examples.

The validation of the preservation process is the subject of 
Chapter 7. The challenges associated with process validation when 
attempting to confirm probabilities of survivors is illustrated through 
examples. The appropriate use of surrogate microorganisms, chemi-
cal tracers, and other approaches to measuring the impact of the 
process being evaluated is discussed, with some of the unique con-
cerns and requirements for alternative technologies considered.

The process design approach presented in this book provides the 
ideal opportunity for optimization of preservation processes, as 
demonstrated in Chapter 8. The unique relationship of the magni-
tudes of kinetic parameters for microbial populations as compared 
to product quality attributes provides the basis for maximizing 
quality retention, while achieving the microbial safety and product 
shelf-life. The extension of these concepts to alternative preserva-
tion technologies is also explored.

The final chapter of the book is a brief look at the future of food 
preservation process design, with an emphasis on the need for 
more and improved kinetic parameters for both microbial popula-
tions and quality attributes. Some of the challenges associated with 
alternative preservation technologies are also discussed.

In closing, I would like to acknowledge the feedback and 
encouragement from many colleagues as the content of this book 
evolved. These colleagues include many students enrolled in 
courses where several of the concepts covered in this volume were 
presented and tested. The comments from all have been valuable in 
finalizing the concepts shared throughout these pages.

Dennis R. Heldman
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1

People have been preserving foods for centuries! Of course, the 
processes used for preservation have evolved at different points in 
history, but the evaluation and design of processes have become 
quantitative as more scientific research on the processes has been 
completed. The overall purpose of this book is to illustrate the 
applications of the most recent research for quantitative evalua-
tion and description of preservation processes. These illustrations 
should strengthen the quantitative basis of current preservation 
process design and provide the background to identify information 
needed to enhance quantitative design of processes in the future.

The primary focus of food preservation has been on control-
ling microbial populations, with a specific emphasis on pathogenic 
microorganisms. According to Potter and Hotchkiss (1995), the 
primary preservation technologies for foods include the following:

Heat: The use of thermal energy to increase the temperature of 
a food is the most recognized and widely used agent for food 
preservation. Elevated temperatures cause a decline in microbial 
populations and extend the shelf life of the product by eliminat-
ing microorganisms causing food spoilage and food-borne illness 
in humans. Many shelf-stable foods are available to consumers  
as a result of thermal processing. These processes have been 
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described in a quantitative manner for many years and provide a 
fundamental basis or structure for describing other preservation 
processes (Figure 1.1).
Refrigeration: The use of reduced temperatures to extend food 
product shelf life has a long history. Ice has been used for cen-
turies to reduce the temperature of foods and prevent spoilage. 
In general, the reduction of a food product temperature does not 
reduce the microbial population but prevents microbial growth 

Harvesting Receiving
raw product

Sorting and
grading

Filling

Cooling Labeling Warehousing
and packing

Exhausting
Sealing

Processing

Blanching
Peeling and coring

Soaking and
washing

Figure 1.1 Typical	steps	in	the	heat	preservation	process	(from	Jackson	&	Shinn,	
1979).
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and the associated deterioration of other food quality attributes 
(Figure 1.2).
Dehydration: Drying foods may have been one of the earli-
est forms of preservation. Exposure of many foods to thermal 
energy from the sun causes water to evaporate from the prod-
uct. Sufficient reductions of moisture content inhibit the growth 
of microorganisms, and the product spoilage associated with 
microbial growth (Figure 1.3).
Acidity: Adjustments in the pH of a food is a popular preserva-
tion step for many products. This type of preservation occurs 
in different ways in different foods, ranging from naturally low 
pH (high acid) foods to fermentation processes where growth of 
selected microorganisms causes an adjustment in the pH of the 
product, and the inhibition of growth of pathogens and spoil-
age microorganisms. Often, the pH of the food is used in com-
bination with other processes, such as thermal, to accomplish 
preservation.

Figure 1.� A	refrigerated	storage	cabinet	for	food	products	(Nuline	Refrigeration	
www.nulinerefrigeration.com.au/5.html).

Figure 1.� An	array	of	packaged	dry	foods	(www.gdargaud.net/Antarctica/
WinterDCe.html).

www.nulinerefrigeration.com.au/5.html
www.gdargaud.net/Antarctica/WinterDCe.html
www.gdargaud.net/Antarctica/WinterDCe.html
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Water activity: Many food components (natural or added) 
influence the growth of microbial populations in products. 
Elevated concentrations of sugars and salts cause microbial 
cell dehydration, which is the diffusion of water from the cell, 
leading to inhibition of growth or complete inactivation. These 
same impacts occur in dry and intermediate moisture foods. 
The magnitude of product water activity has become an indictor 
used in control of food deterioration, including spoilage due to 
microbial growth.
Smoke: A traditional method of preservation for meat and meat 
products involves the use of smoke to control microbial growth. 
The impact of the method is due to the influence of smoke com-
ponents on microorganisms, a mild temperature increase for an 
extended period of time along with a reduced moisture content 
of the food, at least near the product surface.
Atmospheric composition: The shelf life of many food prod-
ucts has been extended by reducing or eliminating the concen-
tration of oxygen in the atmosphere or gas in direct contact 
with the product. This approach has been effective for products 
with deterioration caused by aerobic spoilage microorganisms. 
Several packaging systems have been developed using these 
concepts. However, there are obvious concerns and limitations 
to this approach when anaerobic pathogens or spoilage microor-
ganisms are present in the product.
Additives: Many chemicals inhibit the growth of micro-
bial populations or inactivate microorganisms, and a few of 
these additives have been approved for use in foods at low 
levels, as preservatives. Most of the additives are specific 
for certain spoilage microorganisms and for specific product 
applications.
Radiation: Various wavelengths within the electromagnetic 
spectrum are effective for inactivation of microorganisms, and 
many have been evaluated as preservation processes for food 
products. Only a limited number of products preserved by radi-
ation have been made available to consumers, due to the nega-
tive perception of the technology.
Alternatives: During the past 15 years, several alternative tech-
nologies have evolved for evaluation as preservation processes 
for food products. These technologies include ultra-high pres-
sure, microwave or ohmic heating, and pulsed electric fields. 
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Sufficient information on the influence of these processes on 
microbial populations in foods must be assembled to allow 
quantitative evaluation of the processes (Figure 1.4).

All of the preceding approaches to preservation of foods have 
contributed to the safety and stability of foods available to consum-
ers by controlling or eliminating microbial populations in foods. 
Many of the technologies are used in combination with another 
technology, and do not accomplish the desired result independ-
ently. Only heat (or the thermal process) and radiation have been 
demonstrated to cause a reduction in a target microbial population 
and have been quantified in a consistently predictable manner. Due 
to negative consumer perceptions about radiation, it is unlikely 
that consumers will accept food products from radiation preserva-
tion in the near future. Due to this situation, radiation has not been 
included as a preservation technology for analysis in this book. 
Heat has been used in combination with many of the other preser-
vation technologies mentioned. In addition, other technologies used 
in combination with heat influence the effectiveness of thermal 
processes. Recent developments with ultra-high pressure and pulsed 
electric fields suggest that these technologies are similar to thermal 
and may be used in combination with other technologies.

Juice
extraction

Product
preparation

Bulk bag
filler

Storage

Emptying

+4 °C

+

–

Figure 1.� Use	of	high	pressure	for	food	preservation	(from	Singh	&	Yousef,	2005).
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In summary, this book focuses on the quantitative evaluation of 
preservation processes for food products. The process design con-
cepts build on the long and successful history of thermal process 
design but extend the analysis to combination processes and to 
nonthermal technologies, such as ultra-high pressure and pulsed 
electric fields. In addition, the analysis covers concepts needed 
to estimate the impact of a process on food components, includ-
ing nutrients and other product-quality attributes. Finally, the 
book explores opportunities to optimize preservation processes to 
achieve process efficiency and product quality retention.

1.1  History of preservation processes

Although the history of food preservation dates back many cen-
turies to the use of thermal radiation from the sun to create dry 
foods, the work of Nicholas Appert is recognized as the first suc-
cessful controlled process. Appert (1810) developed a system for 
sealing food in glass bottles and used thermal energy to increase 
the temperature of the product to levels exceeding 100°C. His 
work was stimulated by a prize offered by the French Directory in 
1795, in response to the need to provide sufficient and safe foods 
to Napoleon’s troops. By 1809, Appert had succeeded in preserving 
certain foods by immersing glass containers, containing the food, 
in boiling water. He was awarded the prize from the French govern-
ment. Appert’s accomplishments are recognized as the beginning of 
thermal processing (commercial sterilization) to create shelf-stable 
foods (Figure 1.5).

Nearly 50 years passed before a fellow Frenchman, Louis 
Pasteur, discovered that the origin of food spoilage was the growth 
of microorganisms. Today, Pasteur is recognized for another ther-
mal preservation process: Pasteurization.

Many developments and occurrences have contributed to the 
evolution of preservation process design. Following the break-
through discoveries of Appert and Pasteur, developments were 
very slow for nearly 100 years. The pioneers of thermal process-
ing research and application in the United States were Prescott 
and Underwood (1897). These researchers completed the impor-
tant research on microbiology of canned foods. These develop-
ments were accompanied by new methods for manufacturing metal 
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cans, specifically for food applications. In the 1920s, research by 
Bigelow (1922) and Ball (1923) began to provide the basis for 
quantification of the process and introduced opportunities for pre-
dictive process design. The book Sterilization in Food Technology 
by Ball and Olson (1957) provided exhaustive documentation of 
these developments. Among the contributions during this time was 
the application of the thermocouple to the measurement of temper-
atures during experimental processing of foods. Shortly thereafter, 
Stumbo (1965) published Thermobacteriology in Food Processing 
and provided an additional view on the need for predicting process 
times for thermal processing of shelf-stable foods. The consistent 
trend toward quantification of the preservation process during this 
time period is best emphasized by the quote from the preface of 
Ball and Olson (1957) in Figure 1.6.

Figure 1.� Portrait	of	Nicholas	Appert	(Appert,	Nicholas.	1810.	L’art de conserver.	
Chez	Patri	et	Cie).

Quote from Ball and Olsen 
(1957)

“the development of the mathematical 
structure of this system, it is the authors 
intention to present a comprehensive 
exposition of the basic principles of 
sterilization, including physical, biological, 
and mathematical concepts, upon which the 
structure is founded”   

Figure 1.� Quote	from	Ball	and	Olson	(1957).
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In the early 1900s, a series of food poisoning outbreaks and 
deaths due to Cl. Botulinum toxin in canned foods prompted the 
research and contributions of Bigelow (1920) and Ball (1927). 
These outbreaks led to the establishment of the National Canners 
Association (NCA) (later National Food Processors Association 
[NFPA], now Grocery Manufacturers Association [GMA]). The 
NCA established laboratories in 1913 to assist the food canning 
industry in responding to food safety challenges. During the fol-
lowing century, significant discoveries were published on quantify-
ing the process and the impact of thermal processing on nutrients in 
foods. These discoveries were followed by a new focus on research 
to improve the precision of process design for thermal processes. 
These same food safety concerns also resulted in the Food, Drug 
and Cosmetic Act of 1938, and the specific regulations for thermally 
processed low-acid foods packaged in hermetically sealed contain-
ers, as published in the Code of Federal Regulations (CFR 21.113). 
These historical developments emphasize the importance of these 
processes, and the motivation for continuing to refine process design 
for all preservation processes for foods (Figure 1.7).

Starting in the middle of the twentieth century, a series of refine-
ments to the prediction methods for preservation processes were 
initiated. The work of C. Olin Ball and C. R. Stumbo stimulated 
most of these refinements. A few of the key contributions to these 

Figure 1.� The	Code	of		Federal	Regulations.
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improvements and extensions include Pflug and Esselen (1963); 
Pflug, Blaisdell, and Kopelman (1965); Teixeira, Dixon, Zahradnik, 
and Zinsmeinster (1969); and Manson and Cullen (1974). These 
published works have created a structure to be used in the evalu-
ation and optimization of processes for all types of preservation 
processes. Additional references to publications from these and 
other researchers will be introduced throughout this book.

1.2  The quantitative approach

The approach to process design presented in the book has three 
significant components. When viewed in general terms, the com-
ponents of the approach include the following:

Kinetics of reactions: During preservation, the process impacts 
all components of the food. The impacts of the process are evi-
dent in many ways, depending on the food component being 
considered. Much of the published literature describes the 
impact of elevated temperatures on the decline in microbial pop-
ulation as a function of time during the process. More recently, 
the influence of thermal processes on the concentration or inten-
sity of other food components (quality attributes) have been 
measured and published. For most situations, first-order models 
and the appropriate rate constants have been used to describe 
the impact of the process on the food component. These same 
models and parameters should be used for all preservation proc-
esses so that the effectiveness of different technologies can be 
compared, and combinations of technologies can be evaluated. 
The published literature also provides quantitative data on the 
influence of agent intensity on the rate constants. These relation-
ships have been described by models normally associated with 
the kinetics of chemical reactions, and the constants associated 
with these kinetic models (Figure 1.8).
Physical transport models: The application of most preserva-
tion processes can be detected by measurement of one or more 
physical parameters within the product. A physical transport 
model can be used to describe these parameters. These types of 
models become the methods for predicting the intensity of the 
physical parameter at any location within the product structure. 
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Obviously, the model and the complexity of the description will 
vary with physical characteristics of the product, ranging from 
low-viscosity liquids to homogeneous solids. The published liter-
ature provides insight on the transport of thermal energy within 
foods and the prediction of temperature distribution histories. 
Similar models are available for predicting the intensity of other 
physical parameters during food preservation (Figure 1.9).
Preservation process design: The design models for preserva-
tion processes involve the integration of the appropriate kinetic 
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model with the appropriate physical transport model. Usually, 
the output from the successful completion of this integration 
step is the concentration or intensity of a specific food product 
component. The traditional use of this integration step has been 
in thermal process design, where the output is the population 
of microorganisms surviving the preservation process. The pri-
mary focus of the work of C. Olin Ball (Ball & Olson, 1957) 
and C. R. Stumbo (1965) was to provide the tools needed to 
accomplish this integration step when applied to the reduction 
of the microbial populations (usually pathogens) during thermal 
processing in the manufacture of shelf-stable food products.  
A limited number of attempts have been made to demonstrate the  
power of this process design step for predicting changes in other 
components of the food during the process or for applying other 
preservation technologies (Figure 1.10).
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1.2.1  Experimental validation of processes

A key factor in the design of any process is validation. For proc-
esses associated with the preservation of foods, the validation must 
be accomplished through a series of experimental measurements. 
Because the systems and the products pose many challenges, the 
experimental procedures require careful consideration to ensure 
that the process predicted by the design is an acceptable description 
of the process. Detailed descriptions of experimental procedures 
used in validation is not the focus of this book, but we will outline 
the concepts and present key references for detailed information. 
The following issues need to be addressed during validation:

Food components or attributes: The kinetic parameters used in 
process design models are based on experimental measurements of 
defined food components or attributes, and they are usually meas-
ured under controlled laboratory conditions. In many cases, these 
measurements are completed with the component or attribute car-
ried in a substrate different from the food being considered in the 
process design. For example, kinetic constants for the microbial 
survivor curve are often measured using pure cultures of a specific 
microorganism in a buffer solution. The impacts of the product 
structure and other product components on the parameters must 
be validated in an experiment involving the actual product.
Intensity of agent: The outputs from any process simulation 
depend on the intensity of the agent being used for preservation. 
This intensity must be monitored throughout the actual preserva-
tion process. These measurements require the use of appropriate 
measurement techniques at the appropriate locations within or 
near the product structure or container to ensure that the proc-
ess can be validated. For example, the continuous monitoring of 
temperature at appropriate locations during the process is critical 
to ensuring a validation of the thermal process design.
Measurement precision: The most critical measurement for 
the process validation is the magnitude of the primary prod-
uct component or attribute during the process and specifically 
at the completion of the process. The design of most processes 
is based on a specific target magnitude of a given component 
or attribute. The purpose of the process may be to reduce the 
magnitude of the component or attribute to insignificant lev-
els. One of the most challenging examples is the detection of  
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surviving pathogens or spoilage microorganisms after complet-
ing a preservation process. Process models are capable of pre-
dicting probabilities of survivors, but the measurements must 
provide appropriate validation of these probabilities. Often, 
trace amounts of key food components may be impacted by the 
preservation process and may be equally challenging to meas-
ure and monitor (Figure 1.11).
Pathogenic microorganisms: Preservation processes for foods 
are established to eliminate the threat of food-borne disease. 
Validating a preservation process for pathogens presents many 
challenges. When a process is being validated under commercial 
manufacturing conditions, pathogens cannot be introduced into 
the environment. These situations are usually accommodated by 
using surrogate microorganisms, that is, nonpathogenic organ-
isms that respond to the preservation process in the same manner 

Temperature

T
he

rm
al

 d
ea

th
 ti

m
e 

(m
in

)

110 120 130

260250240230220210
0

2

4

6

8
10

20

40

60

80
100

200

400

600

800
1000

10090 °C

200 °F

Z

Figure 1.11 A	thermal	death	time	curve	for	microbial	spores	(from	Earle,	1983).



1�	 Food	Preservation	Process	Design

as the actual pathogen. Even the handling of pathogenic micro-
organisms under controlled laboratory environments requires 
extreme care and understanding.
Process scale-up: The scale up of any process is one of the 
more challenging steps in validation. This step is even more 
critical when considering preservation processes. The basic 
information used in process design is obtained in laboratory-
scale experiments. In most cases, the results of these experi-
ments are for specific microbial populations or quality attributes 
and are expressed in terms of kinetic parameters. Because the 
experiments have been designed for specific microorganisms or 
quality attributes, the influence of the process on other product 
components or attributes may not be evident. These impacts are 
usually evaluated during pilot-scale experiments, as an impor-
tant step to commercial-scale operations. The magnitude of val-
idation experiments at pilot-scale, or commercial-scale, presents 
a significant challenge. For a statistically valid evaluation, the 
numbers of product containers to be included in the validation 
may become prohibitive. This places more importance on all 
steps associated with preservation process design.

1.2.2  Successful food preservation processes

One of the goals of food preservation processes is to ensure that 
food-borne illness among consumers is nonexistent or minimized. 
Over the past 70 to 80 years, the outbreaks of food-borne illness 
from shelf-stable foods have been infrequent, and the food industry 
in the United States has maintained an exceptional record. Much 
of this success has been based on the development of preserva-
tion processes using thermal energy to increase the temperature of 
food products for appropriate time periods to eliminate the hazards 
associated with pathogenic microorganisms. The shelf-stable prod-
ucts available to consumers are a natural extension of food prepa-
ration occurring in the kitchen of the consumer. Consumers have 
accepted the quality attributes of these products, and the success 
of thermal preservation is due to the similarity of the preservation 
process and the typical food preparation by the consumer.

The safety record for other food preservation processes used to 
manufacture shelf-stable foods has been impressive as well. The use 
of dehydration has created a variety of new and different dry foods. 
In a similar manner, adjustments in water activity have provided 



Introduction	 1�

consumers with new and safe foods. Other approaches have been 
used for independent preservation of foods. As indicated earlier, the 
use of radiation preservation for shelf-stable foods has been dem-
onstrated as technically successful but has had limited impact in the 
marketplace due to lack of acceptance by consumers.

1.2.3  Emerging preservation processes

Over the past 50 years, many alternatives to thermal processes for 
food preservation have been proposed and evaluated. Much of the 
motivation for the continuing investigation of alternative preserva-
tion technologies has been the reduction in the negative impacts of 
the thermal process on quality attributes of food products. During 
the 1950s, significant efforts were devoted to developing irradia-
tion as an alternative to thermal processing. Unfortunately, appli-
cations of this alternative technology, where improvements in 
quality were demonstrated, were never realized due to the lack of 
consumer acceptance. A variety of modest developments based on 
applications of the irradiation technology continue to be pursued.

During the past 20 years, there has been renewed interest in evalu-
ation of an array of alternative technologies for food preservation. 
The focus of these investigations has been on several technologies 
identified by the Food and Drug Administration (FDA), and evalu-
ated by an IFT/FDA Task Force (2001). Some of these alternatives 
depend on the impact of temperature and time to cause reductions 
in microbial populations. The mechanisms for inactivation of micro-
organisms by other technologies are not thermal, although several 
cause a product temperature rise during application of a process. 
According to published information, sufficient information has been 
assembled for the successful process design of several of these alter-
native technologies. These technologies will continue to receive con-
sideration as preservation processes for food products. A review by 
Sun (2005) suggests that high pressure, pulsed electric fields, radio- 
frequency, high-intensity pulsed light, ultrasound, and irradiation are 
the most promising nonthermal processes. This review emphasizes 
the importance of using combinations of two or more technologies 
and the concept of hurdle technologies. In addition, Sun (2005) con-
cluded that ultra-high pressure and pulsed electric fields are techno-
logies with significant promise for use in food preservation.

In this book, we explore the design of preservation processes for 
several of the emerging or alternative technologies. When sufficient 
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input parameters for process design models are available, they are 
illustrated and documented. The goal is to demonstrate the process 
design for several of the emerging technologies, including traditional 
thermal processing technologies, and to present valid comparisons. 
These comparisons include evaluations of process efficiency and 
effectiveness, as well as the impacts on product quality attributes. 
The status of each of the potential preservation technologies was 
reviewed in the 2001 IFT/FDA Task Force Report and will be evalu-
ated in the various chapters of this book.

1.2.4  Food product quality considerations

As previously suggested, a continuing motivation for investigation 
of alternative preservation processes has been to reduce the impact 
of the process on quality attributes of the food product. Over the 
past 25 years, there has been significant growth in the research lit-
erature for the parameters needed to evaluate processes. Most of 
the research has focused on thermal processes and on the kinetic 
parameters required to evaluate the influence of thermal processes 
on food quality attributes.

Several of the early investigations on kinetic parameters for food 
quality attributes compared the parameters to those for microbial 
populations. These investigations revealed that the use of higher 
temperature for short time periods improved the retention of prod-
uct quality attributes and still maintained the desired microbial 
safety or product shelf life. The results of these studies stimulated 
initiatives on aseptic processing and packaging, as well as other 
variations on traditional thermal processes, in an effort to reduce 
the impact of the thermal process on product quality attributes 
(Figure 1.12).

The availability of kinetic parameters for food quality attributes 
has provided the basis for many new process design opportunities. 
The early publications of Teixeira et al. (1969) have demonstrated 
that even complex thermal processes can be optimized. These exam-
ples will be used to illustrate the steps involved in using kinetic 
parameters of both microbial populations and quality attributes, fol-
lowed by integration with physical process mechanisms, to optimize 
all types of preservation processes. The goal of these analyses is to 
present a quantitative approach to optimize preservation processes, 
independent of the type of process used for preservation.
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2

A food is a dynamic system. Each component of a food is chang-
ing continuously, beginning with changes that occur at the time of 
the harvest or assembly of raw food materials. These changes con-
tinue during handling, processing, and distribution of the product, 
and the changes are influenced by ingredients incorporated into the 
product during formulation of the final food product. The changes 
occur at different rates, depending on the exposure of the product 
to external environments and the intensity of environmental factors 
during the chain of events between harvest or assembly and the time 
of consumption.

The changes occurring within the food system have a variety of 
impacts on the food product, including changes in the microbiologi-
cal population and modification of some product quality attributes. 
For many food products, the microbiological safety depends on 
intentional reduction in the population of microbial pathogens 
during a preservation process. Changes in quality attributes of the 
product also occur at different rates, depending on conditions dur-
ing a process or within a storage environment. The shelf life of a 
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food product depends on rates of reactions occurring within the 
product during storage and distribution.

Kinetic models provide a structural framework for quantitatively 
describing the changes occurring in a food system. The measure-
ment or availability of appropriate kinetic constants for these 
changes enable us to estimate the magnitudes of change in a given 
food component during a process, storage, or other event prior to 
food consumption. Most kinetic models account for the intensity 
of external agents (temperature, pressure, etc.) impacting the food 
components as a function of time. In summary, kinetic models are 
a significant component of any preservation process design model.

Several authors have documented the development and applica-
tion of kinetic models for food applications. Van Boekel (1996) 
has provided a general overview of kinetic models in food science 
and importance of statistics. Villota and Hawkes (2007) present a 
review of reaction kinetics in food systems and provide compre-
hensive information on kinetic constants for food constituents 
under a variety of conditions. The kinetic models associated with 
inactivation of microbial populations in foods have been reviewed 
by the IFT/FDA Panel (2001).

2.1  Rate equations and rate constants

The origins of kinetic models used to describe changes in food sys-
tems are found in physical chemistry. The models were developed 
to describe changes during chemical reactions. These models have 
become a significant component in the analysis of chemical reac-
tions, and the results of the analyses provide insights about the 
mechanisms involved in the reactions. In these analyses, the first test 
is an evaluation of the rate equation and the dependence of the reac-
tion rate on the concentration of reactants involved in the reaction.

When considering chemical reactions, the analysis usually begins 
with monitoring the number of moles of each reactant involved 
in the reaction. These basic expressions have been used to predict 
concentrations of food components or microbial populations in the 
product. For a reaction with two reactants (A and B) involved in a 
reaction to create two products (C and D):

 A B C D →  (2.1)
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the rates associated with the reaction become

 Rate of reaction d[C]/dt d[D]/dt d[A]/dt d[B]/dt       
(2.2)

In most applications, the rate of reaction is determined by meas-
uring the rate of disappearance of one or more of the reactants, 
although measuring the rate of appearances of a reaction product 
may be appropriate as well. The reaction rate constant (k) is incor-
porated in the following manner:

 

Rate of reaction k[A] k[B] for first order

Rate of reactio

  “ ”

nn k[A] k[A] [B] for second order 2 “ ”  

In general, the rate equation becomes

  d[A]/dt k[A]n
 (2.3)

where the parameter (n) is the order of the reaction.
When considering chemical reactions occurring within foods, 

two factors that need to be considered are the potential dependence 
of the reaction rate on

l Initial concentration
l Time

Either or both of these factors could influence the order of reac-
tion (n). As emphasized by Van Boekel (1996), these factors should 
be evaluated to avoid misinterpretation of results from experiments 
conducted to measure rate constants.

An evaluation of the influence of initial concentration can be 
accomplished by expressing Eq. (2.3) as

 Ln { d[A ]/dt} Ln k n  Ln {[A ]}o c o    (2.4)

where nc is the order of reaction when considering initial concen-
tration of reactants.

When Eq. (2.3) is expressed as

 Ln { d[A]/dt} Ln k n  Ln {[A]}t    (2.5)

then nt is the order of the reaction when considering the change in 
reaction rates at different times during the reaction.
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A graphical representation of Eq. (2.5) is presented in Figure 
2.1. The difference in the parameters used to describe order of reac-
tion provides insight into the reaction mechanisms involved in the 
reaction. When nt  nc, an inhibitor has likely evolved during the 

where : C = concentration
 k = rate constant
 n = reaction order
 t = time

dc

C

d t t

In k

In C

n
In – dc

d t

Figure 2.1 A	graphical	description	of	reaction	order	(from	Villota	&	Hawkes,	2007).

course of the reaction. When nt  nc, the reaction is likely to be 
autocatalytic.

Example 2.1   

Time Concentration

0	days 15,000	units
	 1 	 1500
	 2 	 	 	540
	 3 	 	 	420
	 4 	 	 	300
	 8 	 	 	150
12 	 	 	 	95
15 	 	 	 	84
17 	 	 	 	68
35 	 	 	 	20
51 	 	 	 	 	8
70 	 	 	 	 	2
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The	 concentration	 of	 the	 primary	 reactant	 in	 a	 deterioration	
reaction	occurring	 in	a	 food	product	during	storage	 is	chang-
ing	in	the	following	manner.

Determine	the	order	of	reaction	based	on	rates	as	a	function	
of	reaction	time.

Given:
The	 concentrations	 of	 the	 primary	 reactant	 have	 been	 meas-
ured	over	a	range	of	times.

Approach:
Equation	(2.5)	will	be	used	to	estimate	the	order	of	reaction	by	
plotting	the	natural	 log	of	reaction	rate	versus	the	natural	 log	
of	concentration.

Solution:
1.	 The	 rates	 of	 reaction	 are	 estimated	 by	 assuming	 linearity	

between	 concentration	 measurements,	 with	 the	 rate	 given	
at	the	midpoint	in	time,	as	indicated	in	the	following	table:

Time Rate Concentration, C Ln (Rate) Ln (C)

	 0.5	days 13,500/day 8250	units 	 	9.5 9.02
	 1.5 960 1020 	 	6.87 6.93
	 2.5 120 480 	 	4.79 6.17
	 3.5 120 360 	 	4.79 5.89
	 6.0 37.5 225 	 	3.62 5.42
10.0 13.75 122.5 	 	2.62 4.81
13.5 3.67 89.5 	 	1.30 4.49
16.0 8.0 76 	 	2.08 4.33
26.0 2.67 44 	 	0.98 3.78
43.0 0.75 14 0.29 2.64

y = 1.5267x – 4.454
R2 = 0.9713
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Figure 2.2 A	plot	of	Reaction	Rate	versus	Concentration	for	Example	2.1.

(Continued)
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60.5 0.32 5 1.15 1.61

2.	 A	 plot	 of	 Ln	 (Reaction	 Rate)	 versus	 Ln	 (Concentration)	 is	
presented	in	Figure	2.2.

Example 2.1  (Continued)

3.	 The	results	of	the	analysis	from	Figure	2.2	indicate	that	the	slope	
(n)	 of	 the	 relationship	 is	 1.53.	 The	 reaction	 presented	 in	 this	
example	is	not	first-order.

4.	 The	 intercept	 on	 the	 vertical	 axis	 is	 4.45.	 This	 observa-
tion	 indicates	 that	 Ln	 k		4.45,	 and	 k		1.17		102/day.		
A	more	direct	approach	to	estimating	rate	constants	will	be	pre-
sented	later	in	this	chapter.
Although examples involving food and related systems are 

limited, some changes may be described by a zero-order model. 
Deterioration reactions, such as auto-oxidation and nonenzymatic 
browning, are best described by the linear relationship between con-
centration and time as illustrated in Figure 2.3. The expression for 
the zero-order reaction is

  d[A]/dt ko  (2.6)

After integration, the expression becomes

Time (t)

ko

C
on

ce
nt

ra
tio

n 
(C

)

Figure 2.3 An	illustration	of	a	zero-order	relationship	and	rate	constant	(from	
Villota	&	Hawkes,	2007).
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 A A k  to o   (2.7)

where the concentration (A) at any time (t) is a function of the ini-
tial concentration (Ao) and the zero-order rate constant (ko).

Rate constant are estimated from experimental data by determin-
ing the slope of the relationship between concentration and time.

2.2  First-order model

The general model for a first-order reaction is

  d[A]/dt k[A]  (2.8)

where k is the first-order rate constant. This model describes the 
change in the reactant (A) as a function of time (t) for many sit-
uations involving food products. This is the most popular model 
for describing changes in food systems, even in situations where 
the model may not provide a good description of the experimental 
data. By rearrangement

 
 d[A]/[A] k dt∫ ∫  

(2.9)

and integration using appropriate limits, the solution to the differ-
ential equation becomes

 Ln (A/A ) kto    
(2.10)

or

 [A] [A ] exp ( kt)o   
(2.11)

This solution has been used to predict the concentration of 
the primary reactant as a function of initial concentration and 
time, given the magnitude of the first-order rate constant.

Example 2.2    (Continued)
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An	analysis	of	total	ascorbic	acid	in	a	model	food	system	with	
a	water	activity	of	0.1	and	at	20°C	provided	the	following	pro-
file	of	degradation	as	a	function	of	time:

Time Concentration
(Weeks) (Ratio)

	 0 1.0
	 1 0.951
	 4 0.897
	 8 0.903
12 0.688

Time 
(Weeks)

Concentration 
(Ratio)

16 0.599
24 0.472
32 0.357
48 0.204
64 0.158
70 0.097

The	concentration	ratio	is	the	ascorbic	acid	concentration	at	
any	time	as	compared	to	the	initial	concentration.	Estimate	the	
rate	constant	for	this	first-order	reaction.

Given:
Experimental	data	 for	ascorbic	acid	concentrations	as	a	 func-
tion	of	time	have	been	measured.

Approach:

y = –0.0321x + 0.0226
R2 = 0.9889
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Figure 2.4 A	plot	of	the	logarithm	of	concentration	ratio	versus	time	for	
data	presented	in	Example	2.2.

Example 2.2  (Continued)
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By	using	a	first-order	model	as	presented	as	Eq.	(2.10),	a	plot	of	the	
natural	 logarithm	of	 the	concentration	 ratio	 versus	 time	provides	a	
relationship	with	the	slope	equal	to	the	first-order	rate	constant	(k).

Solution:
1.	 The	plot	of	the	logarithm	of	concentration	ratio	versus	time	is	as	

follows:	 The	 slope	 of	 the	 relationship	 in	 Figure	 2.4	 is	 0.0321	
per	week.	This	value	is	the	magnitude	of	the	first-order	rate	con-
stant,	so

	 k /  3 185 10 6. min

The previous example is typical of many situations with food prod-
ucts. As illustrated in the example, the rate constant (k) is based on 
measurements of the primary reactant in the food product. In this situa-
tion, the rate constant is a true first-order rate constant and is independ-
ent of the initial concentration of ascorbic acid. In most formulated 
food products, the results are influenced by break-down products of 
the reaction and are best described by pseudofirst-order kinetics. These 
observations emphasize that we must take care when using a rate con-
stant to predict changes in a food product, when the rate constant has 
been measured in a substrate other than the food being evaluated.

2.3  Multiple-order models

As suggested by Eq. (2.3), kinetic models for multiple-order reac-
tions may have applications for food products. For a second-order 
reaction, the expression becomes

Time (t)

k21
C

Figure 2.5 The	second-order	reaction	relationship	(from	Villota	&	Hawkes,	2007).
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 d[A] [A] k dt2/ ∫∫  (2.12)

The solution, after integration, becomes

 1 1 2/[A] /[A] k to   
(2.13)

where [A] is the initial concentration and “k2” is the second-
order rate constant.

It is evident from Eq. (2.13) that the units 
of a second-order rate constant must include 
concentration units. The magnitudes of  
second-order rate constants are determined by plotting the 
inverse of the concentration versus time as illustrated in 
Figure 2.5.

Example 2.3   

The	concentration	of	a	primary	reactant	has	been	measured	as	
a	function	of	time	to	obtain	the	following	results:

Time Concentration

	 0	min 7500	units
	 5 	 	300
10 	 	100
15 	 		 80
20 	 	 	60
35 	 	 	40
50 	 	 	25
75 	 	 	15

Evaluate	 the	 concentration-time	 date	 using	 a	 second-order	
model,	and	determine	the	second-order	rate	constant.

Given:
Experimental	values	of	the	primary	reactant	have	measured	at	
5-minute	intervals	over	a	period	of	75	minutes.

Approach:
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Solution:
1.	 The	 inverse	 of	 the	 concentration	 at	 each	 time	 interval	 is	 com-

puted	to	obtain	the	following:

Time Inverse concentration

	 0 1.33		104

	 5 3.33		103

10 1.00		102

15 1.25		102

20 1.67		102

35 2.50		102

50 4.00		102

75 6.67		102

2.	 A	plot	of	the	experimental	values	provides	the	relationship:	The	
slope	 of	 the	 relationship	 obtained	 from	 the	 analysis	 and	 pre-
sented	 in	Figure	2.6	 is	9		104,	 so	 the	second-order	 rate	con-
stant	is

	 k /min	unit2
49 10  

Several other kinetic models have applications to reactions 
occurring in food systems. The unique characteristic of many of 
these models is that the concentration of the reactant decreases or 

The	relationship	of	concentration	and	time	are	plotted	as	 the	
inverse	 of	 concentration	 versus	 time	 to	 evaluate	 the	 slope.		
The	 magnitude	 of	 the	 reaction	 rate	 constant	 is	 determined	
from	the	slope	of	the	relationship.

y = 0.0009x – 0.0007
R2 = 0.9889
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Figure 2.6 A	plot	of	inverse	concentration	versus	time	for	data	from	
Example	2.3.
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increases toward an equilibrium value as the reaction time increases. 
A typical model proposed for enzyme reactions in food systems is 
the Michaelis-Menten equation:

 E S ES E P ↔ ↔  (2.14)

where E  enzyme concentration, S  substrate concentration, 
and P  reaction product concentration.

This model includes four rate constants; two forward rate con-
stants for each part of the reaction, and two reverse rate constants. 
The Michaelis-Menten model describes the relationship illustrated in 
Figure 2.7, where rate of reaction (V) reaches an equilibrium based 
on the availability of substrate. Based on the plot, two constants are 
determined: the maximum reaction rate (Vmax), and the Michaelis-
Menten constant (KM).

Villota and Hawkes (2007) have provided several other examples 
of reactions in food systems. In many situations, these reactions 
proceed toward an equilibrium concentration for one or more of the 
reactants.

2.4  Agent intensity models

1.2

1

0.8

0.8V

1/2Vmax

Vmax

0.4

0.2

0
0.0 0.2 0.4

[S] (M)KM

0.6 0.8 1.0

Figure 2.7 A	Michaelis-Menten	plot	(from	Villota	&	Hawkes,	2007).
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As previously indicated, the magnitudes of rate constants are estab-
lished by measuring concentrations as a function of time under con-
trolled conditions. Although reaction rates may depend on several 
parameters, reactions in food products are very sensitive to temper-
ature. The Arrhenius equation (1889) describes the influence of the 
intensity (or magnitude) of temperature on the reaction rate constant 
in a food product as

 k k  exp[ E /R ]o
A  T  (2.15)

where ko  a pre-exponential factor, R  the gas constant, T   
absolute temperature, and EA  the activation energy.

The Arrhenius equation has been used to correlate the reaction 
rate constants in food systems over typical temperature ranges 
associated with preservation processes and storage of food prod-
ucts. These investigations have resulted in the quantification of 
activation energies for reactions in food products, as illustrated in 
Table 2.1. It should be evident that the ranges of activation energies 
associated with various reactions occurring in food products pro-
vide insight on the relative impact of temperature on these changes 

Table 2.1 Typical activation energy ranges for reactions in food products

Reaction Activation energy
(kJ/mole)

Enzyme	reactions 0–34
Chlorophyll	degradation 20–115
Ascorbic	acid	retention 20–165
Anthocyanins 30–125
-Tocopherol 40–55
trans-Retinol 40–120
Betalains 40–120
Nonenzymatic	browning 40–165
Hydrolysis	of	disaccharides 40–65
Lipid	oxidation 40–105
Spore	destruction 250–335
Vegetative	cell	inactivation 210–625
Protein	denaturation 335–500

Source:	Adapted	from	Villota	and	Hawkes	(2007).
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occurring in foods. Based on discussions by Villota and 
Hawkes (2007), it is unlikely that the magnitude of these acti-
vation energies for food systems can be interpreted in terms of 
collision or transition state theories. The reactions occurring in 
most food system are far too complex, with multiple reactants 
or reactions involved. Significant care must be imposed when 
using the Arrhenius equation to predict rate constants beyond 
the range of temperatures used in the original measurements 
of rate constants for establishing the activation energy (EA). In 
complex systems, there are no assurances that the influence of 
temperature, as indicated by the activation energy, will remain 
the same outside the range of measurement.

Expressing Eq. (2.15) as

 Ln k E /R Ln kA
o  T  

(2.16)

shows that the activation energy (EA) can be quantified by 
a plot of Ln k versus the inverse of absolute temperature. 
Although the pre-exponential factor (ko) can be evaluated 
from the analysis, no significance has been attached to the 
magnitude of this constant for a reaction occurring in a food 
product.

Example 2.4   

The	rate	constants	for	retention	of	chlorophyll	in	broccoli	juice	
have	been	measured	over	a	range	of	process	temperatures,	as	
follows:

Temperature 
(ºC)

Rate constants
(1/min)

	 80 0.0085
	 90 0.0149
100 0.0229
110 0.0489
120 0.0943
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Estimate	 the	 Activation	 Energy	 Constant	 to	 describe	 the	
influence	 of	 temperature	 on	 chlorophyll	 retention	 in	 broccoli	
juice	from	the	data	provided.

Given:
Rate	 constants	 for	 chlorophyll	 retention	 are	 provided	 at	 five	
temperatures.

y = –8.4764x + 19.105
R2 = 0.99
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Figure 2.8 An	Arrhenius	plot	of	data	from	Example	2.4.

Approach:
The	Activation	Energy	Constant	is	determined	from	the	slope	of	the	
relationship	of	the	natural	logarithm	of	the	rate	constants	versus	the	
inverse	of	absolute	temperature.

Solution:
1.	 The	rate	constants	and	corresponding	temperatures	are	arranged	

in	the	following	manner:

Ln k 1/T

4.868 2.83		103

4.206 2.76		103

3.777 2.68		103

3.018 2.61		103

	 	2.361 2.54		103

2.	 A	plot	of	Ln	k	versus	the	 inverse	of	absolute	temperature	would	
appear	as	follows:	From	the	relationship	in	Figure	2.8,	a	slope	of	
8.47637		103	and	an	intercept	of	19.105	are	obtained.	Using
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	 Slope E /R 	KA   8 4764 103.

	

E ( 	K)( 	J/mole	K)
	kJ/mole

A   


8 47637 10 8 3144
70 476

3. .
.

and	from	the	intercept

	 k /mino  1 98 108.

The Activation Energy Constants (EA) describe the impact of 
temperature on reactions occurring in food products. Villota and 
Hawkes (2007) have assembled the magnitudes of these constants 
and many corresponding rate constants. These reactions include 
vitamin degradation in many different food systems, and pigment 
degradation or development in several foods. The same types of 
analysis and similar models have been used to characterize the 
reductions in microbial populations during thermal processes and 
similar changes in product texture during processes and product 
storage.

Pressure has emerged as a potential preservation technology, 
and the intensity of pressure may influence the rate of change in 
food product attributes. These changes include the rates of inacti-
vation for microbial populations and the retention of food product 
quality attributes. The influence of pressure on reaction rate con-
stants has been described by expressions derived from the Eyring 
relationship. The fundamental basis for these expressions is the 
relationship between the rates of reaction and the formation rates 
of an activated complex or quasi-equilibrium condition. The basic 
expression, at a constant temperature, is

 [d Ln k/dP] V/R T   T  (2.17)

where P  pressure, R  gas constant, k  reaction rate con-
stant, T  absolute temperature, and V is the Activation Volume 
(m3/mole).

After integration, the expression becomes

 Ln k Ln k V P/R o  T  (2.18)

or
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 k k  exp [ V P/R ] o  T  
(2.19)

In theory, the Activation Volume (V) represents the 
change in volume of the reactants as compared to the volume 
of the activated complex. When the magnitude is negative, the 
reaction rate increases with increasing pressure.

In practice, the magnitude of the Activation Volume is 
determined from measuring rate constants (k) over a range of 
pressures. Using the following form of Eq. (2.18),

 Ln k Ln k ( V/R ) [P P ]ref ref   T  
(2.20)

and rate constants (k) measured over a range of pressures (P), 
the reference rate constant (kref) and the Activation Volume 
(V) are determined. The results from the experimental 
measurement of rate constants are plotted as the natural loga-
rithm of the rate constant (Ln k) versus pressure differences (P 
 Pref), and the slope of the linear relationship is (V/R T).

Research leading to the publication of Activation Volume 
Constants (V) for reactions occurring in a food system dur-
ing application of pressure is limited at this time. The limited 
information includes the magnitudes of Activation Volume 
Constants for inactivation of microbial populations and 
enzyme systems and provides some insights on the kinetics of 
reactions occurring during preservation of foods using ultra-
high pressures.

Example 2.5   

The	 following	 inactivation	 rate	 constants	 for	 tomato	 polyga-
lacturonase	were	measured	at	 various	pressures	and	 25°C	by		
Fashin,	van	Loey	Indrawati,	Ludikhuyze,	and	Hendrickx	(2002):

Pressure Rate constants
(MPa) (1/min)

350 0.099
(Continued)



36	 Food	Preservation	Process	Design

375 0.210
400 0.451
425 1.010
450 1.757
500 3.126

Determine	the	Activation	Volume	Constant	(V)	to	describe	
the	 relationship	 between	 the	 enzyme	 inactivation	 rates	 and	
pressure.

Given:

Rate	 constants	 for	 inactivation	 of	 tomato	 polygalacturonase	 are	
provided	at	six	different	pressures.

Approach:
Use	Eq.	(2.20)	and	a	plot	of	Ln	k	versus	(P		Pref)	to	estimate	the	
Activation	Volume	Constant	from	the	slope	of	the	relationship.

Solution:
1.	 The	 data	 can	 be	 presented	 in	 the	 following	 manner	 by	 using	

350	MPa	as	the	reference	pressure:

Pressure difference Ln k

	 25 1.56
	 50 0.796
	 75 0.00995
100 0.5636

Example 2.5  (Continued)

y = 0.0222x – 1.9439
R2 = 0.9386
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Figure 2.9 A	plot	of	data	from	Example	2.5,	used	to	estimate	the	Activation	
Volume	Constant	(V).
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150 1.1398

2.	 A	plot	of	Ln	k	versus	pressure	difference	is	as	follows:	The	slope	
of	the	relationship	in	Figure	2.9	is	0.0222.	Based	on	Eq.	(2.20),	
the	expression	for	the	slope	is

	 V/R	 MPaT  0 0222. /

and

V ( /MPa)( 	m 	Pa/mole	K)( 	K)  0 0222 8 31441 25 2733. .

	 V 	m /mole 	cm /mole    55 01 10 55 016 3 3. . 	

Note:	The	Activation	Volume	Constant	is	negative	as	indicated	by	
Eq.	(2.20).

The magnitude of the Activation Volume Constant (V) is 
expected to a function of temperature. The results presented by 
Fachin et al. (2002) indicated that the Activation Volume Constant 
for inactivation of tomato polygalacturonase increased with tem-
perature over the range from 5 to 40°C. The increase in magnitude 
was not consistent over the entire temperature range. The change 
in magnitude was small, between 5 and 20°C, but increased sig-
nificantly between 20 and 40°C. Apparently the impact of pressure 
on enzyme inactivation is more dramatic at higher temperatures. 
These types of observations can be very useful in process design 
and in selection of the optimum process parameters. Future inves-
tigations to explore the influence of pressure on food product com-
ponents should include the influence of temperature.

2.5  Thermal process models

The published literature on food preservation processes includes sig-
nificant amounts of kinetic data on the survival of microbial popula-
tions during thermal processes. Ball and Olson (1957) and Stumbo 
(1965) provided an in-depth description of the approaches for meas-
urement of these types of data. Teixeira (2007) provided the use of 
kinetic parameters in thermal process design. During the original 
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measurements of microbial survivor numbers as a function of time 
at elevated constant temperatures, researchers recognized that sur-
vivors decreased with time in a logarithmic manner. These types of 
data were analyzed by plotting the log of survivors versus time to 
create a linear relationship. The results of the analysis was the defini-
tion of the Decimal Reduction Time (D): the time needed for a 90% 
reduction in the microbial population or the time required for a one 
log-cycle reduction in the population of microorganisms. For these 
types of analyses, the equation for the survivor curve becomes

 N N t/D/ o  10  (2.21)

where No  initial population, N  population at any later time, 
t  time, and D  decimal reduction time.

Note that the typical survivor curve equation is based on log10. 
Because first-order reaction kinetics are described by the relation-
ship between the natural logarithm of concentration as a function 
of time, the relationship between the Decimal Reduction Time (D) 
and a first-order reaction rate constant (k) becomes

 
k

D


2 303.

 
(2.22)
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Figure 2.10 An	illustration	of	non-log-linear	survivor	curves	(adapted	from	Van	
Boekel,	1996).
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Based on this relationship, historical data for Decimal 
Reduction Times (D) can be converted to first-order rate con-
stants (k).

Many examples of microbial survivor curves are not 
described by the traditional first-order model. These non-log-
linear survivor relationships have been observed and reported 
in the literature for many years. Stumbo (1965) provided sev-
eral examples and explanations. In general, the variations from 
the first-order survivor model have been incorporated into proc-
ess design. In practice, appropriate adjustments in the process 
time have been incorporated to ensure product safety.

More recently, there have been numerous recommendations 
to account for the influence of non-log-linear microbial sur-
vivor curves on process design. Sapru, Teixeira, Semerage, 
and Lindsay (1992); Anderson, McClure, Baird-Parker, and 
Cole (1996); Kormandy and Kormandy (1997); and Peleg and 
Penchina (2000) have presented alternatives to the traditional 
log-linear model for microbial survivor curves. Heldman 
and Newsome (2003) evaluated all of these alternatives in a 
review and recommended the following model to account for 
the variations observed in many non-log-linear microbial sur-
vivor curves:

 log N log N [t D ]o
n  /  

(2.23)

where D  a time constant similar to the 
Decimal Reduction Time (D) and n  a coef-
ficient to account for deviations from a log- 
linear relationship.

When the coefficient (n) in the preceding model becomes 
1.0, the relationship between the logarithm of microbial sur-
vivors and time is linear. When the relationship is non-log-lin-
ear, and the survivor curve is concave downward, the values of 
n  1.0. Many microbial survivor curves are concave upward, 

(Continued)
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3.0 28

Determine	 the	 parameters	 needed	 to	 describe	 the	 relationship	
between	microbial	survivors	and	time.

Given:
The	populations	of	the	microorganisms	have	been	measured	at	time	
interval	between	0	and	3	minutes.

Approach:

and the values of n  1.0. An illustration of the various types 
of survivor curves is presented in Figure 2.10.

Example 2.6   

The	 survivor	 curve	 data	 for	 a	 microbial	 population	 are	 as	
follows:

Time (min) Survivors (cfu)

0 9		108

0.6 2.25		108

1.0 9.0		107

1.5 9.0		106

1.7 4.5		106

2.0 5.67		105

2.2 9.0		104

2.6 1.43		103

y = 1.5966x + 0.0554
R2 = 0.9785
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Figure 2.11 A	plot	of	microbial	survivors	versus	time,	used	to	evaluate	the	
parameter	(n)	for	a	non-log-linear	model.

Example 2.6  (Continued)
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The	 first	 step	 is	 to	 determine	 if	 the	 relationship	 between	 survivors	
and	time	is	log-linear.	If	the	relationship	is	non-log-linear,	Eq.	(2.23)	
will	be	used	to	evaluate	the	constants	(D,	n).

Solution:
1.	 The	data	can	be	transformed	as	follows:

Time N/No log (N/No) log[log(N/No)]

0 1.00 	 	0
0.6 0.25 0.6 0.22
1.0 0.10 1.0 0.00
1.5 0.010 2.0 0.30
1.7 0.005 2.3 0.36
2.0 0.00063 3.2 0.51
2.2 0.0001 4.0 0.60
2.6 0.00000159 5.8 0.76
3.0 0.00000003 7.5 0.88

2.	 Because	 it	 is	 evident	 that	 the	 relationship	 is	 not	 log-linear,	 Eq.	
(2.3)	will	be	used.	The	expression	can	be	rewritten	in	the	follow-
ing	form:

	 log	[log	(N/N )] n	log	D n	log	to  ′

3.	 By	plotting	the	data,	the	relationship	presented	in	Figure	2.11	is	
obtained:

	 log	[log	(N/N )] 	log	Do  1 5966 0 0554. .′

4.	 Based	on	the	results	from	the	analysis,	the	slope	is	1.5944,	and	
the	intercept	is	0.0554:

	 n  1 6.

and

	 D 1.083	min′  10 0 0554( . )

Recognize that the parameter “n” in Eq. (2.23) is not the same as 
“n” in Eq. (2.3). Both constants do account for the deviation of the 
survivor curve from log-linear. When n 1 in Eq. (2.3), it becomes 
the first-order model. The same is true for Eq. (2.23). Equation 
(2.23) can be expressed as

 Ln C Ln C ( k  t)o
n     (2.24)

or

and the values of n  1.0. An illustration of the various types 
of survivor curves is presented in Figure 2.10.

Example 2.6   

The	 survivor	 curve	 data	 for	 a	 microbial	 population	 are	 as	
follows:

Time (min) Survivors (cfu)

0 9		108

0.6 2.25		108

1.0 9.0		107

1.5 9.0		106

1.7 4.5		106

2.0 5.67		105

2.2 9.0		104

2.6 1.43		103
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 C C exp [ k  t]o
n/     (2.25)

Clearly, Eq. (2.23) becomes the solution to the first-order 
model when n  1 and is presented as Eq. (2.8). All of these 
relationships illustrate the applications of the parameter (n) to 
communicate the magnitude of the deviation of model from 
the first-order model. When the values of n are larger than 1.0, 
the survivor curve is concave downward, and larger values 
indicate greater deviations from the first-order model. When 
the values of n are less than 1.0, the survivor curve is concave 
upward, and smaller values represent greater deviations from 
the log-linear relationship.

A Thermal Resistance Coefficient (z) described the tradi-
tional relationship between the Decimal Reduction Time (D) 
and temperature. The magnitude of this temperature coeffi-
cient was determined by evaluating the temperature increase 
required to reduce the Decimal Reduction Time (D) by 90% 
(or one log cycle). An example of this relationship is pre-
sented in Figure 2.12. The following expression describes 

Figure 2.12 The	relationship	between	Decimal	Reduction	Time	and	temperature.
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the relationship between the Decimal Reduction Time and 
temperature:

 Log [D /D ] (T T ) z1 2 2 1  /  
(2.26)

where D2  Decimal Reduction Time at T1, D1  Decimal 
Reduction Time at T2, and z  Thermal Resistance Coefficient 
(Figure 2.12).

By comparing Eq. (2.23) with Eq. (2.15), the relation-
ship between the Thermal Resistance Coefficient (z) and the 
Activation Energy Constant (EA) can be expressed as

 E  R /zA  2 303 2. T  
(2.27)

y = –0.1019x + 10.224
R2 = 0.993
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Figure 2.13 A	plot	of	Decimal	Reduction	Times	versus	temperature,	as	
used	to	evaluate	the	Thermal	Resistance	Coefficient.

where T  absolute temperature.
Although the range of temperature used in Eq. (2.26) is not 

specified, the range must be limited to the range of temperatures 
used to generate the Thermal Resistance Coefficient (z). The 
relationship between the two temperature coefficients (EA and z) 
does not have theoretical significance. The Thermal Resistance 
Coefficient (z) describes the influence of temperature on the 
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Decimal Reduction Time (D) over the range of temperatures used 
in experimental measurements. As suggested by Eq. (2.27), the 
relationship between the Activation Energy Constant (EA) and the 
Thermal Resistance Coefficient (z) could be a function of tempera-
ture, but the influence should be small.

Example 2.7   

The	 results	 from	 measurement	 of	 survivor	 curves	 for	 a	 vegetative	
pathogen	provided	the	following	results:

Temperature Decimal Reduction Time, D

	 80°C 105	min
	 90 	 10
	 95 	 	 4
100 	 	 1

Estimate	 the	Activation	Energy	Constant	needed	 to	describe	 the	
influence	 of	 temperature	 on	 the	 inactivation	 rate	 of	 the	 microbial	
population.

Given:
The	 Decimal	 Reduction	 Times	 at	 five	 different	 temperatures	 have	
been	provided.

Approach:
The	relationship	between	the	Decimal	Reduction	Time	(D)	and	tem-
perature	 can	 be	 determined	 by	 a	 plot	 of	 log	 D	 versus	 T	 to	 evalu-
ate	 the	 Thermal	 Resistance	 Constant	 (z).	 The	 Activation	 Energy	
Constant	can	be	estimated	by	using	Eq.	(2.27).

Solution:
1.	 The	 plot	 of	 log	 D	 versus	 T	 is	 obtained	 as	 follows:	 The	 results	

from	Figure	2.13	indicate	that	the	slope	is	0.1019.

2.	 The	thermal	resistance	constant	is

z / 	C 1 0 1019 9 8. .

3.	 Using	Eq.	(2.27):

E 	( 	J/mole
E 	kJ/mol

A

A

   


2 303 8 31441 90 273 9 8 7 1 10
710

5. . )( )/ . .
ee
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4.	 The	 same	 result	 could	 have	 been	 obtained	 by	 converting	
the	 Decimal	 Reduction	 Times	 to	 rate	 constants	 (k)	 using		
Eq.	(2.22),	 followed	by	using	the	Arrhenius	relationship	to	esti-
mate	the	Activation	Energy	Constant.

2.6  Uniform parameters

As indicated by the origins and applications of kinetic parame-
ters associated with preservation of foods, a variety of terms have 
evolved to describe the parameters. In most situations, the kinetic 
responses have defined the terms, but different terms have evolved 
for different components of the food product. For example, the rate 
constant for a first-order microbial survivor curve is the Decimal 
Reduction Time, while the rate constant for the first-order curve 
for retention of a vitamin is a first-order rate constant. As has been 
illustrated in this chapter, the kinetic parameters used to describe 
the changes in food product quality attributes during a preserva-
tion process are based on traditional reaction kinetics. Most of 
the parameters used to describe the changes in microbial popula-
tions during a preservation process are based on first-order reac-
tion kinetics, but different parameters and terms have been used to 
express the constants. The relationships among the typical param-
eters have been described in this chapter.

As discussed in Chapter 1, one of the important goals of pres-
ervation process design is to optimize the process; that is, achieve 
the maximum retention of product quality attributes while ensuring 
microbiological safety. To pursue this goal, the best method is to 
use the same kinetic models, parameters, and terms for both micro-
bial populations and food quality attributes. The following descrip-
tors, symbols, and units are proposed for use in preservation process 
design and will be used whenever possible throughout this book.

k  rate constant to describe survivors of a microbial popula-
tion or the retention of a food product quality attribute; 1/s.

For microbial survivor curves, this parameter can be converted 
from traditional Decimal Reduction Times (D) by using Eq. (2.22), 
as long as the survivor curves are first-order or log-linear. For non-
log-linear survivor curves, the parameter (k) may be used in place 
of the time constant (D) from Eq. (2.23). In survivor curve equa-



46	 Food	Preservation	Process	Design

tions, the symbol (N) designates the magnitude of the microbial 
population.

When describing changes in food quality attributes, the param-
eter (k) is used to express the rate constant for the retention food 
quality attributes during a preservation process. The majority of 
the constants are first-order constants; for situations other than 
first-order, the reaction order (zero, second) is noted by superscript  
(0, 2, 3, etc.). In some cases, an expression similar to Eq. (2.25) 
may be used to describe the change in quality attributes, and the 
reaction rate constant k along with the index (n) are used. In 
expressions used to describe changes in the magnitude of a food 
product quality attribute, the concentration is expressed as C.

n  index parameter used to account for deviations from non-
log-linear survivor curves or non-first-order reaction models.

The magnitudes of all parameters associated with the model used 
to describe the change in microbial population or change in prod-
uct quality attributes are functions of the preservation process. The 
Arrhenius equation relationship is used to describe the influence 
of the temperature on the rate constants.The primary parameter is 
defined in the heading of the following section.

EA  Activation Energy Constant to describe the  influence 
of  temperature  on  the  microbial  inactivation  rate  or  on 
the  reaction  rate  constants  for  retention  of  a  food  quality 
attributes; kJ/mole.

These parameters may be generated directly from experimental 
data or converted from traditional thermal resistance constants (z) 
using Eq. (2.27). This approach allows for the influence of temper-
ature on microbial inactivation rates to be described by Eq. (2.15). 
The same parameter can be used to describe the temperature influ-
ence on the non-log-linear rate constant (k). Most data from the 
literature used to describe the influence of temperature on rate con-
stants for retention of product quality attributes during preserva-
tion processes have been expressed as Activation Energy Constants 
(EA). These same parameters can be used for situations when the 
rate constants are for the kinetic models other than first order.

When the preservation process uses high pressure, the influence 
of pressure on the rate constants is described by Eq. (2.20) and the 
following parameter.
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V  Activation  Volume  Constant  for  description  of  the 
influence  of  pressure  on  microbial  inactivation  rates  or  on 
reaction rate constants for food quality.

This parameter appears in Eq. (2.20), for reaction rate constants 
(k), as well as for parameters used to describe microbial inac-
tivation rates. Some of current literature has used pressure coef-
ficients (zp) to describe the influence of pressure on inactivation 
rates for microbial populations. These constants can be converted 
to Activation Volume Constants using

 
V  R / zp 2 303. T

 
(2.28)

where

 R  m  Pa mole K 8 31441 3. /  

Although the amounts of data available to describe the influ-
ence of pressure on rate constants in food products is limited, most 
of the data have been analyzed to generate Activation Volume 
Constants.

These are the primary kinetic constants associated with pres-
ervation processes for food products. Other parameters associ-
ated with process design for food preservation will be presented 
and discussed in the appropriate chapters, along with discussion of 
process design.

List of symbols

A  intensity of reactant in kinetic reaction model
Ao  initial intensity of reactant
C  concentration of component in kinetic model
Co  initial concentration of component
D  decimal reduction time; min
D   decimal reduction time for non-log-linear microbial survi-

vor curve; min
EA  activation energy constant; kJ/mole
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E  enzyme concentration
k  first-order reaction rate constant;1/s
ko  zero-order reaction rate constant; Conc./s
k2  second-order reaction rate constant; 1/Conc. s.
ko  pre-exponential constant in Arrhenius relationship; 1/s
kref  reference rate constant; 1/s
k  rate constant for non-log-linear survivor curve; 1/s
KM  constant in Michaelis-Menten equation
n   parameter defining deviation from first-order kinetic 

relationship
nc   constant defining deviation from first-order reaction due 

to initial concentration
nt   constant defining deviation from first-order reaction due 

to time
N  microbial population
No  initial microbial population
P  pressure; MPa
Pref  reference pressure; MPa
P  byproducts concentration in enzyme reaction
R  gas constant; kJ/mole K
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3

The kinetics of microbial survival during a thermal process has a 
significant history. As documented by Ball and Olsen (1956) and 
Stumbo (1965), experimental measurements of the numbers of sur-
vivors as a function of time, at a constant temperature, have occurred 
continuously over a significant period of time. Although a significant 
focus of these measurements has been on pathogenic spores, infor-
mation has also been assembled on the survivor curves for microbial 
populations causing spoilage in shelf-stable foods and for microbial 
pathogens in refrigerated foods. As indicated in Chapter 2, in most 
of the investigations, the survivor curves for microbial populations 
have been described by first-order models, and the rates have been 
expressed as Decimal Reduction Times (D). For a given microbial 
population, the Thermal Resistance Constant (z) has been used to 
describe the influence of temperature on D-values.
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This chapter discusses the characteristics of microbial survivor 
curves. These discussions include distinctions between survivor 
curves for microbial spores as compared to vegetative cells, as well 
as the influence of product environment on the survivor curves. We 
will assemble typical kinetic parameters for both microbial patho-
gens and microbial populations causing product spoilage. These 
parameters include those collected during thermal treatments, as 
well as parameters describing survivor curves during treatments 
by alternative technologies, such as ultra-high pressure (UHP) and 
pulsed electric fields (PEF). We will also demonstrate the use of the 
parameters in predicting the fate of the microbial populations during 
typical preservation processes.

3.1   Characteristics of microbial 
survivor curves

The shape of the survivor curve for a microbial population has been 
debated from the early experiments associated with the develop-
ment of a thermal process for commercial sterilization of foods. The 
characteristics of these curves were documented by Ball and Olsen 
(1956) and Stumbo (1965), and they have been highlighted in most 
recent reviews by IFT/FDA (2001). The origins of the traditional 
logarithmic (first-order) shape of the survivor curve can be traced 
to the early experiments of Esty and Meyer (1922). These experi-
ments attempted to establish the “thermal death times,” or the time 
required to inactivate a given number of Cl. botulinim spores. These 
experiments used 106 spores as an initial population, and “inactiva-
tion” was established as a 106 probability of survivors. The out-
comes from the Esty and Meyer (1922) experiments were thermal 
death time curves as illustrated in Figure 3.1. These curves are ther-
mal death times versus temperature, with the slope being expressed 
as the thermal resistance coefficient (z). These experiments estab-
lished that “z” for Cl. botulinum was 10°C (18°F).

The early experiments for establishing the inactivation of spore 
populations did not include the measurement of survivor curves. 
The shape of the curve between the initial population and the prob-
ability of survivors was generally accepted to be log-linear and 
described by a first-order model. Later research indicated that many 
deviations from the log-linear relationship occur, but the logarithm 
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of numbers versus time was accepted as the approach to describing 
the survivor curves for all microbial populations during exposure 
to the elevated temperatures. An additional outcome of the early 
experiments of Esty and Meyer (1922) was the concept of “12D”; 
the 12 log cycle reduction in population from the 106 to 106 was 
accepted as a safe process for commercially sterilized foods. The 
concept of the time for each log cycle of reduction in population 
became a Decimal Reduction Time (D).

Stumbo (1965) discussed the deviations from log-linear survivor 
curves in depth by presenting three typical variations from the first-
order curve for spore populations. The survivor curve in Figure 3.2 
illustrates an apparent increase in population within short periods 
of time after exposure to elevated temperature. This type of curve 
has been explained by spore germination during the early stages 
of heating and a corresponding increase in numbers of vegetative 
cells measured by assay methods. The increase occurs prior to the 
normal decrease in population caused by exposure to an elevated 
temperature. The concept of “shoulders” is not expected to cause 
deviations from log-linear survivor curves for a population of veg-
etative cells. Sapru, et al. (1992) have recommended more complex 
models to describe these unique characteristic of survivor curves 
for spore populations.

The second type of deviation from the log-linear survivor curve 
is illustrated in Figure 3.3. Stumbo (1965) suggests that a “lag” 
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Figure 3.1 The	thermal	death	time	versus	temperature	relationship	(from	Heldman	&		
Hartel,	1997).
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Figure 3.2 One	type	of	non-log-linear	survivor	curve	for	microbial	spores	(from	
Stumbo,	1965).
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Figure 3.3 An	example	of	a	survivor	curve	with	a	lag	during	the	initial	exposure	to	
high	temperatures	(from	Stumbo,	1965).
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at the beginning of the exposure to elevated temperatures occurs 
when the rate of spore germination is equal to the rate of inacti-
vation for the microbial population. Following the deviation at the 
beginning of the experimental measurement of spore survival, the 
survivor curve is log-linear.

A third type of survivor curve is illustrated in Figure 3.4. 
Following a log-linear reduction in population during the first por-
tion of exposure to an elevated temperature, a second portion of the 
survivor curve has the reduction in population occurring at a slower 
rate. Stumbo (1965) suggests this type of response occurs when 
the microbial population used in the experiment has a mixed cul-
ture. In the example (Figure 3.4), there are two different species of 
spores in the population; each with a different response to the ele-
vated temperature. As indicated by Van Boekel (2002), these types 
of deviations have occurred in vegetative cell populations, and may 
be associated with different strains within the microbial population, 
with each having a different response to the elevated temperature.

The significance of the shape of the survivor curve needs to be 
explored in depth. As previously indicated, the establishment of the 
Decimal Reduction Time (D) has historical impact on the research 
literature associated with the response of microbial populations to 
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Figure 3.4 An	example	of	a	microbial	survivor	curve	for	a	mixed	culture	population.	
(from	Stumbo,	1965).
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elevated temperatures. Although the impact was not intentional, the 
measurement and publishing of data in terms of Decimal Reduction 
Times (D) automatically assumes that the survivor curves are  
log-linear and can be described by first-order kinetic models.  
These assumptions, in turn, impact the process design and the capa-
bility to accurately predict the outcomes from the process. To provide 
better interpretation of historical data and to create a more refined 
set of parameters for the future, the parameters used to describe sur-
vivor curves must accommodate typical deviations from log-linear 
survivor curves.

3.2   Kinetic parameters for microbial 
populations

To assemble kinetic parameters for use in preservation processes, a 
consistent set of definitions has been adopted. The uniform defini-
tions introduced in Section 2.6, Uniform Parameters, in Chapter 2, 
provide the basis for development. The kinetic parameters include 
those needed to describe survivor curves for an array of preserva-
tion technologies, along with the parameters required to describe 
the influence of the preservation agent intensity on the rate of 
microbial population inactivation.

Some of the typical kinetic parameters for microbial popula-
tions associated with preservation of food products are presented 
in Tables 3.1, 3.2, 3.3 and 3.4. A significant portion of the experi-
mental data have been published in the past 15 to 20 years. These 
kinetic parameters for microbial survivor curves are based on 
measurements using alternatives technologies (ultra-high pres-
sure [UHP] and pulsed electric fields [PEF]), as well as the kinetic 
parameters for similar microbial populations for traditional ther-
mal processes. The parameters presented in these tables are the rate 
constant (k), a deviation coefficient (n), the intensity of the pres-
ervation agent for the rate constant, the agent intensity coefficient 
(EA, z, V, zp), and the substrate carrier for the microbial popu-
lation. The data presented focus on differences in the magnitudes 
of the kinetic parameters for vegetative pathogens as compared to 
pathogenic spores. In addition, we can evaluate the variability in 
kinetic constants due to the measurement’s methods. Finally, we 
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Table 3.1 Typical kinetic parameters for Salmonella spp. survivor curves

Preservation 
process Rate constant

Deviation 
parameter  
(n)

Agent 
intensity Agent coefficients Substrate

Thermal 3.569/min 60°C Turkey
Thermal 2.075–4.113/min 65.5°C 392–499	kJ/mole Various	foods
Thermal 0.144/min 0.667 60°C 66%	sugar
Thermal 0.002–0.006/min 70–71°C Milk	chocolate
UHP 0.384/min 345	MPa Buffer
UHP 0.14/min 200	MPa 42.27	cm3/mole Tryptic	soy	broth
PEF 0.5758/microsec 83	kV/cm NaCl

Table 3.2 Typical kinetic parameters for E. coli spp. survivor curves

Preservation 
process Rate constant

Deviation 
parameter  
(n)

Agent 
intensity Agent coefficients Substrate

Thermal 0.45–1.77/min 57.2°C Dairy	products
Thermal 1.12–1.92/min 58°C 553.5–582.7	kJ/mole Ground	beef
Thermal 1.11–5.62/min 50°C 80.1–353.9	kJ/mole Apple	cider
UHP 0.25/min 250	MPa 45.3	cm3/mole Apple	juice
UHP 0.768/min 400	MPa Milk
PEF 0.0724/microsec 0.6 25	kV/cm 20%	carrot	juice
PEF 0.0236–0.245.

microsec
30	kV/cm 10.33–24.91	kJ/mole Liquid	egg	whites

Table 3.3 Typical kinetic parameters for Listeria spp. survivor curves

Preservation 
process Rate constant

Deviation 
parameter (n)

Agent 
intensity

Agent 
coefficients Substrate

Thermal 3.97–10.47/min 63.3°C 386	kJ/mole Milk
Thermal 0.41/min 60°C 358.7	kJ/mole Ground	pork
Thermal 0.092/min 60°C 433.3	kJ/mole Turkey	breast
UHP 0.552–1.219/min 414	MPa Ground	pork
UHP 0.768/min 450	MPa Eggs
PEF 0.0043/microsec 20	kV/cm Buffer
PEF 0.086/microsec 50	kV/cm Skim	milk
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illustrate the influence of the substrate carrying the microbial pop-
ulation during the measurement of the kinetic parameters.

The kinetic parameters presented in Table 3.1 are for several differ-
ent populations of Salmonella, including senftenberg, typhimurium, 
enteritus, eastbourne, and dublin. These parameters are representa-
tive of parameters available for microorganisms implicated in many 
food-borne infection outbreaks. The parameters presented in the table 
include rate constants (k) for several different substrates, along with 
the intensity of the preservation agent for each situation. The table 
includes activation energy constants, along with the pressure coeffi-
cient for an ultra-high pressure process. In addition, an example of 
the deviation coefficient (n) for a non-log-linear survivor curve is 
included in the table. A more detailed list of parameters and related 
information for these microbial populations are presented Table A.3.1 
in the appendices. In addition, the table in the appendices includes 
kinetic data for Enterobacter sakazakii.

The kinetic parameters presented in Table 3.2 are for various spe-
cies of E. coli, including E. coli ATCC and O157:H7. Many seri-
ous outbreaks of food-borne illness have been associated with these 
microbial populations. The kinetic parameters include rate constants 
and agent coefficients for thermal, pressure and PEF processes, and 
for several different substrate environments. A more detailed list of 
the kinetic parameters, and related information, for E. coli are pre-
sented in Table A.3.2 in the appendices.

Typical kinetics parameters to describe survivor curves for 
Listeria species are presented in Table 3.3. These parameters have 
been measured to assist in controlling food-borne infection out-
breaks caused by products containing significant populations of  
L. monocytogenese. The table includes parameters for L. innocus, an 
organism identified as a potential surrogate for L. monocytogenese.  

Table 3.4 Typical kinetic parameters for Clostridium spp. survivor curves

Preservation 
process Rate constant

Deviation 
parameter (n)

Agent 
intensity

Agent 
coefficients Substrate

Thermal 0.929–3.775/min 110°C 242.1	kJ/mole Vegetable	products
Thermal 0.186–4.7.min 110°C 379.6	kJ/mole Vegetable	products
Thermal 0.731/min 104.1°C Phosphate	buffer
Thermal 0.08/min 0.99 105°C Water
Pressure 0.218/min 689	MPa 4.39	cm3/mole Buffer
Pressure 0.723/min 700	MPa 7.42	cm3/mole
Pressure 4.69/min 0.26 700	MPa Water
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In addition to kinetic parameters to be used in the design of ther-
mal processes, Table 3.3 provides parameters for UHP and PEF 
processes. Additional parameters for these microbial populations,  
along with additional background information, are presented in 
Table A.3.3 in the appendices. Finally, Table A.3.3 presents kinetic 
parameters for Staphylococcus aureas, which is another vegetative 
pathogen associated with food-safety concerns.

The kinetic parameters presented in Table 3.4 are for various 
Clostridium spores. The food safety importance of Clostridium 
botulinum has brought significant attention to the kinetic parame-
ters of these pathogens and the factors influencing the magnitude of 
the parameters. In addition, several surrogate microorganisms have 
been identified—all with similar magnitudes of the kinetic param-
eters to describe survivor curves. More detailed information and 
background on the various parameters are provided in Table A.3.4 
in Appendix A. In addition, the table includes kinetic parameters for 
the pathogenic spores of Bacillus subtilis and Bacillus cereas.

Tables A.3.1 to A.3.4 present additional and more specific 
kinetic parameters than are provided in Tables 3.1 to 3.4. Each table 
presents the type of preservation technology used during the experi-
mental measurements: thermal, UHP or PEF. The specific microbial 
populations for each of the kinetic parameters have been identified. 
The rate constants are the Decimal Reduction Time (D) or a rate 
constant (k), and a deviation constant (n) to express the deviation 
from a first-order model. The tables identify the intensity of the 
agent (thermal, UHP, PEF) used to measure the rate constant. In 
addition, the tables present the appropriate coefficients (z, EA, V, 
etc.) to describe the influence of agent intensity on the rate constant. 
The substrate carrying the microbial population has been presented 
for each situation. Finally, each table includes additional informa-
tion relevant to the measurements and the reference for the source 
of kinetic parameters included in the tables.

3.2.1  Microbial population variability

As is evident with kinetic parameters in Tables 3.1 to 3.4, the mag-
nitudes of parameters for a given microbial population vary consid-
erably. The factors influencing this variability are obvious in some 
cases, but the influence of experimental procedures seems to be a 
significant factor. One of the more significant procedural factors is 
the substrate carrying the microbial population during exposure to 
the preservation process conditions. The influence of the substrate is 
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evident when evaluating the kinetic parameters for each of the dif-
ferent processes (thermal, UHP, PEF), and for different microbial 
population (vegetative cells, spores). The substrates range from water 
to complex food systems. In general, rate constants decrease as the 
substrate becomes more complex, indicating that the effectiveness of 
the process decreases as the composition of the food becomes more 
complex. The microbial populations seem to be protected by insolu-
ble or soluble (or both) product components during the preservation 
process. The specific impact of the proteins, carbohydrates, fats, and 
ash on the response of the microbial population to a preservation 
process is not clear. Higher concentrations of these components seem 
to protect the microorganisms, and create lower rate constants. The 
coefficients used to express the influences of the intensity of the pres-
ervation agent indicate that the microbial population is more difficult 
to inactivate when the microorganism is carried in a food product.

3.2.2  Vegetative populations versus spores

The kinetic parameters for survivor curves of several vegetative 
pathogens have been presented in Tables 3.1, 3.2 and 3.3. In gen-
eral, the magnitudes of these parameters clearly indicate that veg-
etative pathogens are less resistant to preservation processes than 
pathogenic spores, as presented in Table 3.4. There are no direct 
comparisons among the various parameters due to the intensity of 
the process agent used during measurements, but process require-
ments for pathogenic spores may be more than double the mag-
nitude for vegetative pathogens. The coefficients used to describe 
the intensity of the process agent also indicate that spores are more 
resistant to preservation processes.

3.2.3  Process technology

The results in Tables 3.1 through 3.4 include kinetic parameters for 
thermal, UHP, and PEF processes. The most obvious difference in the  
effectiveness of these technologies is the significantly higher rate con-
stants for the PEF process when applied to vegetative pathogens, as 
compared to thermal and UHP processes. These differences are at 
least 1000-fold, suggesting that similar magnitudes of reductions in 
microbial populations can be achieved in microseconds using PEF,  
as compared to several seconds or minutes when using thermal or 
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UHP processes. Note that many of the rate constants for the PEF 
measurements are based on only two points to describe the survivor 
curve: initial and final population. The results from one investigation 
(Rodrigo, Barbosa-Canovas, Martinez, & Rodrigo, 2003) indicate 
that the survivor curves during PEF processes may follow first-order 
model or the two-parameter model presented as Eq. (2.22 or 2.25) 
Kinetic parameters for applications of the PEF process to populations 
of microbial spores are limited to results for B. cereus and B. subtilus 
spores. These results indicate that rate constants for the PEF process 
are higher than for thermal or UHP processes.

The kinetic parameters for thermal and UHP processes have 
similar magnitudes. The results presented in Tables 3.1 through 
3.4 have been assembled for typical ranges of temperatures and 
pressures. For vegetative pathogens, the results suggest that rate 
constants to describe microbial survivor curves measured at tem-
peratures of approximately 60°C are similar to rate constants 
measured at pressures of 300 to 400 MPa. The kinetic parameters 
for pathogenic spores indicate that rate constants are lower than for 
vegetative populations. For these processes, the rate constants for 
thermal processes at 120°C are similar to UHP processes at 700 to 
800 MPa. The magnitudes of the coefficients used to describe the 
influence of temperature and/or pressure on the rate constants sug-
gest that vegetative pathogens and pathogenic spores respond to 
thermal and UHP processes in a similar manner.

3.3  Applications of kinetic parameters

Kinetic parameters presented in Tables 3.1 through 3.4 (and Tables 
A.3.1 to A.3.4) are typical of the information needed when design-
ing processes for food product preservation. Because these param-
eters are for pathogenic microorganisms, the primary purpose of 
the process design is to ensure the microbiological safety of the 
products. When the populations of spoilage microorganisms hap-
pen to have lower rate constants, the processes need to incorporate 
the appropriate kinetic parameters to ensure the desired product 
shelf life. The following examples and discussions illustrate using 
kinetic parameters in the first step to designing the preservation 
process for a food product.

The various models presented in Chapter 2 are used to dem-
onstrate the use of kinetic parameters for microbial pathogens in 
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preservation process design. The model for the microbial survivor 
curve is the primary expression for preservation process design. 
This expression describes the reduction in microbial population as 
a function of time and is used to predict the time required to reach 
the target number of survivors.

Because the preservation process must be designed to ensure the 
safety of the product, the number of survivors must be expressed in 
terms of the probability of survivors. The probability of survivors 
becomes an expression of risk associated with a pathogen surviv-
ing the preservation process. An example probability is one survi-
vor in one million units of product processed.

The survivor curve in Figure 3.5 illustrates the concept of survi-
vor probability. In the illustration, the initial microbial population is 
106 per product package unit. For this example, the survivor curve 
is assumed to follow a first-order model or log-linear model. The 
target number of survivors is 0.01 or a probability of 1 survivor in 
100 product package units. Ultimately, this probability becomes the 
target population for the preservation process. In practice, this mag-
nitude must be established based on a variety of issues associated 
with the product attributes, consumer expectations, and regulations.
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Figure 3.5 Microbial	survivor	curves	illustrating	probability	of	survival	(from		
Ball	&	Olson,	1957).



Kinetics	of	Inactivation	of	Microbial	Populations	 61

Example 3.1   

A	ground	beef	product	 is	 receiving	a	mild	 thermal	 process	 to	
ensure	product	safety	by	reducing	the	population	of	Salmonella 
typhimurium.	Measurements	have	indicated	that	populations	of	
the	pathogen	may	be	as	high	as	10	in	the	product	per	package	
unit.	Establish	 the	process	 time	needed	 to	achieve	an	accept-
able	level	of	product	safety.

Given:
1.	 Ground	beef	is	the	product.
2.	 Vegetative	pathogen	is	Salmonella typhimurium.

Approach:
1.	 Select	the	appropriate	kinetic	parameters	from	Table	3.1	or	

Table	A.3.1.
2.	 Establish	the	acceptable	level	of	product	safety.

Solution:
1.	 By	 reference	 to	 Table	 A.3.1,	 there	 are	 two	 potential	 rate	

constants	 for	 Salmonella typhimurium	 in	 ground	 beef:	 k	 		
8.8/min	or	10.6/min	at	60°C.

2.	 The	 acceptable	 risk	 associated	 with	 this	 product	 has	 been	
established	as	1	survivor	in	100,000	packages	of	the	product.

3.	 Because	the	available	kinetic	parameters	have	been	deter-
mined	 by	 using	 a	 first-order	 model,	 the	 following	 survi-
vor	curve	equation,	based	on	Eq.	(2.11)	of	Chapter	2,	 is	
used:

	 	

4.	 To	determine	the	process	time,	the	preceding	equation	can	
be	expressed	as	follows:

	 	

5.	 Using	the	preceding	expression	and	the	input	data

	 	

where	N		1/100,000		0.00001,	 the	 results	 indicate	 that	a	
process	time	of	1.57	min	at	60°C	is	needed	to	ensure	the	estab-
lished	level	of	product	safety.
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The preceding example can be used to illustrate several impor-
tant aspects of preservation process design:

l The initial population of the pathogen in the food product must 
be established as accurately as possible. If measurements indi-
cate a range of populations have been determined, the highest 
magnitude should be selected.

l Although two rate constants were discovered for the pathogen 
in ground beef, the lower of the two rates was selected for the 
computation.

l The accepted target probability of survivors was 1 in 100,000 prod-
uct package units. Given the initial population, a 6 log cycle reduc-
tion in the population would be accomplished by the process.

l The process of 1.57 min at 60°C assumes that the microbial 
population, at any and all locations within the product package 
unit, is exposed to this time and temperature. In addition, that the 
product temperature is increased to 60°C instantaneously, held 
for 1.57 min, and then cooled instantaneously.

Example 3.1 is an illustration of predicting process time using the 
log-linear or first-order survivor model. Variations from the log-linear 
survivor curve model will impact the process time, and the influence 
must be considered. A frequently used model is Eq. (2.23 or 2.25) 
from Chapter 2. This model accommodates variations by incorporat-
ing an additional parameter (n), and several entries in Tables A.3.1 
through A.3.4 in Appendix A have used this model to evaluate kinetic 
parameters for vegetative pathogens and pathogenic spores.

Example 3.2   

A	 preservation	 process	 for	 a	 food	 product	 known	 to	 con-
tain	 populations	 of	 Salmonella typhimurium	 is	 being	 developed.	
Measurements	indicate	that	initial	populations	may	be	as	high	
as	100	per	product	package.	Recommend	a	process	to	ensure	
that	the	food	safety	risk	from	this	product	is	negligible.

Given:
1.	 The	specific	composition	of	the	product	is	not	provided,	but	

it	is	a	high-carbohydrate	product.
2.	 Kinetic	parameters	for	Salmonella typhimurium	are	provided	in	

Table	A.3.1	in	Appendix	A.
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Approach:
1.	 The	kinetic	parameters	in	Table	A.3.1	for	a	high-carbohydrate	

product	(high	sugar	content)	are	selected.
2.	 Because	 the	 kinetic	 parameters	 are	 for	 the	 non-log-linear	

model,	Eq.	(2.23)	is	used	to	predict	the	process	time.
3.	 The	negligible	risk	requirement	is	generally	viewed	as	a	1	in	

1	 million	 risk.	 For	 this	 application,	 1	 survivor	 in	 1	 million	
product	packages	is	used,	or	a	probability	of	0.000001.

Solution:
1.	 The	kinetic	parameters	in	Table	A.3.1	include	k		0.144/min	

(D		6.94	min)	and	n		0.667	for	66%	sugar	at	60°C,	and	
k	 	 0.1/min	 (D	 	 10	min),	 and	 n		1.2	 for	 48%	 sugar	 at		
60°C.	 The	 process	 time	 for	 both	 sets	 of	 kinetic	 parameters	
will	be	determined.

2.	 Using	Eq.	(2.23):

	 	

	 	

	 	

3.	 By	 incorporating	 the	 kinetic	 parameters	 for	 66%	 sugar	 at		
60°C,	 and	 the	 magnitudes	 of	 microbial	 populations,	 the	
following	result	is	obtained:

	 	
	 	

4.	 The	process	time	for	48%	sugar	would	be

	 	
	 	

5.	 The	results	for	the	same	product	substrate	are	significantly	
difference	 due	 to	 the	 difference	 in	 sugar	 concentration,	 as	
reflected	in	the	differences	in	kinetic	parameters.
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The results for preservation process times in Example 3.2 pro-
vide interesting insights about the survivor curve model to be used 
for prediction of the process time. First of all, the significant differ-
ence in the process time in Examples 3.1 and 3.2 for the same veg-
etative pathogen is obvious. A portion of this difference is due to 
higher initial population in Example 3.2, as well as the lower prob-
ability of survivors associated with negligible risk. These influences 
account for a portion of the difference, but an additional portion of 
the difference must be attributed to the influence of the substrate on 
the response of the microorganism to the thermal process.

The results in Example 3.2 indicate that the process time for 
66% sugar substrate is significantly greater than for 48% sugar. 
This difference is due to the differences in the kinetic parameters 
for the microorganism in the two substrates. The primary parameter 
is “n”; the factor describing the extent of deviation of the survivor 
curve model from the first-order model. For 66% sugar, the param-
eter is less than 1.0 (n  0.667), suggesting that the survivor curve 
is concave upward, as compared to a log-linear survivor curve. The 
shapes of the curves were illustrated in Figure 2.10 of Chapter 2. 
The process time for this situation is expected to be longer than 
would be predicted by the first-order model. When the parameter 
is greater than 1.0 (n  1.2), as indicated for 48% sugar, the survi-
vor curve is concave downward, and the process time is lower than 
predicted by a log-linear survivor curve model. The example indi-
cates that the process time for the concave upward survivor curve 
is more than double the process time when the survivor curve is 
concave downward.

A review of the kinetic parameters presented in Tables 3.1 
through 3.4 indicates that rate constants are usually presented at a 
single temperature. If the process of interest is to be conducted at 
a temperature other than the temperature indicated in the table, the 
rate constant at a different temperature is needed. During measure-
ments of kinetic parameters, rate constants are usually measured at 
more than one temperature, and the results are expressed as an agent 
intensity coefficient (EA or z). These coefficients provide the infor-
mation needed to predict process times at temperatures other than 
the temperature associated with the rate constant presented in the 
table. Caution should be used when computing rate constants out-
side the range of temperatures used to determine the agent intensity 
coefficient because the relationship between the rate constant and 
the agent intensity may change outside the range of measurements.
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Example 3.3   

A	 process	 for	 a	 shelf-stable	 vegetable	 product	 is	 being	 estab-
lished.	The	pathogenic	spore	of	concern	is	Clostridium botulinum,	
and	measurements	indicate	that	initial	populations	may	be	as	
high	as	10	per	product	container.	Recommend	a	process	time	
at	121°C	sufficient	to	ensure	negligible	risk	associated	with	dis-
tribution	of	the	shelf-stable	product.

Given:
1.	 The	product	of	concern	is	a	shelf-stable	vegetable	product,	

containing	 initial	populations	of	Cl. botulinum	of	as	high	as	
10	per	product	container.

2.	 A	typical	negligible	risk	expectation	is	1	survivor	per	1	million	
containers.

3.	 Typical	kinetic	parameters	for	the	pathogenic	spore	are	pre-
sented	in	Table	3.4.

Approach:
1.	 Because	 the	 available	 kinetic	 parameters	 are	 based	 on	 a	

first-order	 model,	 an	 expression	 based	 on	 Eq.	 (2.11)	 is	
used.	Eq.	(2.16)	is	used	to	compute	the	rate	constant	at	the	
desired	temperature.

2.	 The	kinetic	parameters	 in	Table	3.4	 for	vegetable	products	
are	presented	as	ranges	of	values:	k		0.929	to	3.775/min	
or	 k	 	 0.186	 to	 4.7/min	 at	 a	 temperature	 of	 110°C.	 The	
temperature	 coefficient	 is	 the	 Activation	 Energy	 Constant,	
with	values	 ranging	 from	242.1	 to	375.4	kJ/mole,	or	260.1	
to	379.6	kJ/mole.

Solution:
1.	 The	 first	 step	 is	 to	 select	 the	 appropriate	 rate	 constant	 for		

Cl. botulinum.	The	lowest	rate	constant	presented	in	Table	3.4	
is	 0.186	 for	 Cl. botulinum B,	 which	 would	 provide	 the	 most	
conservative	process	time.

2.	 The	 Activation	 Energy	 Constants	 for	 Cl. botulinum B	 range	
from	 260.1	 to	 379.6	kJ/mole,	 and	 the	 lower	 magnitude	
would	provide	the	most	conservative	coefficient	for	comput-
ing	the	adjustment	in	the	rate	constant.

3.	 Using	Eq.	(2.16),	the	rate	constant	at	121°C	is	determined	as

	 	
(Continued)
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Example 3.3  (Continued)

or

	

4.	 Using	the	first-order	survivor	curve	expression:

	 	

The process time for the vegetable product is influenced by the 
process temperature; the time would be much higher at 110°C. 
The process time determined in Example 3.3 assumes that all por-
tions of the product are exposed to the temperature of 121°C for 
the entire process time. The influence of time to reach the proc-
ess temperature and the distribution of temperature within the con-
tainer will be discussed in Chapter 6. The predicted process time 
is influenced by the temperature coefficient or Activation Energy 
Constant, as well. If magnitudes higher than 260.1 kJ/mole are 
used, the rate constants would be lower, and the process times 
would be longer.

The kinetic parameters presented in Tables 3.1 through 3.4 
include data for populations of vegetative pathogens and patho-
genic spores when exposed to UHPs. The use of UHP as a pres-
ervation process for a food product depends on the application 
of an elevated pressure to the product for a specified period of 
time. The steps in process design are similar to those for a ther-
mal process.
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Example 3.4   

An	ultra-high	pressure	preservation	process	is	being	developed	
to	 eliminate	 the	 food	 safety	 risk	associated	with	 Listeria mono-
cytogenes	in	ground	pork.	The	process,	at	414	MPa,	is	expected	
to	 produce	 a	 product	 with	 negligible	 risk,	 while	 minimizing	
thermal	 impacts	 on	 product	 quality	 attributes.	 Populations	
of	Listeria monocytogenes	 in	 the	ground	pork	product	have	been	
measured	and	indicate	that	the	population	in	the	package	prior	
to	the	process	could	be	as	high	as	15.	Determine	the	time	for	
an	UHP	process	to	meet	the	process	specifications	described.

Given:
1.	 The	 target	 microbial	 pathogen	 is	 Listeria monocytogenes	 in	

ground	pork.
2.	 An	ultra-high	pressure	process	at	414	MPa	is	used.
3.	 An	initial	population	of	15	per	product	package	and	a	neg-

ligible	risk	have	been	specified.

Approach:
1.	 The	kinetic	parameters	needed,	at	414	MPa,	for	the	process	

design	are	presented	in	Table	3.3.
2.	 The	 negligible	 risk	 requirement	 requires	 a	 probability	 of	

0.000001,	or	1	survivor	in	1	million	packages.
3.	 The	first-order	survivor	curve	model	is	used.

Solution:
1.	 The	kinetic	parameters	from	Table	3.3	indicate	that	the	rate	

constant	 is	 0.552/min	 at	 414	MPa	 and	 a	 temperature	 of		
25°C.	 The	 rate	 constant	 selected	 is	 lowest	 in	 a	 range	 of	
measured	 parameters	 and	 would	 provide	 the	 conservative	
result.	 In	addition,	 the	 lower	 temperature	 should	minimize	
the	influence	of	temperature	on	the	product	quality.

2.	 The	 first-order	 survivor	 curve	 model,	 based	 on	 Eq.	 (2.11),	
will	be	used	as

	 	

or

	 	

(Continued)
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Example 3.4  (Continued)

3.	 These	input	parameters	are	used:

	 	

	 	
	 	

4.	 The	results	indicate	that	a	high	pressure	process	of	29.9	min	
at	414	MPa	and	25°C	would	meet	the	expectations	of	negli-
gible	risk	for	the	preservation	process.

As previously discussed for thermal processes established by 
using the first-order or log-linear survivor models, there are sev-
eral observations about the UHP process that deserve similar 
discussion:

l Meeting the expectation of the negligible risk is dependent 
on the initial population of the pathogen. The accurate meas-
urement of this magnitude is a very important step in process 
design.

l The lowest rate constant from a range of measured values from 
the published literature should be used to ensure the most con-
servative result from the process design.

l The process time assumes that pressure (414 MPa) is achieved 
instantaneously at the beginning of the process, followed by a 
holding period of 29.9 min, followed by an instantaneous release 
of the pressure. The result also assumes that the pressure of 
414 MPa is uniform throughout the product in the package dur-
ing the preservation process.

l It has been established that the product temperature increases 
during a UHP process. For the process in Example 3.4, it is 
assume that product temperature does not exceed 25°C during 
the process. If the product temperature is increased to a magni-
tude where the temperature influences the rate constant for the 
pressure process, appropriate adjustments in the kinetic param-
eters would be required.
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Example 3.5   

Determine	 the	 influence	 of	 product	 temperature	 on	 the	 pres-
ervation	 process	 recommended	 for	 conditions	 presented	 in	
Example	3.4.

Given:
1.	 The	same	conditions	as	described	in	Example	3.4	are	used.
2.	 A	higher	product	temperature	is	evaluated.

Approach:
1.	 The	only	parameter	 to	be	changed	from	the	solution	given	

for	Example	3.4	is	temperature.	The	kinetic	parameters	pre-
sented	in	Table	A.3.3	include	a	first-order	rate	constant	for	
Listeria monocytogeneses	 at	 50°C	 and	 at	 414	MPa,	 as	 com-
pared	 to	 the	 rate	 constant	 at	 25°C	 used	 in	 the	 previous	
example.

Solution:
1.	 The	 first-order	 rate	 constant	 at	 50°C	 for	 Listeria monocy-

togeneses	 is	 3.656/min	 at	 414	MPa.	 Note	 that	 the	 lowest	
magnitude	rate	constant	 is	selected	 from	the	range	of	 rate	
constants	measured	for	these	conditions.

2.	 Using	 the	 rate	 constant	 for	 50°C,	 the	 following	 result	 is	
obtained:

	 	

3.	 The	preservation	process	time	at	414	MPa	and	50°C	is	sig-
nificantly	 lower	 than	 the	 process	 time	 at	 25°C;	 4.52	min	
as	compared	 to	29.9	min.	 If	 the	 impact	of	 the	higher	 tem-
perature	on	product	quality	attributes	is	not	significant,	the	
process	at	50°C	would	be	recommended.

The influence of pressure magnitude on the rate’s contacts for 
reducing microbial populations is evident in the parameters pre-
sented in Tables 3.1 through 3.4 (as well as Tables A.3.1 to A.3.4). 
The magnitude of this influence is described by pressure coef-
ficients: a pressure z-value or the Activation Volume Coefficient 
(V). These coefficients are needed to evaluate the influence of 
pressure magnitude on process times.
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Example 3.6   

A	 UHP	 process	 is	 being	 developed	 for	 a	 pork	 product,	 with	
focus	 on	 ensuring	 that	 populations	 of	 Listeria monocytogenes	 in	
the	product	are	reduced	to	negligible	levels.	The	populations	in	
the	product	may	be	as	high	25	per	product	package.	A	system	
capable	of	providing	a	pressure	of	375	MPa	at	30°C	has	been	
selected.	Determine	the	process	time	required.

Given:
1.	 The	vegetative	pathogen	is	Listeria monocytogenes,	and	kinetic	

parameters	are	provided	in	Table	3.3.
2.	 An	 initial	 population	 of	 25	 per	 product	 package	 has	 been	

established.
3.	 A	negligible	risk	of	survivors	from	the	process	requires	1	sur-

vivor	per	1	million	packages	from	the	process.
4.	 The	process	is	conducted	at	375	MPa.

Approach:
1.	 The	kinetic	data	 from	Table	3.3	 include	a	 rate	constant	at	

400	MPa	 and	 the	 Activation	 Volume	 Constant	 for	 Listeria 
monocytogenes.

2.	 Equation	 (2.20)	 is	 used	 to	 compute	 the	 rate	 constant	 at	
375	MPa.

3.	 The	first-order	rate	constant	at	375	MPa	and	30°C	are	used	
in	Eq.	(2.11)	to	compute	the	process	time.

Solution:
1.	 The	parameters	obtained	from	Table	3.3	are	k		0.652/min	

at	400	MPa	and

	 	

2.	 Use	Eq.	(2.20):
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3.	 Use	Eq.	(2.11):

	 	
	 	

4.	 The	process	 required	at	375	MPa	and	30°C	 is	36.7	min	 to	
ensure	a	negligible	risk	of	survivors	of	Listeria monocytogenes.

Example 3.7   

Liquid	whole	eggs	are	to	be	processed	using	PEF	as	a	preserva-
tion	 technology.	The	process	 is	 expected	 to	 reduce	 the	popu-
lation	of	Listeria enteritidis	 to	negligible	 levels,	 given	 that	 initial	
populations	 are	 as	 high	 as	 100	 for	 the	 amount	 of	 product	
placed	in	a	final	package.	Determine	the	process	time,	when	a	
field	intensity	of	30	kV/cm	is	to	be	used	at	20°C.

Given:
1.	 A	preservation	process	for	liquid	whole	eggs	is	to	be	estab-

lished	 using	 PEF	 with	 a	 field	 intensity	 of	 30	kV/cm	 and		
20°C.

2.	 The	vegetative	pathogen	of	concern	is	Listeria enteritidis,	and	
the	initial	population	is	100	per	product	package.

(Continued)

These examples illustrate that the process times to be used for 
UHP preservation processes are established in the same manner as 
for thermal processes. The additional steps required to design pres-
ervation processes will be presented and discussed in Chapter 6.

Limited amounts of kinetic data are available for microbial sur-
vivor curves during exposure to PEF technologies. Although the 
kinetic parameters indicate that the rate constants are much higher 
than for thermal or UHP processes, the parameters are used in the 
same manner I process design. As previously indicated, the kinetic 
parameters to be used in examples are found in Tables 3.1 through 
3.3 (and Tables A.3.1 to A.3.4).
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Example 3.7  (Continued)

Approach:
1.	 The	 kinetic	 parameters	 in	 Tables	 3.3	 and	 A.3.3	 indicated	

that	rate	constants	for	the	pathogen	range	from	0.0303	to	
0.0546/microsec	at	20	kV/cm	and	20°C.

2.	 Because	 the	 rate	 constants	 are	 for	 a	 first-order	 survivor	
curve	model,	a	 log-linear	model	 is	used	 for	computing	 the	
process	time.

3.	 For	this	product,	a	probability	of	1	survivor	in	10,000	prod-
uct	packages	is	acceptable.

Solution:
1.	 Equation	(2.10)	is	the	model	to	use	for	this	application:

	 	

or

	 	

2.	 Use	the	input	parameters:

	 	

3.	 The	 results	 indicate	 that	 the	 liquid	 whole	 egg	 needs	 to	 be	
exposed	 to	 the	PEF	of	20	kV/cm	and	20°C	 for	456	micro-
seconds.	This	 is	a	fraction	of	a	second.	The	challenge	is	to	
achieve	uniform	exposure	of	the	product	as	it	flows	through	
the	PEF	cell.

The commercial applications of PEF as a preservation process are 
still limited. The challenges include achieving uniform distribution 
of the field within a solid food product and evaluating the effec-
tiveness in the inactivation of pathogenic spores. The appropriate 
kinetic parameters for use in process design are limited. In addi-
tion, there is some evidence that the survivor curves for microbial 
populations may not be first-order.
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Example 3.8   

A	preservation	process	 is	being	developed	for	a	 juice	product.	
PEF	 is	 being	 considered	 as	 a	 technology	 to	 ensure	 negligible	
risk	of	E. coli	survivors	in	the	product.	Populations	of	the	path-
ogen	in	the	product	may	be	as	high	as	55	per	product	package.	
Determine	the	process	time	for	PEF.

Given:
1.	 The	pathogen	of	concern	is	E. coli,	and	the	initial	population	

is	55	per	product	package.
2.	 The	product	is	juice,	and	PEF	is	the	preservation	process.

Approach:
1.	 The	kinetic	parameters	are	selected	from	Table	3.2	or	A.3.2,	

where	 parameters	 for	 a	 carrot	 juice	 product	 have	 been	
recorded.

2.	 The	 appropriate	 survivor	 curve	 model	 is	 selected,	 and	 the	
process	time	is	determined.

3.	 The	negligible	 risk	 requirement	 indicates	 that	a	probability	
of	survivors	must	be	0.000001.

Solution:
1.	 The	kinetic	parameters	available	from	Tables	3.2	and	A.3.2	

include	rate	constants	for	first-order	and	non-log-linear	sur-
vivor	curves.	The	parameters	are	k		0.0138/microseconds	
for	the	first-order	model,	and	D		31.8	microseconds	and	
n		0.6	for	the	non-log-linear	model.

2.	 For	the	first-order	model,	Eq.	(2.10)	is	used:

	 	

3.	 When	 using	 the	 non-log-linear	 survivor	 curve	 model	 from	
Eq.	(2.23):

	 	

4.	 The	process	times	from	the	two	models	are	not	significantly	
different,	and	the	longer	of	the	two	is	selected.	The	recom-
mended	 process	 time	 is	 0.0013	 sec	 with	 an	 electric	 field	
intensity	of	25	kV/cm	and	at	product	temperature	that	does	
not	exceed	40°C.
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Example 3.9   

A	 new	 shelf-stable	 food	 product	 is	 being	 developed,	 and	
safety	from	the	spores	of	Cl. botulinum	needs	to	be	established.	
Populations	 of	 the	 pathogenic	 spores,	 equivalent	 to	 10	 per	
product	 package,	 must	 be	 considered	 to	 achieve	 negligible	
food	 safety	 risk	 for	 the	 product.	 A	 UHP	 processing	 system	 is	
being	considered	for	the	product.

Given:
1.	 The	pathogen	of	concern	is	Cl. botulinum,	with	an	initial	pop-

ulation	of	10	per	product	package.
2.	 A	 negligible	 risk	 criterion	 has	 been	 established	 for	 the	

product.
3.	 A	high	pressure	processing	system	has	been	selected.

Approach:
1.	 The	kinetic	parameters	for	the	pathogenic	spore	are	selected	

from	Tables	3.4	or	A.3.4.

As indicated earlier, most applications of the PEF technology to 
food preservation involve liquid foods and the application of the 
electric field during flow through a treatment cell. In these types of 
applications, the process time is used to establish the product flow 
rate through the process treatment cell. As long as the application 
of the PEF is applied uniformly to the product during flow through 
the cell, the product flow rate (and velocity) is inversely propor-
tional to the process time.

As illustrated in Example 3.3, pathogenic spores are a significant 
challenge in the development of the preservation process. When 
considering thermal processes, the process times and temperature 
are much higher than required for vegetative pathogens. In general, 
the kinetic parameters in Tables 3.1 through 3.4 (and Tables A.3.1 
to A.3.4) indicate that the same challenges exist when developing 
processes for UHP preservation. The published literature does not 
contain kinetic parameters to describe the survivor curves for micro-
bial spores using PEF treatments.
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2.	 The	appropriate	 survivor	 curve	model	 is	 selected	based	on	
the	kinetic	parameters.

3.	 The	 negligible	 risk	 criterion	 requires	 a	 probability	 of	
0.000001	survivors.

Solution:
1.	 Based	 on	 the	 kinetic	 parameters	 provided	 in	 Table	 A.3.4,	

the	parameters	 for	 Cl. sporogenes	 have	been	 selected.	These	
parameters	include	k		2.556/min	at	a	pressure	of	700	MPa	
and	108°C	 for	 a	first-order	 survivor	 curve	model.	 In	addi-
tion,	 parameters	 for	 a	 non-log-linear	 model	 include	 D	 	
0.19	min	 and	 n	 	 0.25	 for	 the	 same	 pathogenic	 spore	 at	
700	MPa	and	105°C.

2.	 Use	the	first-order	survivor	curve	model:

	

	
	

3.	 Use	the	non-log-linear	model:

	

	

	

4.	 The	process	results	suggest	a	significant	difference	between	
the	 two	 models.	 The	 process	 time	 from	 the	 non-log-linear	
survivor	 curve	 is	 much	 longer,	 most	 likely	 due	 to	 the	 con-
cave	upward	shape	of	the	curve.	The	low	magnitude	of	the	
“n”	 parameter	 indicates	 the	 significant	 deviation	 from	 the	
first-order	model	and	the	longer	process	time.

Both of the process times obtained in Example 3.9 require a 
very high pressure (700 MPa) and represent a significant opera-
tional challenge. This challenge become most evident for patho-
genic spores and is likely to limit immediate applications of UHP 
processes for shelf-stable foods.
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3.4   Definition of microbial 
inactivation

The use of kinetic parameters to predict appropriate process times 
for food preservation processes depends on the survivor curve 
being an actual representation of pathogen survival during the 
preservation process. This is a primary concept of any preserva-
tion process and has been a guiding principle in the application 
of thermal processes for food preservation. In general, previous 
developments have demonstrated that the survivor curve data used 
to generate kinetic parameters are equivalent to the microbial sur-
vival occurring during application of the thermal processing of the 
food product in a commercial operation.

Research by Teo, Ravishankar, and Sizer (2001) indicates that 
survivor curve data for UHP processes may need more careful 
analysis. These results suggest that some portion of the survivors 
from UHP processes for vegetative pathogens in foods may be 
injured and may recover under appropriate conditions for growth. 
The focus of these observations was on the assay used to determine 
the numbers of microbial survivors during experiments for quanti-
fication of kinetic parameters. These experiments may require an 
extra step during recovery of survivors in the medium after the 
process treatment. The purpose of this step is to ensure that injured 
cells of the vegetative pathogen are recovered and included in 
survivor numbers used to quantify the kinetic parameters. Unless 
these precautions are followed, the kinetic parameters may result in 
predicted process times that are inadequate to achieve the desired 
targets in safety of the final product.

There is no evidence that the kinetic parameters for UHP proc-
esses of pathogenic spores may be influenced by the survival of 
injured cells. The results for vegetative cells suggest that the same 
precaution should be applied to the development of processes for 
pathogenic spores. This precaution should be considered during 
evaluation of survivor curve data for vegetative pathogens or path-
ogenic spores from PEF processes. Although there is no evidence 
of cell injury from PEF processes, the potential impact on survivor 
curves from PEF processes must be considered. These precautions 
need to be considered for other alternative technologies considered 
for preservation of food products.
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3.5   Kinetic parameters for alternative 
preservation technologies

Most of the illustrations used to predict process times for UHP 
processes indicate that the kinetic parameters are very similar to 
those used for thermal processes. The rate constants (k, D, D) for 
UHP processes are measured and used in the same manner as for 
thermal processes. As consideration is given to the uniformity of 
parameters, the focus should be on first-order rate constants (k) or 
multiple-order rate constants (k,n).

The kinetic parameters used to describe the influence of pres-
sure magnitude on rate constants should be uniform as well. Several 
investigations have used the traditional Thermal Inactivation 
Coefficient (z) as a parameter for describing the influence of pres-
sure magnitude on the rate constants. Fortunately, these coefficients 
can be converted to the preferred parameter—the Activation Volume 
Coefficient (V). Hopefully, future investigations will consider 
using the Activation Volume Coefficient on a consistent basis for 
describing the influence of pressure magnitude on rate constants.

The kinetic parameters for PEF processes present several differ-
ent challenges. Many investigations have reported rate constants 
for either first-order or multiple-order survivor curves. The meas-
urement of these constants presents unique challenges due to the 
very short time frame (microseconds) for reducing microbial pop-
ulations. The application of these parameters can be used to predict 
process times at the same electric field intensity as used to measure 
the rate constant. The parameters for describing the impact of field 
intensity on rate constants are not uniform. Although a coefficient 
similar to thermal and pressure (z) has been used in some reports, 
an alternative model may be most appropriate.

List of symbols

D  Decimal Reduction Time
D   Decimal Reduction Time for non-log-linear microbial sur-

vivor curve
EA  Activation Energy Constant
k  first-order reaction rate constant
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ko  zero-order reaction rate constant
k2  second-order reaction rate constant
ko  pre-exponential constant in Arrhenius relationship
kref  reference rate constant
N  microbial population
No  initial microbial population
P  pressure
Pref  reference pressure
R  gas constant
t  time
T  temperature
T  absolute temperature
V  activation volume
z  thermal resistance constant
zp  pressure change for one log change in rate constant
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4

Most preservation processes are expected to have some impact 
on quality attributes of the food product. For most thermal proc-
esses, the influence is significant, and the quality attributes of the 
food after the process may be different from those of the product 
prior to the process. Much of the interest in alternative preserva-
tion technologies is to reduce negative impacts of the preservation 
process while still achieving the desired reduction in microbial 
populations.

Investigations into the changes in product quality attributes dur-
ing a preservation process reveal that the changes may be described 
by the models for reaction kinetics presented in Chapter 2.  
The retention of many heat-sensitive quality attributes has been 
described by first-order reactions and first-order rate constants. The 
kinetic parameters available to describe the retention of food quality 
attributes are presented and discussed in this chapter. In addition, 
the kinetic parameters are used to demonstrate the quality retention 
that occurs during a preservation process in a quantitative manner. 
These illustrations provide quantitative insights into differences 
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in preservation processes and provide a framework for evaluating 
processes when attempting to determine the process with minimum 
impact on the quality attributes of the product.

Quantifying quality retention during preservation processes for 
food products has developed over a considerable period of time. 
The extent to which this information has been used in process 
design and optimization of processes is limited. The examples pre-
sented in this chapter demonstrate the opportunities for predicting 
the magnitudes of quality retention during preservation processes 
and potentially minimizing the changes in quality attributes.

4.1   Characteristics of quality  
retention kinetics

The interest in retention of food quality attributes during preser-
vation processes is evident in the early research of Feliciotti and 
Esselen (1957). After measuring thiamine concentration as a func-
tion of time at several elevated temperatures, these researchers 
developed time–temperature relationships to describe thiamine 
retention, as illustrated in Figure 4.1. Incorporating the thermal 
death time curve for a commercial sterilization process illustrated 
the advantages associated with using higher temperature processes 
for shorter time. These relationships were among the first attempts 
to quantify preservation processes and improve the retention of 
quality attributes in a food product. These results and applications 
provided the basis for measurement of the kinetic parameters pub-
lished over the past 50 years.

Villota and Hawkes (2007) provide an excellent review of the 
reaction kinetics associated with changes in quality attributes in 
foods. The changes in vitamin concentration during preservation 
processes, storage, and distribution have been described in terms 
of first-order kinetics, and the kinetic parameters include first-order 
rate constants and activation energy constants. Although the pub-
lished literature includes a few references to the use of non-first-
order models, there are limited numbers of kinetic parameters for 
models other than first order.

Villota and Hawkes (2007) assembled kinetic parameters for 
retaining color pigment intensity during preservation processes, 
storage, and distribution. These parameters include first-order rate 
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constants for Maillard browning and nonenzymatic browning. There 
is limited evidence of kinetic parameters for non-first-order models.

Villota and Hawkes (2007) present a detailed review of the 
chemical reactions occurring during changes in quality attributes. 
The review clearly illustrates that the kinetics of the reactions are 
far more complex than indicated by first-order rate constants. In 
most situations, several intermediate reactions occur during the 
change in the initial concentration or in the intensity of the quality  
attributes. These reactions create intermediate reaction products 
and may or may not define an end product from a series of reac-
tions. Careful interpretation of these reactions is required to ensure 
that the kinetic parameters describe the quality change of primary 
interest. There may be situations where intermediate products rep-
resent an enhancement in the quality attribute of interest. The best 
example of this type of situation is the series of reactions involving 
lycopene in tomatoes or tomato products.
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Figure 4.1 The	improvements	in	thiamine	retention	achieved	with	high	temperature,	
short	time	thermal	processes	(from	Lewis	&	Heppel,	2000).
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The kinetic parameters for retention of quality attributes in 
foods, as assembled by Villota and Hawkes (2007), are repre-
sentative of the retention of the more prominent product quality 
attributes. The use of first-order rate constants seems to be appro-
priate for describing the change in the concentration or intensity of 
that attribute as a function of time. In addition, the use of activa-
tion energy constants to describe the influence of temperature on 
the magnitude of the rate constants has been recognized in most 
references. The activation energy constants presented in Table 4.1 
present the magnitudes for typical reactions occurring in food 
products.

The magnitude of the constants is an excellent indicator of the 
sensitivity of the reaction to temperature. The activation energy 
constants for most product quality attributes have relatively low 
magnitudes (200 kJ/mole) as compared to the constants for inac-
tivation of spores and vegetative cells (250 to 625 kJ/mole). The 
only product quality attribute with activation energy constants in 
the same range as the pathogenic spores or vegetative pathogens 
is protein denaturation. The differences in the magnitudes provide 
a basis and an opportunity for improvements in quality retention 
through the use of higher temperature processes for shorter periods 
of time.

Table 4.1 Activation energy constants for quality  
attributes in food products

Reaction Activation energy
(kJ/mole)

Enzyme	reactions 	 	 0–34
Chlorophyll	degradation 	 20–115
Ascorbic	acid	retention 	 20–165
Anthocyanins 	 30–125
-Tocopherol 	 40–55
trans-Retinol 	 40–120
Betalains 	 40–120
Nonenzymatic	browning 	 40–165
Hydrolysis	of	disaccharides 	 40–65
Lipid	oxidation 	 40–105
Spore	destruction 250–335
Vegetative	cell	inactivation 210–625
Protein	denaturation 335–500

Source:	Adapted	from	Villota	and	Hawkes	(2007).
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4.2   Kinetic parameters for product 
quality retention

Tables 4.2 and 4.3 present the typical kinetic parameters for reten-
tion of several different product quality attributes. These tables 
include the first-order rate constants and activation energy con-
stants for the different quality attributes. Most of parameters 
describe retention of product quality attributes during a thermal 
process, while a few parameters are for retention during ultra-high 
pressure (UHP) processes. Additional information, including the 
specific product applications, unique aspects of the measurements, 
and the reference source of the kinetic parameters, is presented in 
Tables A.4.2 and A.4.3.

4.2.1  Retention of heat-sensitive vitamins

The kinetic parameters presented in Table 4.2 are for heat-sensitive  
vitamins in food products. The first-order rate constants and activ-
ation energy constants provide quantitative information on the 
reductions in vitamin concentrations in various products during pres-
ervation processes. In general, the magnitudes of the rate constants 
depend on the temperature of the process, and the magnitudes of acti-
vation energy constants are within the anticipated ranges previously 
shown in Table 4.1. In a few situations, the influence of product com-
position (as indicated by sugar concentration [Brix] or pH) is more 
evident when comparing parameters, as illustrated in Table A.4.2.

Table 4.2 Typical kinetic parameters for retention of heat-sensitive vitamins in foods

Preservation Rate Agent Agent
process Vitamin constant intensity coefficients Substrate

Thermal Ascorbic	Acid 0.00900/min 132.2°C 164.4	kJ/mole Canned	Peas
Thermal Ascorbic	Acid 0.0967/min 150°C 117.6	kJ/mole Orange	Juice
Thermal Thiamine 0.002511/min 98°C 113.4	kJ/mole Meat	Loaf
Thermal Thiamine 0.0435/min 138°C 	 97.1	kJ/mole Peas
Thermal 5-Methyl 0.249/min 70°C 	 33.1	kJ/mole Apple	Juice
Pressure Ascorbic	Acid 0.005744/min 850	MPa 	 74.6	kJ/molea Tomato	Juice
Pressure Ascorbic	Acid 0.010289/min 850	MPa 	 84.1	kJ/molea Orange	Juice

aAgent	coefficient	represents	impact	of	temperature	on	rate	constant.
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The magnitude of kinetic parameters for retention of ascorbic 
acid (Vitamin C) is influenced by the product substrate, as well as 
product composition. The first-order rate constants seem to fall in 
the same range, although magnitudes for grapefruit juice and peas 
are lower than for orange juice and tomato juice. Results in Table 
A.4.2 indicate that activation energy constants for grapefruit juice 
are considerably lower than the other products, and it appears that 
sugar concentration (Brix) has a significant influence on both acti-
vation energy constants and rate constants.

The folates include several nutrients of importance found in dif-
ferent food products. The two heat-sensitive nutrients of concern 
are 5-methyltetrahydrofolate and folic acid. The magnitudes of the 
first-order rate constants for 5-methyltetrahydrofolate are consist-
ent from product to product and very close to magnitudes for phos-
phate buffer (at pH  7.0). The influence of the product (apple 
juice, tomato juice) as compared to phosphate buffer is dependent 
on pH, and there is a corresponding influence on the magnitudes 
of the activation energy constant. The influence of pH on rate con-
stants for changes in folic acid is relatively small, and the mag-
nitudes of the constants increase slightly as pH decreases. There 
appears to be a slight influence of pH on the magnitudes of the 
activation energy constant.

First-order rate constants and activation energy constants for thia-
min (Vitamin B1) retention have been measured for a variety of food 
products, including vegetables and meats. The magnitudes of these 
published values are very consistent with limited variation in con-
stants from one product to another. Although there is limited published 
data for retention of riboflavin (Vitamin B2), the kinetic parameters 
indicate the impact of preservation processes. The rate constants are 
similar for two different products, but the magnitudes of the activation 
energy constants are significantly different for the same two products.

The published literature presents kinetic constants for reac-
tions associated with Vitamin B6 retention in foods. In general, the 
kinetic parameters (both first-order rate constants and activation 
energy constants) for the various compounds appear to be similar. 
The two rate constants for pyridoxine are significantly different but 
have been measured in two dramatically different products: break-
fast cereal versus a liquid casein model system. The published 
literature contains only one reference with kinetic parameters for 
retention of Vitamin B12 (Cyanocobalamin) concentration dur-
ing a thermal process. The rate constant indicates that retention is  
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relatively high during thermal processing of milk, but the influence 
of temperature on rate constant was not determined.

Several key kinetic parameters are presented in Table 4.2 and 
Table A.4.2 to quantify retention of Vitamin A concentrations dur-
ing a thermal process. The magnitudes of both first-order rate con-
stants and activation energy constants are influenced by the food 
product substrate. Rate constants for retention of Vitamin A in beef 
liver are considerably higher than the magnitudes of rate constants 
for three different vegetable products. In addition, the magnitudes 
of the activation energy constants for vegetables vary considerably 
from one investigation to another.

There are limited numbers of references to measurements of 
retention of vitamin concentrations during UHP preservation proc-
esses. The results indicate that retention of ascorbic acid concen-
trations (expressed as first-order rate constants) is significantly 
better during a UHP process (850 MPa) than during a compara-
ble thermal process (150°C). The activation energy constants for 
UHP processes describe the influence of temperature on vitamin 
retention at a specific pressure magnitude. Measurements of folate  
(5-methyltetrahydrofolate) retention during UHP processes indi-
cate that kinetic constants are similar to constants for thermal 
processes. The activation energy constants for UHP process are 
considerably lower than the magnitude at normal pressure.

4.2.2  Retention of product color

The kinetic parameters to describe the impact of a preservation 
process on retention of color in various food products are published  
in the references presented at the end of this chapter. As illus-
trated in Table 4.3 and Table A.4.3, the influence of various ther-
mal processes on chlorophyll, anthocyanins, betalains, carotenoids, 
and browning have been assembled. There are limited amounts of 
kinetic data to describe the influence of UHP processes on chloro-
phyll retention.

In general, the kinetic parameters for retention of chlorophyll 
seem consistent from one product to another, even though dif-
ferent methods of measurement have been used. The first-order 
rate constants range from 0.01575/min at 80°C to 0.2666/min at  
126°C, with the latter value describing the retention of chlo-
rophyll A. A more significant range of activation energy con-
stants, from 38.5 kJ/mole (for green beans) to 114.2 kJ/mole (for  



94	 Food	Preservation	Process	Design

chlorophyll A in peas), has been reported. Potential reasons for these  
differences include variability in products and measurement 
methods. Obvious variability exists in the magnitude of kinetic 
parameters for peas, due to constants based on total chlorophyll 
measurements, as compared to chlorophyll A or B.

The kinetic parameters for retention of the anthocyanins have been 
measured in fruit juices and similar citrus products. The first-order 
rate constants range from 0.0005661/min at 80°C to 0.02666/min at 
108°C. The variability in kinetic parameters suggests that the magni-
tudes are influenced by sugar concentration (Brix) and pH. The range 
of activation energy constants are from 54.8 kJ/mole for a pH  3.4 
grape buffer to 104.6 kJ/mole for a citrus buffer. These parameters do 
not appear to be influenced by sugar concentration (Brix).

The first-order rate constants for retention of the carotenoids 
include higher magnitudes in blue crab and much lower values for 
lycopene in tomato products. The activation energy constants are sim-
ilar for blue crab and lycopene in tomato juice, while this parameter is 
much lower for lycopene in tomato puree. There is no apparent reason 
for the variability in these parameters. The chemical reactions associ-
ated with changes in lycopene during a thermal process are complex, 
and the reactions influence the magnitude of the kinetic parameters.

The published literature provides a variety of different types of 
kinetic parameters for browning in foods during thermal processes. 
The parameters measured during a thermal process for apple juice 
are similar, for either Maillard browning or nonenzymatic brown-
ing. The magnitudes of kinetic parameters for apple juice are simi-
lar to those for peaches and pears, even though slightly different 
measurement criteria have been used. Considerable variability 

Table 4.3 Typical kinetic parameters for retention of heat-sensitive colors in foods

Preservation Rate Agent Agent
process Attributes constant intensity coefficients Substrate

Thermal Chlorophyll 0.154/min 120°C 	 84.9	kJ/mole Peas
Thermal Chlorophyll 0.0943/min 120°C 	 69.0	kJ/mole Broccoli	Juice
Thermal Anthocyanins 0.02666/min 108°C 105.0	kJ/mole Citrus	Buffer
Thermal Betalains 0.113/min 100°C 	 76.2	kJ/mole Beet	Juice
Thermal Carotenoids 0.024105/min 130°C 	 88.3	kJ/mole Tomato	Juice
Thermal Browning 0.017/min 130°C 100.4	kJ/mole Apple	Juice
Thermal Browning 0.1643/min 96°C 127.2	kJ/mole Grapefruit	Juice
Pressure Chlorophyll 0.10239/min 850	MPa Broccoli	Juice



Kinetics	of	Food	Quality	Attribute	Retention	 95

exists among the kinetic parameters for grapefruit juice, due to the 
measurement methods. The first-order rate constants for browning 
of flour dough during baking are influenced by the moisture con-
tent of the dough. The magnitudes of activation energy constants 
based on browning during the baking of flour dough are similar.

Limited amounts of kinetic data for color change during UHP 
processes have been reported. The first-order rate constants for 
chlorophyll retention in broccoli indicate that the magnitudes at 
800 MPa (at 80°C) are similar to magnitudes based on retention 
measured during a thermal process at 120°C. These results suggest 
that UHP causes a degradation of chlorophyll, independent of the 
influence of temperature.

4.3   Applications of kinetic parameters 
for quality attributes

The kinetic parameters for changes in quality attributes of foods 
can be used to predict the retention of the attribute during a pres-
ervation process. The appropriate model from Chapter 2 must be 
selected for this purpose. The steps involved in the prediction begin 
with the process time (at a given temperature) required to accom-
plish the target preservation process. The design of these processes 
was presented and illustrated in Chapter 3. Using process times, 
the appropriate kinetic model is then used to predict the change in 
magnitude of the quality attribute.

Example 4.1   

The	ground	beef	product	described	in	Example	3.2	of	Chapter	3	
is	receiving	a	mild	thermal	process	of	1.57	min	at	60°C	to	ensure	
product	 safety	 associated	 with	 Salmonella typhimurium.	 Estimate	
the	loss	of	thiamine	due	to	this	thermal	process.

Given:
1.	 The	product	is	ground	beef.
2.	 The	quality	attribute	of	concern	is	thiamine.
3.	 The	process	is	established	as	1.57	min	at	60°C.

(Continued)
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Example 4.1  (Continued)

Approach:
1.	 The	kinetic	parameters	for	thiamine	that	change	in	ground	

beef	during	a	thermal	process	are	given	in	Table	4.2.
2.	 Because	 the	 kinetic	 parameters	 are	 based	 on	 first-order	

rate	 constants,	 the	 appropriate	 prediction	 model	 can	 be	
selected.

3.	 Composition	tables	indicate	that	the	thiamine	concentration	
of	lean	ground	beef	(10%	fat)	is	0.042	mg/100	g	product.

Solution:
1.	 The	 appropriate	 prediction	 model	 for	 Thiamine	 in	 ground	

beef	is	Eq.	(2.11)	from	Chapter	2,	as	follows:

	 C C 	exp	 k	to [ ] 	

C	 is	 the	concentration	of	 thiamine,	and	k	 is	 the	first-order	
rate	constant.

2.	 By	 reference	 to	 Table	 4.2,	 the	 kinetic	 parameters	 for	 thia-
mine	 in	 ground	 beef	 include	 k		0.002511/min	 at	 98°C,	
and	EA		113.4	kJ/mole.

3.	 To	 use	 the	 prediction	 model,	 the	 rate	 constant	 (k)	 must	
be	 expressed	 at	 the	 same	 temperature	 as	 the	 process	 time	
(60°C),	using	Eq.	(2.16)	from	Chapter	2	as	follows:

	 Ln	k Ln	k [E /R	 / / ]ref A ref  ( )1 1T T 	

Or:

Ln	k Ln	 / 	 / /
Ln	k

  


( . ) [( , . ) ( )]0 002511 113 400 8 314441 1 371 1 333
   


5 987 4 1952 10 1822

0 0000378 60
. . .

.k /min	at	 C°

4.	 Using	the	prediction	model:

	

C/C exp	[ 	o  


( . ) ( . )]
.

0 0000378 1 57
0 99994 	

5.	 The	model	predicts	99.994%	retention	of	the	thiamine	after	
the	mild	thermal	process.	Using	this	retention	level,	the	thia-
mine	concentration	in	the	hamburger	following	the	process	
is	0.0419975	mg	per	100	g	of	product.
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Example 4.2   

If	 the	vegetable	 in	Example	3.3	of	Chapter	3	 is	peas,	estimate	
the	retention	of	chlorophyll	during	the	process.	A	thermal	proc-
ess	of	42.2	min	at	121°C	has	been	determined	to	ensure	elimi-
nation	Cl. botulium	as	a	food	safety	hazard.

Given:
1.	 The	product	is	peas,	and	the	quality	attribute	is	chlorophyll.
2.	 The	thermal	process	is	42.2	min	at	121°C.

Approach:
1.	 The	 kinetic	 parameters	 for	 chlorophyll	 retention	 are	 obtained	

from	 Table	 4.2:	 k		0.154/min	 at	 120°C,	 and	 EA		84.9	kJ/
mole.	Note	that	parameters	represent	retention	of	total	chloro-
phyll,	and	the	rate	constants	were	determined	over	a	range	of	
temperatures	similar	to	the	conditions	described	in	the	example.

2.	 The	 model	 used	 for	 prediction	 of	 changes	 in	 the	 quality	
attribute	is	a	first-order	kinetic	model,	which	is	the	same	as	
the	 model	 used	 to	 measure	 the	 rate	 constants	 for	 chloro-
phyll	in	Table	4.2.

Solution:
1.	 The	first-order	 rate	 expression	 is	obtained	 from	Eq.	 (2.11)	

of	Chapter	2:

	 C/C exp	 k	to  ( ) 	

The	ratio	(C/Co)	represents	the	retention	fraction	of	chloro-
phyll	after	the	process.

2.	 Because	the	rate	constant	presented	in	Table	4.2	was	meas-
ured	at	120°C,	and	 the	process	 is	 conducted	at	121°C,	a	
modest	change	is	required:

	

Ln	k Ln	k E /R	 / /
Ln	k Ln	 /

ref A ref  
 

[ ( )]
( . ) [( ,

1 1
0 154 84 900 8

T T
.. ) ( )]

. [( , . ) ( .
31441 1 393 1 394

1 8708 10 211 2 0 0000064
	 / /

Ln	k 	


   558
0 1645 121

)]
.k /min	at	 C ° 	

(Continued)

The previous example illustrates the steps needed to quantify 
the retention of a nutrient from a food product during a thermal 
process, when the process required to eliminate a microbial safety 
risk has been specified. Thiamine is sensitive to thermal processes, 
but the modest process in the example does not create a significant 
change in the concentration of thiamine.
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Example 4.2  (Continued)

3.	 Using	the	first-order	rate	constant	and	the	process	time:

	

C/C exp	 	o  


[ ( . ) ( . )]
.

0 1645 42 2
0 000966 	

4.	 This	 prediction	 indicates	 that	 chlorophyll	 retention	 is	 less	
than	0.1%,	or	the	loss	of	chlorophyll	is	99.9%.

Example 4.3   

The	thermal	process	for	commercial	sterilization	of	peas	has	a	
significant	 influence	 on	 quality	 attributes.	 Using	 information	
presented	in	Examples	3.3	and	4.2,	evaluate	the	impact	of	the	
preservation	process	on	the	ascorbic	acid	(Vitamin	C)	and	thia-
mine	concentration	of	shelf-stable	peas.

Given:
1.	 The	 preservation	 process	 required	 for	 shelf-stable	 peas	 is	

42.2	min	at	121°C.
2.	 The	quality	attributes	are	ascorbic	acid	and	thiamin.

Approach:
1.	 The	kinetic	parameters	for	ascorbic	acid	are	k		0.009/min	

at	132.2°C	and	EA		164.4	kJ/mole.
2.	 The	kinetic	parameters	for	thiamine	are	k		0.0435/min	at	

138°C	and	EA		97.1	kJ/min.
3.	 Composition	 data	 for	 raw	 peas	 indicate	 that	 the	 ascor-

bic	 acid	 content	 is	 40	mg/100	g,	 and	 thiamine	 content	 is	
0.266	mg/100	g	product.

Solution:
1.	 Compute	the	rate	constants	at	121°C:

	 Ln	k Ln	k E /R	 / /ref A ref  [ ( )]1 1T T 	

The sensitivity of chlorophyll to thermal processes and the highly 
detrimental influence on the color of green vegetables is illustrated in  
the previous example. The objective of process design is to modify the  
preservation process to improve retention of chlorophyll and similar 
quality attributes.
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For	ascorbic	acid:

Ln	k Ln	 / 	 / /
Ln	k

  
 

( . ) [( , . ) ( . )]0 009 117 600 8 31441 1 405 2 1 394
4.. . .
.

711 0 9923 5 703
0 00335 121

  
k /min	at	 C°

For	thiamine:

Ln	k Ln	 / 	 / /
Ln	k

  
 

( . ) [( , . ) ( )]
.
0 0435 97 100 8 31441 1 411 1 394

3 1335 1 226 4 361
0 01276 121

  


. .
.k /min	at	 C°

2.	 Use	the	first-order	kinetic	model	to	predict	retention	of	the	
vitamins:

	

C/C exp	 k	t
C/C exp	 	

	for	asco

o

o

 
 


[ ]
[ ( . ) ( . )]

.
0 00335 42 2

0 868 rrbic	acid
C/C exp	 	

	for	thiamin
o  


[ ( . ) ( . )]

.
0 01276 42 2

0 584 	

3.	 Using	 the	 predicted	 retention	 fraction	 for	 ascorbic	 acid,	
the	 amount	 in	 the	 peas	 following	 the	 process	 is	 (0.868)	
(40)		34.72		mg/100		g	 product.	 Composition	 measure-
ments	for	canned	peas	indicate	a	content	of	9.6		mg/100		g.	
The	 potential	 reasons	 for	 the	 differences	 between	 the	 pre-
dicted	retention	and	the	measured	amount	are	discussed	in	
a	later	chapter.

4.	 Using	 the	 predicted	 retention	 fraction	 for	 thiamine,		
the	 amount	 in	 the	 peas	 following	 the	 process	 is	 (0.584)	
(0.266)		0.156	mg/100	g	 product.	 Composition	 measure-
ments	for	canned	peas	indicate	a	content	of	0.121		mg/100		g,	
an	amount	relatively	close	to	the	prediction.

The previous example provides insight into the potential use 
of prediction models for product quality attributes. In addition, 
Examples 4.2 and 4.3 illustrate that the impact of a given preserva-
tion process on multiple quality attributes can be evaluated using 
appropriate kinetic models.
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Example 4.4   

A	process	for	pasteurization	is	being	developed	for	apple	juice.	
The	process	must	ensure	negligible	risk	from	E. coli	O157:H7	in	
the	product	delivered	 to	 the	consumer.	 In	addition,	 the	proc-
ess	 to	be	developed	should	provide	 the	optimum	retention	of	
5-methyltetrahydrofolate	in	the	product.	Initial	populations	of	
the	pathogen	on	 the	 raw	apple	 juice	may	be	as	high	as	1000	
per	consumer	package	size.

Given:
1.	 The	product	is	apple	juice.
2.	 The	pathogen	of	concern	is	E. coli	O157:H7.
3.	 The	quality	attribute	of	concern	is	5-methyltetrahydofolate,

Approach:
1.	 The	 best	 available	 kinetic	 parameters	 for	 inactivation	 of		

E. coli	O157:H7	in	apple	juice	are	selected.
2.	 The	kinetic	parameters	for	5-methyltetrahydrofolate	in	apple	

juice	have	been	measured.
3.	 The	appropriate	kinetic	models	for	prediction	of	the	patho-

gen	survivors	during	a	thermal	process	are	determined.
4.	 The	appropriate	kinetic	models	for	prediction	of	5-methyltet-

rahydrofolate	retention	during	a	thermal	process	are	selected.

Solution:
1.	 The	best	available	kinetic	parameters	for	E. coli	O157:H7	in	

a	product	similar	to	apple	juice	are	for	apple	cider	in	Table	
3.2	 of	 Chapter	 3.	 Because	 ranges	 are	 provided,	 the	 most	
conservative	 parameters	 are	 selected.	 The	 first-order	 rate	
constant	(k)	is	1.11/min	at	50°C,	and	the	activation	energy	
constant	(EA)	is	350	kJ/mole.

2.	 The	kinetic	data	 for	5-methylterahydrofolate	 in	apple	 juice	
are	 presented	 in	 Table	 4.2:	 k		0.249/min	 at	 70°C,	 and	
EA		33.05	kJ/mole.

3.	 Two	 different	 processes	 are	 evaluated:	 a	 low	 temperature	
(55°C)	 process	 for	 a	 longer	 time	 and	 a	 high	 temperature	
(65°C)	process	for	a	short	time	period.

4.	 The	first-order	rate	constants	for	E. coli	O157:H7	at	55°C	is

	

Ln	k Ln	 / 	 / /
Ln	k

  


( . ) [( , . ) ( )]
.

1 11 350 000 8 31441 1 323 1 328
0 104336 1 9867 2 091
8 0934 55

 


. .
.k /min	at	 C.° 	
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and

	

Ln	k Ln	 / 	 / /
Ln	k

  


( . ) [( , . ) ( )]
.

1 11 350 000 8 31441 1 323 1 338
0 104336 5 7837 5 888
360 7 65

 


. .
.k /min	at	 C° 	

5.	 The	process	 is	based	on	negligible	 risk,	or	a	probability	of	
one	 surviving	pathogen	 in	1	million	containers,	or	a	prob-
ability	of	106.	Using	the	first-order	survivor	curve	model,

	 N N exp	 k	to ( ) 	
or

	 0 000001 1000 8 0934. ( ) [ ( . ) ] 	exp	 	t 	

	

1 10 8 0934
2 56 55

9  


 exp	 	t
t 	min	is	process	time	at	 C

[ . ]
. ° 	

and

	

1 10 360 7
0 0575 65

9  


 exp	 	t
t 	min	is	process	time	at	

[ ( . ) ]
. °CC 	

6.	 To	 evaluate	 the	 impact	 of	 the	 process	 on	 retention	 of		
5-methyltetrahydrofolate,	 the	 first-order	 rate	 constants	
must	be	computed	at	55°C	and	65°C:

	

Ln	k Ln	 / 	 / /
Ln	k

  
 

( . ) [( , . ) ( )]
.
0 249 33 050 8 31441 1 343 1 328

1 39003 0 7176 2 1079
0 1466 55

  


. .
.k /min	at	 C° 	

and

	

Ln	k Ln	 / / /
Ln	k

  
 

( . ) [( , . )( )]
.
0 249 33 050 8 31441 1 343 1 358

1 39033 1 71435 3 105
0 2098 65

  


. .
.k /min	at	 C°

7.	 Given	the	process	times	and	the	rate	constants,	the	follow-
ing	steps	can	be	completed:	

For	a	process	time	of	2.56	min	at	55°C,	the	retention	of	
5-methyltetrahydrofolate	is

	 C/C exp	 	 	or	 	retentiono   [ . ( . )] . . %0 1466 2 56 0 687 68 7

For	a	process	time	of	0.0575	min	at	65°C,	the	retention	
of	5-methyltetrahydrofolate	is

C/C exp	 	 	or	 	retentiono   [ . ( . )] . . %0 2098 0 0575 0 988 98 8

(Continued)
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Example 4.4  (Continued)

8.	 The	 computations	 indicate	 that	 the	 nutrient	 loss	 is	 31.3%	
for	 the	 low	 temperature	 and	 the	 longer	 time	 process,	 and	
1.2%	at	the	high	temperature	and	shorter	time	process.

Example 4.5   

A	UHP	process	is	being	considered	for	orange	juice.	The	impact	
of	the	process	on	ascorbic	acid	content	of	the	product	is	being	
evaluated.	The	pathogen	of	concern	in	the	product	is	E. coli;	ini-
tial	populations,	as	high	as	5	per	product	package,	will	be	used	
to	establish	the	process.	The	ascorbic	acid	content	of	the	prod-
uct	following	the	process	will	be	estimated.

Given:
1.	 A	 UHP	 preservation	 process	 for	 orange	 juice	 is	 being	

developed.
2.	 The	 impact	 of	 the	 process	 on	 ascorbic	 acid	 is	 being	

evaluated.
3.	 The	pathogen	of	 concern	 is	E. coli,	with	 initial	populations	

as	high	as	10	per	package.

Approach:
1.	 The	 best	 available	 kinetic	 parameters	 for	 ascorbic	

acid	 in	 orange	 juice	 during	 a	 pressure	 process	 include	
k		0.010289/min	 at	 850	MPa	 and	 an	 activation	 energy	
constant	 of	 84.1	kJ/mole	 at	 80°C	 are	 obtained	 from	
Table	 4.3	 and	 Table	 A.4.3.	 The	 first-order	 rate	 constant	
at	 atmospheric	 pressure	 is	 0.0967/min	 at	 150°C,	 and	
EA		117.57	kJ/mole.

The previous example illustrates the impacts of a thermal proc-
ess on a microbial population and a sensitive food product compo-
nent. The sensitivity of key product components to a thermal process 
is evident in the magnitudes of the rate constants at different tem-
peratures. In most situations, the use of high temperature, short time 
processes improves the retention of nutrients or similar product qual-
ity attributes. These improvements can be evaluated by using appro-
priate kinetic parameters.
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2.	 The	 best	 available	 kinetic	 parameters	 for	 E. coli	 during	 a	
pressure	process	were	reported	for	apple	juice	in	Table	3.2.	
The	 parameters	 include	 k		0.25/min	 at	 250	MPa,	 with	 a	
pressure	coefficient	of	126	MPa,	at	25°C.

3.	 Although	the	process	could	be	conducted	at	one	of	several	
pressures	 between	 atmospheric	 and	 850	MPa,	 the	 evalu-
ation	 is	 conducted	 at	 an	 intermediate	 range	 pressure	 of	
400	MPa.	The	available	kinetic	information	is	used	as	inputs	
to	the	appropriate	models	for	process	design.

4.	 Another	 adjustment	 for	 UHP	 processes	 is	 the	 elevation	 in	
product	 temperature	 as	 pressure	 is	 increased.	 This	 adjust-
ment	is	normally	10°C	for	each	100	MPa,	or	an	increase	of	
40°C	for	the	process	being	developed.

Solution:
1.	 To	 establish	 the	 process,	 the	 kinetic	 parameters	 for	 E. coli	

are	used	as	 inputs	 for	 the	first-order	 survivor	curve	model.	
The	rate	constant	at	400	MPa	is	determined	from

	 [ ( . )] ( )log	k log	 / 4 /  0 25 00 250 1 126

Then

	 k /min	at	 	MPa 3 876 400. 	

2.	 Use	the	first-order	survivor	curve	model

	 N N exp	 k	to ( ) 	

and	 a	 negligible	 risk	 to	 establish	 the	 final	 population	 of	
0.000001:

	

0 000001 10 3 876
4 158 400

. ( ) [ ( . ) ]
.

 


	exp	 	t
t 	min	at	 	MPa 	

3.	 To	evaluate	the	 impact	of	the	preceding	process	on	ascorbic	
acid	 retention,	 the	 appropriate	 kinetic	 parameters	 must	 be	
determined.	 The	 first-order	 rate	 constant	 for	 ascorbic	 acid	
retention	 at	 400	MPa	 is	 estimated	 by	 using	 the	 relationship	
between	 rate	 constants	 and	 pressure.	 The	 rate	 constant	 at	
850	MPa	is	at	80°C,	so	the	rate	constant	at	atmospheric	pres-
sure	must	be	adjusted	from	150°C	to	the	same	temperature:

	

k 	exp	 / 	 / /
k

  


( . ) [ ( , . ) ( )]
.
0 0967 117 570 8 31441 1 353 1 423

0 00012778 80/min	at	 C° 	

(Continued)
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Example 4.5  (Continued)

Then

	

[ ( . ) ( . )] ( )
[ ( . )

Ln	 Ln	 /
Ln	 1 289 Ln	k

0 010289 0 0001278 850 0
0 0 0

 
  ]] ( )

.
/

k /min	at	 	MPa	and	 C
850 400

0 001008 400 80


 ° 	

4.	 If	the	product	enters	the	process	at	40°C,	the	temperature	
during	the	process	is	80°C,	and	the	impact	on	ascorbic	acid	
retention	is

	 C/C exp	 	o   [ ( . ) ( . )] .0 001008 4 158 0 9958 	

or

	 Ascorbic	Acid	Retention 	or	 	loss 99 58 0 42. % . % 	

5.	 The	ascorbic	acid	retention	for	a	thermal	process	designed	
to	 accomplish	 the	 same	 reduction	 in	 pathogen	 popula-
tion	 can	 be	 estimated	 using	 the	 kinetic	 parameters	 for	
apple	 cider	 at	 80°C;	 k		1.11/min	 or	 D		2.075	min	 and	
z		26.5°C:

	

[ ( . ) ] ( ) .
.

.

log	 log	D / /
D 	min
k /min

2 075 50 80 1 26 5
28 152
0 0819

  

 	

Then

	

0 000001 10 0 0819
196 8 80

. ( ) [ ( . ) ]
.

 


	exp	 	t
t 	min	at	 C	for	the° rrmal	process

Using	the	kinetic	parameters	for	ascorbic	acid,

	

C/C exp	 	
	or	 	retention

o  


[ ( . ) ( . )]
. . %

0 0001278 196 8
0 975 97 5

The	 ascorbic	 acid	 loss	 is	 2.5%	 for	 the	 equivalent	 thermal	
process.

The previous example illustrates the potential value of the UHP 
process on retention of quality attributes.
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4.4   Impacts of preservation processes 
on quality attributes

The impact of a preservation process on the quality attributes of 
a food is a critical concern in designing the process and selecting 
the preservation technology. The retention of quality during a ther-
mal process has been a concern, but the inability to quantify the 
extent of quality change has prevented evaluation and adjustments. 
In general, the availability of kinetic parameters to quantify the 
impact of the process on specific quality attributes provides oppor-
tunities for improvements in preservation process design for cur-
rent and future technologies.

The ideal kinetic parameters for quality attributes quantify the 
retention of quality attributes for a product using the most appro-
priate kinetic model. Although most changes can be described 
by first-order kinetic models, future investigations should ensure 
that alternative models (second-order, etc.) are available and con-
sidered. As has been illustrated in this chapter, the retention of 
specific quality attributes can be predicted for each preservation 
technology. This important observation demonstrates the opportu-
nity to evaluate processes and to accomplish quantitative compari-
sons of different processes. The examples and illustrations in this 
chapter emphasize the need for more complete kinetic data, includ-
ing parameters for an array of quality attributes as well as alterna-
tive preservation technologies. Consideration should be given to 
defining a more specific protocol for collection and assembly of 
kinetic parameters to ensure that the most appropriate information 
is assembled for use in the future.

The importance of relative magnitudes of kinetic parameters 
must be emphasized. The classic relationship between the activa-
tion energy constants for microbial inactivation, as compared to the 
same parameter for product quality attributes, provides a tool for 
rapid evaluation of preservation processes. In general, the higher 
magnitudes of the activation energy constants for quality attributes, 
as compared to lower magnitudes for microbial populations, pro-
vide guidance in the evaluation of processes, as well as the qual-
ity attributes to be considered in the evaluation of the process.  
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More detailed evaluation of preservation processes consider the 
following:

l The establishment of the most appropriate process to be used to 
ensure maximum retention of a given quality attribute, while still 
meeting the food safety expectations. Although models for eval-
uation of multiple quality attributes are available, the complexity 
of such models and the lack of kinetic parameters for specific 
quality attributes may limit the applications of these models.

l The selection of the most appropriate preservation process 
technology for a given product, as well as the product quality 
attributes to be evaluated.

l An evaluation of several product quality attributes when a given 
preservation process is considered. The differences in the kinetic 
parameters for different quality attributes can be used to dem-
onstrate the impacts of the process on the retention of different 
quality attributes.

In summary, the quantity of kinetic parameters for food quality 
attributes needs to be expanded. Quality attribute parameters are 
influenced by the product structure, so unique characteristics of the 
product impact the kinetic parameters for product quality attributes. 
Often, the method of measurement of the concentration or inten-
sity of the quality attribute impacts the magnitude of the kinetic 
parameters and the predicted retention of the quality attributes. In 
addition, evaluating alternative preservation technologies requires 
consideration of additional and unique variables. For example, the 
influence of UHP on quality attribute retention cannot be measured 
without considering the influence of temperature. Future measure-
ments of kinetic parameters for quality attributes need to expand on 
the kinetic parameters available for these types of applications.

List of symbols

C  concentration of component in kinetic model
Co  initial concentration of component
D  decimal reduction time
EA  activation energy constant
k  first-order reaction rate constant
ko  pre-exponential constant in Arrhenius relationship
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kref  reference rate constant
n   parameter defining deviation from first-order kinetic 

relationship
N  microbial population
No  initial microbial population
P  pressure
Pref  reference pressure
R  gas constant
t  time
T  temperature
Tref  reference temperature
T  absolute temperature
V  activation volume
z  thermal resistance constant
zp  pressure change for one log change in rate constant
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5

The design of a preservation process depends on several parame-
ters, and many involve physical phenomenon. The application of a 
thermal process depends on the transport of thermal energy within 
the product structure to achieve the temperature increase required, 
as well as the cooling of the product to complete the process. An 
ultra-high pressure (UHP) process requires the application and uni-
form distribution of the pressure to the product structure. In addi-
tion, the thermal energy associated with UHP results in a rise in 
temperature, and the resulting temperature distribution within the 
product should be analyzed. Similar physical phenomena are asso-
ciated with other preservation technologies.

This chapter focuses on the significant base of information on 
thermal energy transport models, as well as the more limited number 
of models for transport phenomenon occurring during the use of 
alternative technologies for food preservation. The transport models 
for processes involving thermal energy provide an excellent basis for 
developing and applying transport models for alternative processes. 
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The information to be developed and presented includes physi-
cal properties of foods, as influenced by temperature, pressure, and 
other variables associated with the preservation process. The appro-
priate and available transport models are presented and illustrated in 
this chapter. The models referenced are for thermal energy transport, 
but information on pressure distribution and electric field distribu-
tion are also explored. As in previous chapters, examples are used to 
illustrate the applications of the physical transport models.

5.1  Physical properties

Applying models to predict temperature distribution histories 
within a food product structure depend on access to reliable physi-
cal properties data. Although significant amounts of data have been 
published in recent years, the challenge lies in identifying the most 
appropriate data for a specific food product. Knowing that these 
properties are dependent on product composition has provided 
the opportunity to use the relationship of the properties to product 
composition in achieving very good estimates of property magni-
tudes. The relationships provided by Choi and Okos (1986) are sig-
nificant components of this approach.

5.1.1  Density

The density of a food is defined as mass per unit volume (kg/m3). 
The general relationship becomes

  
1

Σ( / )mi i

 (5.1)

where mi  the mass fraction of each product component; i  the 
density of each product component.

This basic physical property is influenced by structural char-
acteristics of the product and by the water content of the product. 
In addition, the air space within a given mass of product has sig-
nificant influence on the density. Most often, there is a distinction 
between bulk density and particle density. Bulk density accounts 
for the void space (air) between the individual food particles, while 
particle density is based on the mass and volume of the individual 
food particles. Most often, preservation processes are applied to 
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foods with relatively high water contents and without air or void 
spaces. Based on this observation, Eq. (5.1) can be applied without 
considering an air or gas fraction within the product structure. The 
relationships between individual food product component density 
and temperature are presented in Table 5.1.

As illustrated, the magnitude of density of each food component 
is influenced by temperature. The composition of many foods is 
available from the USDA Food Composition database (http://www 
.nal.usda.gov/fnic/foodcomp/search/).

As might be expected, pressure has a direct influence on the den-
sity of a food product. The results of an investigation (Min, Sastry, & 

Table 5.1 Relationships between density and temperature for individual food components

Property Component Temperature function
Standard 
error

Standard 
% error

	(kg/m3) Protein    	1.3299		103		5.1840		101T 39.9501 3.07
Fat    	9.2559		102		4.1757		101T 4.2554 0.47
Carbohydrate    	1.5991		103		3.1046		101T 93.1249 5.98
Fiber    	1.3115		103		3.6589		101T 8.2687 0.64
Ash    	2.4238		103		2.8063		101T 2.2315 0.09
Water      9.9718		102		3.1439	103T		

	3.7574		103T2
2.1044 0.22

Ice    	9.1689		102		1.3071		101T 0.5382 0.06

Source:	Choi	and	Okos	(1986).

Example 5.1   

Estimate	the	density	of	tomato	puree	at	30°C,	based	on	com-
position	of	the	product.

Given:
1.	 Product	is	tomato	puree	at	30°C.

Approach:
1.	 Use	 the	 USDA	 Food	 Composition	 database	 to	 determine	

product	composition.
2.	 Use	the	relationships	in	Table	5.1	as	a	source	of	density	for	

each	product	component.
(Continued)
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Solution:
1.	 Based	 on	 the	 USDA	 Food	 Composition	 database,	 the	 fol-

lowing	values	are	used:

Water 87.88	g/100	g
Protein 	 1.65
Total	Lipids 	 0.21
Carbohydrate 	 7.08
Fiber 	 1.9
Ash 	 1.28

2.	 Based	on	the	relationships	in	Table	5.1,	the	density	of	indi-
vidual	components	become	the	following:

Water 	 997.6	kg/m3

Protein 1314.5
Total	Lipids 	 913.1
Carbohydrate 1589.8
Fiber 1300.5
Ash 2415.4

3.	 Using	Eq.	(5.1),	the	density	of	the	tomato	puree	is	predicted:

   

1 0 8788 997 6 0 0 0 00

0 0 0
/ / ( 165/1314 5) ( 21/913 1)

( 7 8
(( . . ) . . . .

. //1589 8) ( 19/133 5) ( 128/2425 4)
	kg/m 	fo

. . . . . )
.

 



0 0 0 0 0
1055 6 3 rr	tomato	puree	at	30 C°

Example 5.1  (Continued)

Balasubramaniam, 2010) of the influence of UHP (up to 600 MPa) 
on the density of several food products suggest that the magnitude of 
the density increases by about 25 kg/m3 for each 100 MPa of pres-
sure. There are specific product composition factors that could influ-
ence this general guideline.

5.1.2  Viscosity

Another physical property of a liquid food is viscosity. Viscosity 
is a measure of the resistant forces within a layer of the fluid in 
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relation to the forces causing movement of the fluid. Many liquids 
exhibit a direct proportionality between shear rate and shear stress 
and are called Newtonian fluids. Water is a Newtonian liquid, along 
with foods such as honey, fluid milk, and fruit juices. The proper-
ties presented in Table 5.2 are examples of Newtonian viscosity 
coefficients. The viscosity of a food depends on temperature and 
the concentration of product components, as illustrated for several 

Table 5.2 Viscosities of typical Newtonian foods

Product Composition Temperature (°C) Viscosity (Pa s)

Cream 10%	fat 40 0.00148
10%	fat 60 0.00107
10%	fat 80 0.00083

Cream 20%	fat 60 0.00171
30%	fat 60 0.00289
40%	fat 60 0.00510

Homogenized	milk – 20 0.0020
– 40 0.0015
– 60 0.000775
– 80 0.0006

Raw	milk – 0 0.00344
– 10 0.00264
– 20 0.00199
– 30 0.00149
– 40 0.00123

Corn	oil – 25 0.0565
– 38 0.0317

Cottonseed	oil – 20 0.0704
– 38 0.0306

Peanut	oil – 25 0.0656
– 38 0.0251

Safflower	oil – 25 0.0522
– 38 0.0286

Soybean	oil – 30 0.04
Honey,	buckwheat 18.6%	T.S. 24.8 3.86
Sage 18.6%	T.S. 25.9 8.88
White	clover 18.2%	T.S. 25.0 4.80
Apple	juice 20°	Brix 27 0.0021

60°	Brix 27 0.03
Grape	juice 20°	Brix 27 0.0025

60°	Brix 27 0.11
Corn	syrup 48.4%	T.S. 27 0.053

Source:	Steffe	(1983).
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of the products in Table 5.2. As temperature increases, the viscos-
ity of a food decreases.

Many food products are not Newtonian and require more com-
plex models to describe the relationship between shear stress 
and rate of shear. These models and appropriate parameters are 
described in Singh and Heldman (2009). Pressure influences the 
viscosity of a food product.

5.1.3  Specific heat

Specific heat is the quantity of heat that is gained or lost by a unit 
mass of a food to accomplish a unit change in temperature, with no 
change of state within the product:

 c Q m (T T )p  / 1 2  (5.2)

where Q  quantity of thermal energy, kJ; m  product mass, kg; 
T1 – T2  temperature change, C.

The specific heat (cp) is expressed in appropriate units (kJ/kg K)  
and is one of several physical properties needed for a com-
plete analysis of the heating and/or cooling of a food product.  
The magnitude of specific heat values depends on the composi-
tion of the food. The relationships presented by Choi and Okos 
(1986) provide the basis for predicting specific heat magnitudes 
for food products. The following model can be used for these 
predictions:

 c c  mp pi i Σ[ ( )]  (5.3)

where cpi  specific heat values for individual product compo-
nents; mi  mass fractions for individual product components.

The specific heat values for the individual food compo-
nents depend on temperature as predicted by the relationships in  
Table 5.3.

As indicated, these relationships can predict the dependence of 
each food component. Equation (5.3) is used to find the specific 
heat of a food product.
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Table 5.3 Relationships between specific heat and temperature for individual food  
components

Property Component Temperature function
Standard 
error

Standard 
% error

cp	(kJ/kg°C) Protein cP			2.0082		1.2089		103	T		
	1.3129		106T2

0.1147 5.57

Fat cp			1.9842		1.4733		103T		
	4.8008		106T2

0.0236 1.16

Carbohydrate cp			1.5488		1.9625		103T		
	5.9399		106T2

0.0986 5.96

Fiber cp			1.8459		1.8306		103T		
	4.6509		106T2

0.0293 1.66

Ash cp			1.0926		1.8896		103T		
	3.6817		106T2

0.0296 2.47

Watera cp			4.1289		5.3062		103T		
	9.9516		104T2

0.0988 2.15

Waterb cp			4.1289		9.0864		105T  
	5.4731		106T2

0.0159 0.38

Ice cp		2.0623	6.0769		103T 0.0014 0.07

Source:	Choi	and	Okos	(1986).
a	For	the	temperature	range	of	40°C	to	0°C
b	For	the	temperature	range	of	0°C	to	150°C

Example 5.2

Predict	 the	 specific	 heat	 of	 90%	 lean	 raw	 ground	 beef		
at	5°C.

Given:
1.	 The	product	is	raw	ground	beef	with	10%	fat.
2.	 The	product	temperature	is	5°C.

Approach:
1.	 The	 composition	 of	 the	 ground	 beef	 is	 obtained	 from	 the	

USDA	Food	Composition	database.
2.	 The	 relationships	 from	 Table	 5.3	 are	 used	 to	 predict	 the		

specific	heat	of	individual	product	components	at	5°C.
3.	 Equation	 (5.3)	 is	 used	 to	 predict	 the	 specific	 heat	 of	 the	

product.

(Continued)
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According to Nguyen, Balasubramaniam, & Sastry (in press), pres-
sure has a modest influence on specific heat magnitude for food 
products. When evaluating a 600 MPa range of UHPs, the spe-
cific heats decreased about 15%, or approximately 2.5% for each 
100 MPa of pressure above atmospheric pressure.

5.1.4  Thermal conductivity

The thermal conductivity of a food is the fourth property that 
needs to be considered when analyzing the transfer of thermal 
energy. This property describes the magnitude of thermal energy 
transfer per unit time through a unit thickness of a material for a 
unit of temperature gradient across that thickness.

Solution:
1.	 The	composition	of	90%	lean	ground	beef	is	obtained	from	

the	USDA	Food	Composition	database:

Water 69.5	g/100	g
Protein 20.0
Total	Lipids 	 9.52
Ash 	 0.98

2.	 Using	the	relationships	from	Table	5.3,	the	specific	heat	of	
each	component	is	as	follows:

Water 4.1309	kJ/kg	K
Protein 2.0142
Fat 1.9915
Ash 1.102

3.	 Using	Eq.	(5.3),

c ( 695)(4 13 9) ( 2)(2 142) ( 952)(19915)
( 98)

p   



0 0 0 0 0 0
0 00

. . . . . .
. ((11 2)

c 3 4742	kJ/kg	Kp

.
.

0


Example 5.2  (Continued)
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The thermal conductivity of a high-moisture food should be 
close to the thermal conductivity of water at the same temperature. 
Alternatively, the thermal conductivity of a dried, porous food is 
influenced by the amount of air within the product structure and 
will have a much lower magnitude. Temperature influences the 
thermal conductivity of a given product, and the property value 
increases with increasing temperature.

Thermal conductivity of a food can be predicted based on com-
position of the product, using the following relationship:

 k [k  Yi i  Σ ( )] (5.4)

where ki  thermal conductivity of an individual product compo-
nent; Yi  volume fraction of the individual product component.

The volume fraction of a given product can be predicted based 
on the following relationship:

 Y
m

(m )i
i i

i i


/

/


Σ

 (5.5)

where mi  mass fraction of an individual product component;  
i  density of the individual product component.

Equations (5.4) and (5.5) can be used to predict the thermal 
conductivities of homogeneous food products. For foods with ani-
sotropic structures, the thermal conductivity values depend on the 
direction of thermal energy transfer. For example, if the product 
is beef, and the structure has fiber components that influence the 
rate of heat transfer, the thermal conductivity value will be dif-
ferent when measured parallel to the component, as compared to 
perpendicular to the component. For beef, this difference in ther-
mal conductivity magnitudes can be as much as 10%. Kopelman 
(1966) developed mathematical models to predict the thermal 
conductivity of foods with anisotropic structures, and applica-
tions are discussed in Heldman and Singh (1981) and Heldman 
(2007).

The thermal conductivities of individual food components can 
be predicted as a function of temperature have been provided by 
Choi and Okos (1986), and are presented in Table 5.4.

These relationships, along with Eq. (5.4) and (5.5), can be used 
to predict thermal conductivities of food products.
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Table 5.4 Relationships between thermal conductivity and temperature for individual food 
components

Property Component Temperature function Standard  
error

Standard %  
error

k	(W/mX) Protein k			1.7881		101		1.1958		103T	
	2.7178		106T2

0.012 5.91

Fat k 		1.8071		101		2.7604		104T	
	1.7749		107T2

0.0032 1.95

Carbohydrate k			2.0141		101		1.3874		103T	
	4.3312		106T2

0.0134 5.42

Fiber k  		1.8331		101		1.2497		103T		
	3.1683		106T2

0.0127 5.55

Ash k			3.2962		101		1.4011		103T	
		2.9069		106T2

0.0083 2.15

Water k  		5.7109		101		1.7625		103T 
		6.7036		106T2

0.0028 0.45

Ice k			2.2196		6.2489		l03T		
	1.0154		104T2

0.0079 0.79

Source:	Choi	and	Okos	(1986).

Example 5.3   

Use	the	composition	of	applesauce	to	predict	the	thermal	con-
ductivity	of	the	product	at	80°C.

Given:
1.	 The	product	is	applesauce.
2.	 The	product	temperature	is	80°C.

Approach:
1.	 The	composition	of	the	product	is	obtained	from	the	USDA	

Food	Composition	database.
2.	 The	relationships	in	Table	5.4	will	be	used	to	predict	the	ther-

mal	conductivity	values	for	individual	product	components.
3.	 The	 thermal	 conductivity	of	 applesauce	 is	 computed	 using	

Eq.	(5.4)	and	Eq.	(5.5).

Solution:
1.	 The	 composition	 of	 unsweetened	 applesauce	 is	 obtained	

from	the	USDA	Food	Composition	database:

Water 88.22	g/100	g
Protein 	 0.17
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Total	Lipids 	 0.10
Carbohydrates 10.17
Fiber 	 1.10
Ash 	 0.24

2.	 The	thermal	conductivity	values	for	individual	food	compo-
nents	are	computed	using	the	relationships	from	Table	5.4	
at	80°C:

Water 0.6693	W/m	K
Protein 0.2571
Fat 0.1537
Carbohydrates 0.2847
Fiber 0.2630
Ash 0.4231

3.	 To	predict	the	thermal	conductivity	of	the	product,	the	vol-
ume	fraction	for	each	component	must	be	computed:

Water 0.920101
Protein 0.001376
Fat 0.001169
Carbohydrates 0.067376
Fiber 0.008946
Ash 0.001042

4.	 Using	Eq.	(5.5),	the	thermal	conductivity	of	the	applesauce	is

k ( 6639)( 92 1 1) ( 2571)( 1376)
(0.1537)( 1169)

 


0 0 0 0 0 0 00
0 00

. . . .
. 

 
( . )( . )

. . . .
0 0 0

0 0 0 00 0 0 00 0
2847 67376

( 263 )( 8946) ( 4231)( 1 42)
kk 0. 	W/mK 6334

The thermal conductivity values for foods are influenced by pres-
sure, as well. Based on results from Nguyen et al. (in press), the 
thermal conductivity of the product increases approximately 40% 
between atmospheric pressure and 600 MPa. The increase may not 
be linear with pressure and seems to vary with product composition.

5.1.5  Electrical conductivity of foods

Ohmic heating is an alternative technology for heating a food prod-
uct and has been incorporated into preservation processes for foods. 
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This technology uses the movement of ions within an electrolyte and 
the corresponding heating associated with this action. The movement 
of ions within a food structure causes a temperature rise when the 
product is placed between two electrodes. This temperature increase 
occurs when an alternating electric current or similar waveform is 
passed through the product.

The primary product property associated with ohmic heating 
is electrical conductivity. The property indicates the ability of the 
product to conduct an electric current. Electrical conductivity can 
be defined by the following expression:

 E EK  L/A  (5.6)

where KE  electrical conductance, S; L  length, m; A  area, m.
By recognizing that electrical conductance is the inverse of elec-

trical resistance,

 K /RE e 1  (5.7)

where Re  electrical resistance, ohms.
Electrical conductivity (E) is expressed in Siemens/m (S/m).  

The electrical conductivity of a food increases linearly with 
temperature:

  E o  1 c T [ ]  (5.8)

where o  electrical conductivity at 0°C; c  coefficient.
The magnitude of electrical conductivity for a food depends on 

the composition of the product, the mass fraction of individual 
components, and the types of components (Table 5.5).

Table 5.5 Electrical conductivities and coefficients for 
selected food products

Product o (S/m) c (1/C)

Potato 	 	0.04 	 	0.28
Carrot 0.218 0.064
Yam 0.149 0.07
Chicken 	 	0.194 	 	0.036
Beef 	 	0.264 	 	0.027

Source:	Adapted	from	Palaniappan	and	Sastry	(1991).
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Foods containing electrolytes such as salts, acids, certain gums, 
and thickeners contain charged groups with significant influence 
on the magnitude of electrical conductivity.

5.1.6  Dielectric properties

During microwave heating of a food product, electrical properties of 
the product dictate the characteristics of heating. The relative dielec-
tric constant () and the relative dielectric loss () are the primary 
properties to be considered. Foods are not good electrical insulators, 
and they generally absorb a large fraction of the energy when placed 
in a microwave field. These situations result in instantaneous heating 
(Mudgett, 1995). The di-electric loss factor for a food () expresses 
the extent of conversion of an externally applied electrical field to 
heat and can be described by the following expression:

  ″ ′   tan  (5.9)

where tan   loss tangent.
The loss tangent, tan , provides an indication of the extent of 

electrical field penetration by the food product and the extent of 
electrical energy dissipation as thermal energy. Typical dielectric 
properties of foods are presented in Table 5.6.

As illustrated in Table 5.6, the dielectric properties of foods are 
influenced by water content, temperature, and frequency. In addition,  

Example 5.4   

Predict	the	electrical	conductivity	of	potato	at	30°C.

Given:
1.	 The	product	is	potato.
2.	 The	temperature	is	30°C.

Approach:
1.	 Equation	(5.8)	will	be	used	for	the	calculation.

Solution:
1.	 Equation	(5.8)	is	applied	as	follows:

E ( 4)[1 ( 28)(3 )] 376	S/m  0 0 0 0 0. . .
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Example 5.5   

Determine	 the	 relative	 dielectric	 loss	 and	 the	 loss	 tangent	 for	
potato	at	20°C	and	at	a	frequency	of	2450	MHz.

Given:
1.	 The	product	is	potato.
2.	 The	temperature	is	60°C.
3.	 The	frequency	is	2450	MHz.

Approach:
1.	 The	properties	from	Table	5.6	and	Eq.	(5.9)	will	be	used	to	

determine	 the	 relative	 dielectric	 constant	 ()	 and	 the	 loss	
tangent	().

Solution:
1.	 From	 Table	 5.6,	 the	 dielectric	 loss	 factor	 ()	 is	 14,	 and	

the	 relative	dielectric	constant	()	 is	64,	at	a	 frequency	of	
2450	MHz	and	25°C.

2.	 By	using	Eq.	(5.9)

tan	 / 219δ  14 64 0.

an attenuation factor or penetration depth (Z) influences the dis-
tribution of the microwave energy within the product. Singh and 
Heldman (2009) discuss the significance of these factors.

Table 5.6 Dielectric properties of several food products

915 MHz 2450 MHz

Product Water Temp   Z   Z

Beef 72.8 25 62 27 3.1 61 17 1.8
50 55 39 2.1 55 18 1.6

Pork 67.2 25 59 26 3.2 58 16 1.9
50 52 38 2.1 52 17 1.7

Ham 77.5 25 61 96 1.0 60 42 0.8
50 54 140 0.8 53 55 0.6

Cod 80.0 25 66 34 2.6 65 20 1.6
50 59 50 1.7 59 22 1.4

Potato 76.4 25 65 19 4.5 64 14 2.2
50 58 27 3.0 58 13 2.3

Carrot 90.9 25 73 20 4.5 72 15 2.2
50 65 28 3.1 65 14 2.3

Apple 87.0 25 71 11 8.0 70 11 3.0
50 64 13 6.5 63 9 3.4

Source:	Adapted	from	Mudgett	(1995).
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The dielectric properties of the food product become direct 
inputs to the expressions used to predict the rate of heating when 
using microwave energy.

5.2   Heating and cooling in  
containers

Heating and cooling are important components of many food- 
preservation processes. When the food product is placed in a  
container or package prior to the process, the heating and cooling 
characteristics are described by unsteady-state or transient heat 
transfer relationships. During preservation processes, the unsteady-
state heat transfer relationships provide temperature distribution 
histories within the product.

During unsteady-state heat transfer, temperature is a function 
of time and location, and the following partial differential equa-
tion describes one-dimensional thermal energy transfer in a radial 
direction:

 

∂
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∂
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(5.10)

where T  temperature, C; t  time, s; r  distance from the 
center of the cylindrical geometry, m.

The exponent (n) in Eq. (5.10) allows the equation to be used for 
different geometries:

1. n  1 for a slab.
2. n  2 for a cylinder.
3. n  3 for a sphere.

In most cases, thermal preservation processes for foods involve 
heated water or steam as a heating medium. For these situations, 
the thermal energy transfer at the surface of the product container is 
forced convection, and the following boundary condition applies:
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T

r
h(T T )r R a s
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(5.11)
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where h  convective heat transfer coefficient, W/m2 K; Ta  tem-
perature of heating or cooling medium, C; Ts  temperature at the 
surface of the container or package, C.

The magnitude of convective heat transfer coefficients depends 
on many factors. Some typical values are presented in Table 5.7.

The analytical solutions of Eq. (5.10) are provided for standard 
geometric shapes: sphere, infinite cylinder, or infinite slab. The 
applications of these solutions require an evaluation of the relative 
contributions of heat transfer at the container surface, compared to 
heat transfer within the product inside the container. This ratio has 
been expressed by a dimensionless number called the Biot Number:

 
N

hd

kBi
c

 
(5.12)

where dc  a characteristic dimension, m; k  thermal conductiv-
ity of the product inside the container, W/m K.

When convective heat transfer at the surface of container is much 
higher than the conduction heat transfer within the product, the Biot 
number will be high. When Biot numbers are above 40, a condi-
tion of negligible surface resistance to heat transfer exists. At Biot 
numbers less than 0.1, negligible resistance to heat transfer exists 
within the container. When Biot numbers are between 0.1 and 40, a 
condition of finite internal and external resistance to heat transfer is 
defined. The characteristic dimension (dc) applies to all geometries 
and is the shortest distance from the geometric center to the surface.

The conditions for negligible internal resistance to heat transfer 
in a food container represents a special case. Because the thermal 
conductivity of a conduction-heating food is very low, it is unlikely 

Table 5.7 Typical convective heat transfer coefficients for applications in 
food preservation processes

Fluid Convective heat-transfer coefficient (W/[m2 K])

Air
Free	convection 	 	 	 5–25
Forced	convection 	 	 10–200

Water
Free	convection 	 	 20–100
Forced	convection 	 	 50–10,000

Boiling	water 3000–100,000
Condensing	water	vapor 5000–100,000

Source:	Singh	and	Heldman	(2008).
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that these conditions will occur. If the product in the container is 
a liquid and is mixed, the temperature distribution within the liq-
uid can be relatively uniform during heating and cooling. For these  
situations, a thermal energy balance during unsteady-state heat 
transfer provides the following expression:

 
q c V

dT

dT
hA T Tp a   ( )

 
(5.13)

where   density of food product; cp  specific heat of food 
product; V  volume of product in container; A  surface area of 
container.

Equation (5.13) can be solved to obtain the following expression:

 T T

T T
exp

h A t
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i a p




 


 (5.14)

where T  product temperature; Ti  initial product temperature; 
t  time.

The temperature ratio on the left side of Eq. (5.14) is a tempera-
ture ratio. At the beginning of the heating/cooling process, the tem-
perature ratio is 1 and decreases with time. The right side of the 
expression is an exponential function that describes the decrease in 
product temperature with time.

Example 5.6   

Calculate	the	temperature	of	tomato	juice	being	thermal	proc-
essed	in	a	307		604	can	during	heating	in	hot	water	at	100°C	
after	 5	 minutes	 of	 the	 process.	 The	 convective	 heat-transfer	
coefficient	in	the	steam	environment	is	500	W/m2	K.	The	initial	
temperature	of	tomato	juice	is	20°C.

Given:
1.	 Water	temperature		100°C.
2.	 Initial	temperature		20°C.
3.	 Time	of	heating		10	min.

Approach:
1.	 Because	 the	 product	 containers	 are	 rotated	 continuously	

during	the	thermal	process,	it	can	be	assumed	that	temper-
ature	 gradients	 within	 the	 product	 do	 not	 exist.	 Equation	
(5.14)	 can	 be	 used	 to	 compute	 the	 product	 temperature	

(Continued)
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after	5	minutes	of	the	process.	The	density	and	specific	heat	
of	the	product	will	be	predicted	based	on	composition.

Solution:
1.	 Based	on	 the	dimensions	of	 the	 can,	 the	 surface	area	and	

volume	of	the	can	are	computed.
The	diameter	of	the	can	is	307	(or	3 7

16 	in.)	or	0.0873	m.
The	can	height	is	604	(6 4

16 	in.)	or	0.15875	m.
A			dh		2r2				(0.0873)(0.15875)		

					2(0.0873/2)2		0.0555	m2

V		r2h		(0.0873/2)2(0.15875)		0.00095	m3

2.	 The	density	of	the	tomato	juice	is	estimated	using	Eq.	(5.1).	
The	composition	of	tomato	juice	is	obtained	from	the	USDA	
Food	Composition	database,	and	the	following	densities	of	
each	 product	 component	 at	 60°C	 are	 obtained	 using	 the	
relationships	in	Table	5.1:

Water 93.90	g/100	g 	 998.7	kg/m3
Protein 	 0.76 1298.8
Total	Lipids 	 0.05 	 900.5
Carbohydrate 	 3.84 1580.5
Fiber 	 0.40 1289.6
Ash 	 1.05 2407.0

Using	Eq.	(5.1),	the	density	is	computed:

   

1/( 939/998 7) ( 76/1298 8) ( 5/9 5)

( 384/1
0 0 00 0 000 00
0 0

. . . . . .

. 558 5) ( 4/1289 6) ( 1 5/24 7)
1039.2	kg/m3

0 0 00 0 0 0 0. . . . 



3.	 The	 specific	 heat	 of	 the	 tomato	 juice	 is	 computed	 using		
Eq.	(5.3)	and	the	composition	of	tomato	juice.	The	follow-
ing	specific	heats	of	each	product	component	is	determined	
from	relationships	in	Table	5.2:

Water 93.90	g/100	g 3.6507	kJ/kg	K
Protein 	 0.76 2.0760
Total	Lipids 	 0.05 2.0560
Carbohydrates 	 3.84 1.6452
Fiber 	 0.40 1.9725
Ash 	 1.05 1.1927

Example 5.6  (Continued)
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4.	 Using	 Eq.	 (5.3),	 the	 specific	 heat	 of	 the	 product	 can	 be	
computed:

c ( 939)(3 65 7) ( 76)(2 76) ( 5)(2 56)
( 384)

p   



0 0 0 00 0 0 00 0
0 0

. . . . . .
. ((16452) ( 4)(19725) ( 1 5)(11927)

c 	kJ/kp

. . . . .
.

 


0 00 0 0 0
3 53765 gg	K

5.	 The	temperature	of	the	tomato	juice	 is	computed	by	using	
Eq.	(5.14):

( ) [ .
.

T T /(T T ) exp (5 )( 555)(5)(60)/
(1039.2)(3537 65)

a i a    00 0 0
(( 95)]0 000.

( )T T /(T T ) 0.0922a i a  

T 0.0922	(2 1 ) 1 C   0 00 00 92 6. °

6.	 The	 temperature	 of	 the	 tomato	 juice	 is	 expected	 to	 be	
92.6°C	after	5	minutes	of	heating.
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Figure 5.1 Unsteady-state	heat	transfer	chart	for	a	sphere	(from	Singh	&	Heldman,	
2008).

When the conditions during heating or cooling are described by 
finite internal and surface resistance to heat transfer, and the Biot 
number is in the range of 0.1 to 40, the solution to Eq. (5.12) is more 
complex. These solutions are presented in temperature–time charts. 
The chart for a sphere is presented in Figure 5.1.
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The temperature–time chart in Figure 5.1 presents the relation-
ship between the temperature ratio and the Fourier Number, at var-
ious magnitudes of the inverse Biot Number. The Fourier Number 
is defined as

 
N t/d k	t/ 	c dFo c

2
p c

2 α 
 

(5.15)

where   thermal diffusivity; m2/s  k/ cp.
As indicated earlier, the characteristic dimension (dc) is the short-

est distance from the surface to the center of the object, or the radius 
of the sphere. The temperature–time chart for an infinite slab is pre-
sented in Figure 5.2.
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Figure 5.2 Unsteady-state	heat	transfer	chart	for	an	infinite	slab	(from	Singh	&	
Heldman,	2008).

The characteristic dimension (dc) for an infinite slab is the short-
est distance from geometric center to the surface of an object with 
infinite length in two dimensions. For this geometry, the character-
istic dimension is the half-thickness of the slab.

The temperature–time chart for an infinite cylinder is presented 
in Figure 5.3.

An infinite cylinder is a rod-shaped object with finite length, 
and the characteristic dimension (dc) is the radius of the cylinder.  
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Figure 5.3 Unsteady-state	heat	transfer	chart	for	an	infinite	cylinder	(from	Singh	&	
Heldman,	2008).

All other parameters in Figures 5.2 and 5.3 are the same as in  
Figure 5.1.

When the Biot numbers are greater than 40, there is negligible 
resistance to heat transfer at the surface. For these situations, the 
temperatures can be predicted as a function of time using Figures 
5.1, 5.2 and 5.3. When using these charts, the inverse of the Biot 
number will be very small, and the curves for k/h dc  0 should  
be used.

When evaluating unsteady-state heat transfer in a finite geome-
try, several relationships have been developed. Singh and Heldman 
(2009) describe and illustrate the applications of these expres-
sions of typical food containers (cans, pouches, brick-shapes, and 
boxes).

5.2.1   Predicting temperature during transient 
heat transfer

In many food preservation situations, the temperature to be pre-
dicted occurs after the temperature ratio is less than 0.7. For these 
situations, Ball (1923) recognized a simplified approach, which  
has been incorporated into the prediction of temperatures during  
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thermal process design. For this approach, two parameters are 
defined: a time factor (fh) and a lag factor (jc). When these param-
eters are introduced into the general solution to Eq. (5.10), the fol-
lowing expression is obtained:
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After conversion of the logarithms, the expression becomes
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This expression illustrates that the magnitudes of the two param-
eters (fh, jc) can be evaluated experimentally by measurement of tem-
perature as a function of time. The heating rate constant (fh) is the 
time required for a one log cycle change in the temperature difference 
on the linear portion of the temperature–time relationship. The heat-
ing lag constant (jc) describes the portion of the temperature–time 
curve at the beginning of heating (or cooling) and prior to the linear 
portion of the log-linear relationship between temperature and time.

Pflug, Blaisdell, and Kopelman (1965) have analyzed the rela-
tionships between the parameters in Eq. (5.17) and the key fac-
tors influencing heating and cooling rates for conduction-heating 
objects. The results of the analysis were presented in a series of 
charts to allow for prediction of heating or cooling times. One 
of the charts presented a relationship between a dimensionless 
number, incorporating the heating rate constant (fh), and the Biot 
number, as presented in Figure 5.4.

The relationships presented in Figure 5.4 are for the three stan-
dard geometries. The range of Biot numbers considered is to con-
ditions of finite internal and surface resistance to heat transfer, and 
illustrates that there is negligible change to the magnitude of the 
time factor (fh) at Biot numbers above 40.

The heating/cooling lag constant varies with location within the 
object, and (jc) represents the influence of the Biot number on the 
magnitude at the geometric center of the object. This relationship 
is presented in Figure 5.5.

The relationships in Figure 5.5 are for the three standard 
geometries, and indicate that the magnitude of the lag constants are 
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near 1.0 at low Biot numbers, before increasing to higher constant 
values at Biot numbers above 40.

Equation (5.16) predicts the mass average temperature within 
the object by using the appropriate value of the lag constant. The 
relationships between the mass average lag constant (jm) and the 
Biot number are presented in Figure 5.6.

As indicated by Figure 5.6, the mass average lag constant has 
magnitudes of 1.0 at low Biot numbers and decreases as the Biot 
number increases.

0.1
0.1

1

10

100

1 10
Biot Number, hdc/k

fα
/d

c2

100

Infinite slab

Infinite cylinder

Sphere

Figure 5.4 The	relationship	between	the	heating	rate	constant	(fh)	and	Biot	
number	(from	Pflug,	Blaisdell,	&	Kopelman,	1965).
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Equation (5.17) and the parameters from Figures 5.4, 5.5 and 5.6 
can be used to predict temperatures within finite geometries that 
are more similar to food product containers and packages. When 
the shape of the object is a finite cylinder, the values of fh and jc 
are estimated from
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A brick-shaped object gets the relationships
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and
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Figure 5.6 The	relationship	between	the	mass	average	lag	constant	and	Biot	
number	(from	Pflug,	Blaisdell,	&	Kopelman,	1965).
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Although there are limitations to the use of these relationships, 
estimations of heating/cooling times or temperatures after short 
periods of heating or cooling are acceptable for most situations 
encountered during thermal processes for food.

Example 5.8   

A	canned	mashed	sweet	potato	product	 is	being	heated	 from	
30°C	 in	 a	 steam	 environment	 at	 120°C.	 The	 convective	 heat	
transfer	coefficient	is	3000	W/m2	K.	The	product	is	in	a	307		
409	can,	and	the	temperature	at	the	center	of	the	can	is	being	
estimated	after	30	minutes	of	heating.

Given:
1.	 Initial	temperature		30°C.
2.	 Heating	medium	temperature		120°C.
3.	 Convective	heat	transfer	coefficient		3000	W/m2	K.
4.	 Can	height		0.1159	m.
5.	 Can	diameter		0.0873	m.
6.	 Heating	time		30	min.

Approach:
1.	 Use	the	charts	in	Figures	5.4,	5.5,	and	5.6.
2.	 Compute	 the	values	 for	density,	 specific	heat,	and	 thermal	

conductivity	of	the	product.
3.	 Calculate	the	Biot	numbers	for	the	radius	and	half-height	of	

the	can.
4.	 Find	 the	 values	 for	 the	 fh	and	 jc	 factors,	using	Figures	5.4,	

5.5,	and	5.6.
5.	 Use	Eq.	(5.16)	to	compute	the	product	temperature	at	the	

center	of	the	can	after	10	minutes.

Solution:
1.	 The	 density	 of	 the	 sweet	 potato	 is	 estimated	 at	 the	 mid-

point	temperature	(75°C),	based	on	the	composition	in	the	
USDA	 Food	 Composition	 database.	 The	 composition	 and	
density	of	each	component	are	as	follows:

Water 0.7388 	 999.53	kg/m3

Protein 0.0198 1291.02
Lipids 0.0020 	 894.27
Carbohydrates 0.2149 1575.82
Fiber 0.0170 1284.06
Ash 0.0075 2402.75

(Continued)
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Based	on	the	preceding	information	and	Eq.	(5.1),

  
 
1 7388/999 53 198/1291 2

( 2/894 27) 21
/[( . . ) ( . . )

. . ( .
0 0 0 0

0 00 0 449/1575 82)
( 17/1284 6) ( 75/24 2 75)

1099.74	k
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. . . . ] 
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2.	 The	specific	heat	of	the	sweet	potato	is	estimated	based	on	
the	following	composition	and	specific	heat	information:

Water 0.7388 3.5255	kJ/kg	K
Protein 0.0198 2.0195
Lipids 0.0020 2.0688
Carbohydrates 0.2149 1.6626
Fiber 0.0170 2.0094
Ash 0.0075 1.2136

Based	on	the	preceding	information	and	Eq.	(5.3),

c ( 7388)(3 5255) ( 198)(2 195) ( 2)(2 688)
( 21

p   



0 0 0 0 0 00 0
0

. . . . . .
. 449)(16626) ( 17)(2 94) (0.0025)(12136)

c 3.0492	kp

. . . . 


0 0 00
JJ/kg	K

3.	 The	 thermal	 conductivity	 of	 the	 sweet	 potato	 is	 estimated	
using	the	following	composition	,	volume	fraction	and	ther-
mal	conductivity	information:

Water 0.7388 0.81274 0.6656	W/m	K
Protein 0.0198 0.01686 0.2532
Lipids 0.0020 0.00246 0.2024
Carbohydrates 0.2149 0.14995 0.2811
Fiber 0.0170 0.01456 0.2592
Ash 0.0075 0.00343 0.4188

Using	the	preceding	information	and	Eq.	(5.4),

k ( 81274)( 6656) ( 1686)( 2532)
( 246)( 2024)
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Example 5.8  (Continued)



Physical	Transport	Models	 137

4.	 The	Biot	number	for	an	infinite	cylinder	 is	computed	using	
the	radius	of	the	can:

	

N (3 )( 873/2)/ 5935Bi 


000 0 0 0
220 8

. .
. 	

5.	 The	Biot	number	for	the	infinite	slab	is	computed	using	the	
half-height	of	the	can:

	

N (3 )( 1159/2)/ 593Bi 


000 0 0
293 2

. .
. 	

6.	 Using	Figure	5.4,	the	equations	for	the	infinite	cylinder	are
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7.	 Using	Figure	5.4,	the	equations	for	an	infinite	slab	are
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and
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8.	 Using	Eq.	(5.18),

	

1 98 0
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.
. 	

9.	 The	values	for	lag	factor	(jc)	are	obtained	from	Figure	5.5:

	 j 	for	the	infinite	cylinderc  1 602. 	
j 	for	the	infinite	slabc  1 276. 	

(Continued)
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5.3  Ohmic heating

The application of an alternating electric current to a food product 
creates thermal energy generation within the food. The increase 
in temperature within the food structure is more uniform and 
rapid than during heat transfer within a conduction-heating prod-
uct. Ohmic heating depends on the movement of electric current 
through the product structure. As indicated in Section 5.1.3, the 
rate of heating depends on the electrical conductivity (E) of the 
product.

The temperature within the food product during ohmic heat-
ing can be described by an expression based on a thermal energy 
balance. Singh and Heldman (2009) described the solution to the 
thermal energy balance expression for products flowing through an 
ohmic heating system as

 
( )aT b /(aT b) exp [(a  d L)/(M c )]i c p   π

 
(5.22)

where a  {[(V)2 dc o c]/4} – U; b  {[dc (V)2 o]/4} – UTa; 
V  voltage gradient, V/m; U  overall heat transfer coefficient, 
W/m2 K; M  flow rate of product through heater, kg/s.

A typical application of ohmic heating provides for rapid and uni-
form heating of solid food particulates being conveyed in a liquid 
food carrier. The expressions presented can be used to determine  

10.	 Using	Eq.	(5.19),

j (16 2)(1276)c  . . .0 2 044

11.	 With	the	given	information	and	factors	and	Eq.	(5.17),

log	( T) (3 /58 ) log	[( )( )]
T	 C

120 0 3 2 044 120 30
63 75

    


. .
. °

As	is	evident,	the	time	for	heating	a	conduction-heating	prod-
uct	in	a	container	is	relatively	long.

Example 5.8  (Continued)
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the conditions needed for the product to reach the uniform tem-
peratures required for a preservation process.

5.4  Microwave heating

Electromagnetic radiation is the basis for microwave heating of 
foods. Although microwaves are found in the range of frequencies 
from 300 MHz to 300 GHz, applications in the United States are 
confined to 915 and 2450 MHz.

Microwaves generate thermal energy within the food product 
structure, and the thermal energy causes an increase in tempera-
ture. The increase in temperature of a food product depends on 
composition of the food and the dielectric properties of the compo-
nents as described in Section 5.1.5.

The conversion of microwave energy into thermal energy can be 
estimated by the relationship (Copson, 1975; Decareau & Peterson, 
1986):

 P (55 61 1 ) E f  tan 14 2  . 0    (5.23)

where P  power dissipation, W/cm3; E  electric field strength, 
V/cm; f  frequency, Hz;   relative dielectric constant, tan   
loss tangent.

The electric field strength and the frequency are characteristics 
of the equipment being used, while the relative dielectric constant 
and the loss constant are properties of the product. The microwave 
energy source establishes the electrical field strength (E) and fre-
quency (f) for a given system. Equation (5.23) illustrates that 
the electrical field strength has significant impact on the power 
dissipation.

The thermal energy required for a given increase in temperature 
was presented in Eq. (5.13) as

 q  c V dT/dtp   (5.24)

where q  thermal energy, W;   density of product, kg/m3;  
cp  specific heat of the product, kJ/kg K; T  temperature, C;  
t  time, s.



140	 Food	Preservation	Process	Design

By assuming that all energy dissipation from the microwave is 
converted into thermal energy and an increase in product tempera-
ture, Eq. (5.23) can be set equal to Eq. (5.24) to obtain

 
dT

dt
( ) E  f 

tan

 c V
14 2

p

  55 61 10.  



 (5.25)

This is the rate of temperature increase due to dissipation of micro-
wave energy for each cubic centimeter of product volume. This 
expression provides a reasonable estimate of the rate of temper-
ature increase and assumes that the product absorbs all microwave 
energy dissipation, and no thermal energy is lost. The lack of uni-
form temperature distribution is due to composition variability 
within the product structure. The impact of this factor is random 
and leads to the slowest heating point being at a random loca-
tion within the product structure. Although this factor cannot be 
ignored in process design, the value of microwave heating in pres-
ervation can be demonstrated and compared to more traditional 
thermal processes.

An additional aspect of microwave heating that is influenced 
by the electrical properties of the food is penetration depth of the 
microwaves. The penetration depth is estimated from the attenua-
tion factor, which is a function of the loss tangent, the relative die-
lectric constant, and the frequency of the microwave field. Because 
the frequency and wavelength are inversely related, it’s evident 
that microwave energy at a frequency of 915 MHz penetrates more 
deeply than at a frequency of 2450 MHz. The background on fac-
tors influencing the application of microwave energy for heating of 
foods is presented in  Singh and Heldman (2009).

Example 5.9   

The	 heating	 of	 10	cm	 	 10	cm	 	 5	cm	 pieces	 of	 potato	 in	 a	
microwave	system	is	being	estimated.	The	frequency	of	the	sys-
tem	is	2450	MHz	at	25°C.	The	electric	field	strength	applied	to	
the	product	is	12	V/cm.	For	this	situation,	the	thermal	proper-
ties	of	potato	include	a	density	of	900	kg/m3,	and	the	specific		



Physical	Transport	Models	 141

heat	 is	 3.88	kJ/kg	 K.	 Estimate	 the	 temperature	 of	 the	 potato	
after	1	min.

Given:
1.	 The	product	being	heated	is	potato.
2.	 Dimensions	of	the	potato	piece	are	10	cm		10	cm		5	cm.
3.	 The	frequency	is	2450	MHz.
4.	 The	temperature	is	25°C
5.	 Potato	density	is	900	kg/m3.
6.	 Specific	heat	of	potato	is	3.88	kJ/kg	K.
7.	 The	electric	field	is	12	V/m.

Approach:
1.	 The	 dielectric	 properties	 of	 the	 potato	 will	 be	 determined	

using	Table	5.6.
2.	 Equation	(5.25)	will	be	used	to	estimate	the	rate	of	temper-

ature	increase.
3.	 The	heating	rate	and	time	of	heating	will	be	used	to	calcu-

late	temperature	after	1	min.

Solution:
1.	 The	 dielectric	 properties	 of	 potato	 have	 been	 determined		

in	 Example	 5.4.	 The	 properties	 include	 	 	 64,	 and	 the	
tan		0.219.

2.	 Using	Eq.	(5.25),

	

dT/dt (55 61 1 )(12) 245 1 64 219 /
(9 )(388 )(

14 2 6  . ( )( )( . )0 0 0 0
00 0 55 1 )

dT/dt 1575 1 C/s	for	a	volume	of	1	cm

4

3 3


  

0
0

−

. 	

3.	 Given	the	volume	of	the	potato	piece	(500	cm3),	the	rate	of	
temperature	increase	can	be	estimated:

	 dT/dt 	C/s 0 7875. 	

4.	 After	1	minute,	the	potato	temperature	is

	 T ( 7875)(6 ) C  20 0 0 67 25. . ° 	

5.5  Ultra-high pressure applications

The applications of ultra-high pressures (UHPs) for preservation 
processes provide some unique opportunities. The influence of 
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high pressure on the physical properties of food has been refer-
enced in earlier parts of this chapter. In most cases, pressure influ-
ences thermal energy transfer in a significant manner.

When considering the specific application of UHP for food pres-
ervation, all evidence indicates that the application of pressure to 
a food results in uniform pressures throughout the product struc-
ture. Minor variations in product composition or structure may cre-
ate minor differences for short periods of time, but these variations 
should not influence process design in a significant manner.

One of the impacts of pressure application to a food product is 
an increase in temperature within the product structure. The tem-
perature increase is uniform throughout the products structure and 
is proportional to the magnitude of pressure applied. In addition, 
the increase in temperature depends on product composition, but 
an increase of 10°C per 100 MPa is a general expectation. During 
a preservation process based on UHP, the profiles of pressure and 
temperature illustrated in Figure 5.7 would be expected.

During the process, the pressure is increased to the desired 
amount and is held at that pressure for the required duration of the 
process. Finally, the pressure is released, and the product returns to 
atmospheric pressure. As the pressure is applied to the product, the 
temperature of the product is increased to some level associated  
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Figure 5.7 Pressure	and	temperature	profiles	during	the	UHP	preservation	process	
(Somerville	&	Balasubramaniam,	2009).
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with the process pressure. During the holding period at high pres-
sure, the temperature is expected to decrease slightly. When the 
pressure is released, the product temperature returns to a level near 
the same as before the process.

The influence of the temperature increase on the preservation 
process is a function of the initial temperature of the product. If 
the initial temperature is low, the increase in temperature will not 
be sufficient for the temperature to contribute to the reduction in 
microbial population. Alternatively, higher initial product tem-
peratures result in a temperature rise to levels during holding with 
significant contribution to the preservation process. The specific 
applications of these processes are analyzed in the next chapter.

List of symbols

A  area, m2

c  temperature coefficient for Eq. (5.10)
cp  specific heat; kJ/kg K
dc  characteristic dimension, m
E  electric field strength, V/m
EV  voltage intensity, V
  relative dielectric constant
  relative dielectric loss constant
f  frequency of microwave energy, Hz
fh  heating rate constant, s
h  convective heat transfer coefficient, W/m2k 
I  electric current, amp
jc  heating lag constant at center
jm  mass average heating lag constant
k  thermal conductivity, W/m K
ki  thermal conductivity of individual components
L  length, m
M  mass flow rate, kg/s
m  mass fraction
mi  mass fraction of individual components
NBi  Biot number
n  coefficient in Eq. (5.)
P  power dissipation, W/cm3

Q  thermal energy, kJ
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q  thermal energy transfer, W
Re  electrical resistance, ohms
r  radius, m
  density, kg/m3

i  density of individual components
  electrical conductivity
o  electrical conductivity at 0°C
T  temperature,°C
Ta  surrounding temperature,°C
Ti  initial temperature,°C
Ts  surface temperature,°C
t  time, s
tan   loss tangent
U  overall heat transfer coefficient, W/m2 K
V  volume, m3

V  voltage gradient, V/m
Y  volume fraction
Yi  volume fraction of individual components
Z  penetration depth, m
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6

The process for preserving a food product depends on the target 
microbial population and the physical phenomenon causing the 
reduction in the microbial population. When describing the preser-
vation process, the models for the changes in microbial population 
must be integrated with the models for the distribution of the physi-
cal phenomenon within the product structure. The importance of this 
integration step is evident when considering the following concepts:

l The reduction in the microbial population is a function of time.
l In most situations, the distribution of the physical phenomenon 

causing reduction in microbial populations is also time dependent.
l The parameter used to define the process is time.

In this chapter, the appropriate models from previous chapters are 
integrated to develop process design models to accomplish the 
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desired results of the preservation process. The impact of the proc-
ess on quality attributes of the food product is evaluated using the 
same integration steps.

The integration steps associated with a preservation process can 
be described in general terms. There are three basic expressions 
involved in the integration:

1. An expression to describe the microbial survivor curve, includ-
ing parameters for the rate of reduction in microbial population: 
N  f (k,t)

2. An expression to describe the influence of the physical phe-
nomenon on the rate of reduction in the microbial population:  
k  f (PP)

3. An expression to describe the distribution history of the physi-
cal phenomenon within the product mass during the process:  
PP  f (x, y, z, t)

The final integration expression combines all three of the previous 
expressions in the following manner:

 N f {f [f (x  y  z  t)]  t} , , , ,  (6.1)

As is evident from this very general expression, the microbial 
population is a function of time, both directly and indirectly. The 
research literature for food preservation processes provides numer-
ous approaches to accommodate the mathematics of integration. 
The following sections illustrate these approaches and discuss the 
positive aspects of each approach. As might be expected, many of 
the approaches are based on using thermal energy as the physical 
phenomenon for preservation. Alternative preservation technolo-
gies are illustrated whenever possible. In addition, this chapter 
illustrates the influence of preservation processes on other product 
components and quality attributes.

6.1  The process design parameter

The design parameter for a preservation process is time. In gen-
eral, this parameter is the time required to ensure the microbial 
population is reduced to a target level. Although this suggests a 
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straightforward application of the survivor curve equation, the defi-
nition of the appropriate process time must account for the location 
within the product mass, and the variability in the intensity of the 
physical phenomenon used to cause the reduction in the microbial 
population.

Most of the quantitative guidance for development of process 
time for preservation processes has been derived from the design 
of thermal processes (commercial sterilization) for shelf-stable 
foods. The process time is important for the operator of the process 
and the specific process conditions associated with ensuring that 
the thermal process reduces the target microbial population to the 
target level. These conditions are illustrated in Figure 6.1.

The operator process time is defined in terms of temperature 
in the immediate environment of the product. In the illustration, 
the temperature (TM) of the system increases to the desired level 
in some finite period of time (tcut), and remains at that level until 
product cooling is initiated. Meanwhile, the product temperature 
(T) increases gradually during the process and decreases gradu-
ally after cooling begins. The differences between environment and 
product temperatures are most evident in food products with sig-
nificant mass and when product heating is by conduction. For these 
types of preservation processes, the important location within the 
product is the slowest heating location. As indicated in Figure 6.1, 
the operator process time is

 t t tp c r   (6.2)
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Figure 6.1 Temperature–time	curves	during	a	thermal	process	(from	Singh	&	
Heldman,	2009).
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where tc  time at the beginning of cooling; tr  time when the 
retort reaches temperature.

The process time provides the operator of the process with a 
time that can be easily applied: the time after the system reaches 
temperature until the cooling portion of the process begins. Given 
this definition, the process design challenge is to ensure that the 
desired reduction in microbial population occurs at the slowest 
heating location when the operator process time is provided. Minor 
adjustments can be incorporated for the time required for the sys-
tem to reach maximum temperature. The process design parameter 
can be applied for any type of preservation process, including con-
tinuous flow systems and alternative technology systems, as well 
as the system illustrated in Figure 6.1.

6.2   General approaches to 
preservation process design

The published literature for thermal processes provides the basis 
for integrating kinetic models with models for transport phe-
nomena. Although the general approach is applied to alternative 
preservation technologies, the concepts are illustrated using the 
traditional thermal process.

6.2.1  Time-step calculation

The impact of a preservation process on any individual component 
of a food can be evaluated by time-step computation. There are 
three key expressions to be used:

 N N  exp ( t)o k  (6.3)

where N  microbial population; k  first-order rate constant; t   
time.

This expression can be applied to any type of preservation proc-
ess, as long as the survivor curve can be described by a first-order 
relationship. When the survivor curve is not described by a first-
order model, an appropriate alternative model should be used. In 
addition, the same expression can be used to describe the changes 
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in any other component (quality attribute) of the food product dur-
ing the process.

The second key expression is

 k k To  exp [ E /R ]A g  (6.4)

where EA  the Activation Energy Constant; T  absolute tem-
perature; ko  reference rate constant; Rg  the gas constant.

This expression describes the influence of temperature on the 
rate constant, or the rate the microbial population is decreased. 
For nonthermal preservation processes, appropriate expressions 
describing the influence of agent intensity on the rate constant are 
used.

The third key expression describes the temperature distribution 
history within the food product. A general expression is

 T f (x   h  t) , , ,  (6.5)

where x  location within the product structure;   thermal dif-
fusivity of the food product; h  convective heat-transfer coeffi-
cient at the product surface; t  time.

A more specific expression for predicting the temperature distri-
bution history within the product during a thermal process depends 
on the geometry of the product (and/or package/container). For liq-
uid foods, the expressions are unique for the heat exchanger used 
for the process. For nonthermal preservation processes, appropriate 
alternative expressions are selected to describe the distribution of 
agent intensity within the product structure as a function of time.

The first step in the time-step calculation is selecting an appro-
priate time interval for the computation. Because many thermal 
processes are accomplished in time periods of minutes, one-minute 
intervals are appropriate. For short processes, one-second intervals 
are considered. Assuming the time interval is one minute, the first 
computation step uses Eq. (6.5) to calculate the mean temperature 
for the first minute of the process. This temperature is designated 
as (T0.5), or the temperature at the midpoint in the first minute,

 T f (x   h  t )5 50 0. ., , ,   (6.6)

where t0.5 is the first time interval. The thermophysical prop-
erties () of the food product and the convective heat-transfer  
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coefficient (h) are dependent on temperature, and the most appro-
priate magnitude for these parameters is at the midpoint temper-
ature for the first time interval. Because this is the temperature 
being computed, the temperature at the beginning of the time step 
can be used to establish the properties.

The second step in the time-step calculation is computing the 
rate constant at the temperature computed during the first step of 
the process using Eq. (6.4):

 k k T0.5
o

0.5  exp [ E /R ]A g  (6.7)

The rate constant (k0.5) applies for the first time step in the process, 
and the temperature (T0.5) is the absolute temperature, based on the 
temperature obtained from Eq. (6.6).

The third step in the time-step calculation is the reduction in the 
microbial population during the first time step. Using Eq. (6.3), the 
change is obtained from

 N N  exp ( t)o1  k0.5∆  (6.8)

where N1 becomes the microbial population after the first time 
interval of the process, when the rate constant is k0.5, and the time 
step (∆t) is one minute.

If the previous three steps, as described by Eq. (6.6, 6.7, 6.8) are 
repeated for the second time step, the temperature becomes

 T f (x   h  t )1 5. ., , ,  1 5  (6.9)

where the temperature at 1.5 time increments (1.5 minutes) into 
the process is calculated, and the thermophysical properties (, h)  
are selected for the temperature at the beginning of the second 
time step. The rate constant for the second time step is computed 
as follows:

 k k T1.5 o 1.5  exp [ E /R ]A g  (6.10)

The T1.5 is the absolute temperature at the midpoint in the  
second time step. The next calculation involves

 N N  exp ( t)2 1 k1.5∆  (6.11)
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to obtain the microbial survivors (N2) at the end of the second time 
step. Note that the initial population (N1) is the value obtained 
from the previous time step, and the rate constant (k1.5) is obtained 
for the midpoint in the second time step.

The same three steps are repeated in an iterative manner as the 
process continues. The computations are continued until the proc-
ess is complete, as indicated by the time when the number of 
survivors reaches the target microbial population. When the com-
putations use a target microbial population, the required process 
time is obtained. If the process time is the established endpoint for 
computations, the reduction in microbial population becomes the 
outcome from the time-step computations.

Example 6.1   

A	food	product	has	received	a	process	described	by	the	follow-
ing	temperature–time	profile:

Time Temperature
(s) (°C)

0 90
1 104
2 111
3 119
4 127
5 131
6 135
7 138
8 139
9 140

10 140
11 140
12 140
13 127
14 114
15 110
16 106
17 102
18 98
19 95
20 92

(Continued)
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Estimate	 the	 reduction	 in	 population	 of	 a	 microbial	 popu-
lation	with	 the	 following	kinetic	constants:	k121		2.094/min	
and	EA		282.5	kJ/mole	as	a	result	of	this	process.	The	 initial	
population	is	1		108	per	kg	of	product.

Given:
1.	 The	temperature–time	profile	for	the	process	is	provided.
2.	 The	 kinetic	 parameters	 for	 the	 microbial	 population	 are		

k121		2.094/min,	EA		282.5	kJ/min.
3.	 The	initial	population	of	the	microbial	population	is	No		

1		108	per	kg.

Approach:
1.	 The	 reduction	 in	 microbial	 population	 for	 each	 1-second	

increment	of	the	process	is	computed.
2.	 The	computation	for	each	increment	is	accomplished	using	

the	appropriate	 rate	constant	 (k)	magnitude	 for	 the	prod-
uct	temperature	at	that	time	during	the	process.

3.	 The	 temperature	 for	 a	 given	 time	 increment	 is	 the	 mean	
of	 the	 temperatures	 at	 the	 beginning	 and	 end	 of	 the	
increment.

4.	 The	rate	constant	(k)	for	the	appropriate	time	increment	is	
computed	using	Eq.	 (6.7)	and	 the	magnitude	at	 the	 refer-
ence	temperature.

5.	 The	change	in	microbial	population	for	the	first	time	incre-
ment	is	computed	by	using	Eq.	(6.8).

6.	 The	 changes	 in	 microbial	 population	 for	 later	 time	 incre-
ments	are	accomplished	using	the	same	equations	at	differ-
ent	temperatures.

Solution:
1.	 Given	 that	 the	 temperatures	 at	 the	 beginning	 and	 end	 of	

the	first	1-second	time	increment	are	90°C	and	104°C,	the	
mean	is	97°C.

2.	 The	 rate	 constant	 for	 the	 first	 time	 increment	 at	 97°C	 is	
obtained	using	Eq.	(6.7),	as	follows:

k k

k
97 121

97

  



	exp	{ E /R 	[( / ) ( / )]}

( )	exp	
A g( )

.

1 394 1 370

2 094 {{ , . . }
. .

 
 

( / )	[ ]
( )	exp	{

282 500 8 31441 1 646 10
2 094 5 58

4

k97 44 0 00779 0 00013} /min /s . .

Example 6.1  (Continued)
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	 This	 rate	constant	will	be	used	for	 the	first	 time	 increment	
because	 it	 has	 been	 computed	 at	 the	 mean	 temperature		
(97°C)	for	that	time	period.

3.	 Using	Eq.	(6.8),	the	microbial	population	after	the	first	time	
increment	becomes

	

N ( )	exp	[ ]
N 	per	kg

1
8

1
8

10 0 00013 1
1 10

 

 

( . )( )

	

	 indicating	that	the	impact	of	the	thermal	process	during	the	
first	1-second	increment	is	not	sufficient	to	cause	a	detect-
able	change	in	the	microbial	population.

4.	 For	 the	 second	 time	 increment,	 the	 mean	 temperature	 is	
107.5°C,	from	104°C	to	111°C.	The	rate	constant	is

	

k107.5  

( )	exp	 	( / )	[( / )

( / )
2 094 282 500 8 31441 1 394

1 380 5
. { , .

. ]]}
/min /sk107.5  0 0982 0 00164. . 	

5.	 Using	the	rate	constant	for	the	second	time	increment	and	
Eq.	(6.8),	the	microbial	population	at	the	end	of	the	second	
time	increment	can	be	computed	as

	

N (1 )	exp	[ ( )	( )]
N 	per	kg

8
2

2
7

0 0 00164 1
9 98 10

 

 

.
. 	

6.	 The	 computations	 illustrated	 for	 the	 first	 two	 time	 incre-
ments	are	 repeated	 for	each	of	 the	20	 time	 increments	 for	
the	 process.	 The	 results	 of	 these	 computations	 are	 pre-
sented	in	Table	6.1.

7.	 The	final	computation	for	the	process	is	at	a	temperature	of	
93.5°C,	which	is	the	mean	of	the	initial	and	final	tempera-
tures	for	the	time	increment.	The	rate	constant	is

	

k93.5  

( )	exp	{ ( / )	[( / )

(	 / )]
2 094 282 500 8 31441 1 394

1 366 5
. , .

. }}
/sk93.5  0 000054. 	

(Continued)



156	 Food	Preservation	Process	Design

Table 6.1 Time-step computations for solution of 
Example 6.1

Time Temp. Mid T k N
(s) (°C) (°K) (1/s)

	 0 90
370 0.000129847 1.00E		08

	 1 104
380.5 0.00163669 99823502

	 2 111
388 0.009195921 98909741

	 3 119
396 0.053938834 93715996

	 4 127
402 0.194117009 77180890

	 5 131
406 0.446381202 49391122

	 6 135
409.5 0.912740595 19826711

	 7 138
411.5 1.366105482 5057765

	 8 139
412.5 1.668844248 953210.4

	 9 140
413 1.843842097 150805.9

10 140
413 1.843842097 23858.76

11 140
413 1.843842097 3774.656

12 140
406.5 0.49477843 2301.431

13 127
393.5 0.031272434 2230.573

14 114
385 0.004647812 2220.23

15 110
381 0.001840179 2216.148

16 106
377 0.000714386 2214.565

17 102
373 0.000271764 2213.963

18 98
369.5 0.000114674 2213.71

19 95
366.5 5.40222E-05 2213.59

20 92

Example 6.1  (Continued)
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6.2.2  The General Method

The historical approach to estimating the lethal impact of a preser-
vation process is referred to as the General Method. This approach 
was first described by Bigelow et al. (1920), and was based on a 
graphical method for integrating microbial inactivation kinetics 
using the temperature–time relationship of a thermal process.

The basis for the General Method is the definition of a thermal 
death time (F). The F-value is the process time required to reduce 
a microbial population to some acceptable or predetermined level. 
In most situations, these acceptable microbial population levels 
are based on safety or spoilage expectations for the product being 
preserved. For pathogenic spores, the levels are sufficient to pre-
vent food-borne illness among consumers of the product. When 
the concerns are about microbial populations causing spoilage, the 
levels are based on the shelf-life expectations for the product. The 
thermal death time (F) is some multiple of the Decimal Reduction 
Time (D). The most referenced relationship is

 F  D 12  (6.12)

This relationship is specific for the thermal death time for  
Cl. botulinum spores in a low-acid food and suggests a reduction  

8.	 The	change	in	microbial	population	for	the	final	increment,	
when	 the	 population	 at	 the	 beginning	 of	 the	 increment	 is	
2213.7	per	kg,	is	as	follows:

	

N ( )	exp	[ ( 54)	( )]
N 	per	kg

2

2

0

0

2213 7 0 0000 1
2213 6

 


. .
. 	

	 The	final	microbial	population	is	the	predicted	value	for	the	
process	 described.	 To	 reach	 a	 lower	 final	 population,	 the	
length	of	the	process	is	extended	beyond	20	minutes.

9.	 The	 example	 describes	 the	 reduction	 in	 microbial	 popu-
lation	 using	 1-second	 time	 intervals.	 The	 size	 of	 the	 time	
interval	 influences	the	population	magnitudes	at	each	time	
during	 the	 process,	 and	 the	 time	 interval	 used	 should	 be	
carefully	selected	and	evaluated.
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of 12 log cycles from the initial population. The relationship of the 
thermal death time (F) to temperature is similar to Eq. (2.24) from 
Chapter 2:

 log (F /F ) (T T )/z1 2 2 1   (6.13)

This indicates that the thermal death time decreases logarithmi-
cally as the process temperature increases.

The General Method uses the relationship in Eq. (6.13) to create 
a parameter referred to as the lethal rate (LR):

 LR F /FR
(T T )/zR  10  (6.14)

where T  product temperature during the thermal process; F   
thermal death time at product temperature; FR  thermal death 
time at a reference temperature; TR  reference temperature. Most 
often, the reference temperature is the temperature of the heating 
medium used for the process, usually 121°C.

The lethal rate curve for a typical thermal process is illustrated 
in Figure 6.2. As indicated, the lethal rate (LR) increases with the 
increase in product temperature. The increase in LR continues until 
the product temperature begins to decrease, and LR decreases until 
the process is complete. It should be noted that the magnitude of 
LR reaches 1.0 when the product temperature reaches the reference  

0
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30 40

Figure 6.2 A	lethal	rate	curve	(from	Heldman	&	Hartel,	1997).
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temperature. The area under the lethal rate curve represents the 
total lethal impact of the process and is expressed as time (F) at the 
reference temperature (TR). This approach allows for quantitative 
evaluation of a process that occurs over a series of temperatures 
and over the entire duration of the process.

Example 6.2   

Use	 the	 General	 Method	 to	 evaluate	 the	 lethal	 impact	 of	 the	
thermal	process	presented	in	Example	6.1.

Given:
1.	 A	 temperature–time	 profile	 for	 a	 process	 is	 provided	

(Example	6.1).
2.	 k121		2.094/min.
3.	 EA		288,500	kJ/mole.

Approach:
1.	 The	 kinetic	 parameters	 presented	 in	 the	 previous	 example	

are	 converted	 to	 parameters	 consistent	 with	 the	 General	
Method.

2.	 The	 lethal	 rates	 for	 each	 temperature	 and	 time	 are	 com-
puted,	and	the	lethal	rate	curve	is	created.

3.	 The	 area	 under	 the	 lethal	 rate	 curve	 is	 determined,	 and	
the	thermal	death	time	is	used	to	compute	the	decrease	 in	
microbial	population	during	the	process.

Solution:
1.	 The	 kinetic	 parameters	 can	 be	 converted	 in	 the	 following	

manner.
	 The	 rate	 constant	 is	 k121	 	 2.094/min	 and	 can	 be	 con-

verted	to	D121	using	Eq.	(2.22):

	 D / 	min121 2 303 2 094 1 1 . . . 	

2.	 The	 Activation	 Energy	 Constant	 (EA)	 can	 be	 converted	 to	
the	Thermal	Resistance	Constant	(z)	by	using	Eq.	(2.27)	in	
the	following	manner:

	 z 	( )( ) / C  . . ,2 303 8 31441 130 273 282 500 112 º 	
(Continued)
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3.	 The	 lethal	 rates	are	 computed	 for	 each	 time	 interval	using	
Eq.	(6.13).	The	temperature	used	 in	the	computation	 is	at	
the	 midpoint.	 For	 example,	 the	 temperature	 for	 the	 first	
time	interval	is	97°C,	and

	 LR / 10 0 0065897 121 11( ) . 	

Example 6.2  (Continued)

Table 6.2 The lethal rate table for Example 6.2

Time Temp. Mid T Time LR

(s) (°C) (°K) (s)

0 	 90
370 0.5 0.006579

1 104
380.5 1.5 0.059255

2 111
388 2.5 0.284804

3 119
396 3.5 1.519911

4 127
402 4.5 5.336699

5 131
406 5.5 12.32847

6 135
409.5 6.5 25.65021

7 138
411.5 7.5 38.98604

8 139
412.5 8.5 48.06381

9 140
413 9.5 53.36699

10 140
413 10.5 53.36699

11 140
413 11.5 53.36699

12 140
406.5 12.5 13.68875

13 127
393.5 13.5 0.900628

14 114
385 14.5 0.151991

15 110
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	 For	the	fourth	time	interval,	when	the	product	temperature	
is	123°C,	the	lethal	rate	becomes

	 LR / 10 1 52123 121 11( ) . 	

	 Finally,	when	the	product	temperature	has	reached	the	max-
imum	value	of	144°C,	the	lethal	rate	becomes

	 LR / 10 53 367140 121 11( ) . 	

	 The	lethal	rates	for	all	time	intervals	are	presented	in	Table	6.2.
	 	 The	lethal	rate	curve	for	the	process	is	presented	in	Figure	

6.3.	The	lethal	rate	magnitudes	are	below	1.0	as	long	as	the	
product	 temperature	 is	 below	 the	 reference	 temperature,	
and	 above	 1.0	 when	 the	 product	 temperatures	 are	 above	
the	reference	temperature.

4.	 The	area	under	the	lethal	rate	curve	in	Figure	6.3	is	307	sec.	
This	 is	 the	 magnitude	 if	 the	 lethal	 impact	 of	 the	 process	
expressed	at	121°C,	or

	 F 	s 	min121 307 5 01  . 	

Time, sec
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Figure 6.3 Lethal	rate	curve	for	Example	6.2.

(Continued)



162	 Food	Preservation	Process	Design

6.2.3  Mathematical methods

The time-step approach and the General Method do not provide 
a direct approach to predicting the operator time for a preserva-
tion process. For many types of thermal processes (specifically 
commercial sterilization), this limitation is significant, and alter-
native approaches have been developed. One of the more widely 
referenced approaches is the Formula Method developed by Ball 
(1923). This approach is based on the equation of the heating 
curve, as discussed in Chapter 5:

 log [T T] t/f log [ j T T ]M h c M o    ( )  (6.15)

where fh  heating rate constant; jc  heating lag constant at 
center of object or product structure.

Although this expression is only valid at the high end (upper 
30%) of the temperature range (TM  To), the majority of the lethal 
impact occurs at the higher temperatures. For typical applications, 
Eq. (6.15) is used at the slowest heating location within a product 
mass, usually at the geometric center of a container. If the product 
temperature at the slowest heating location is TB, the temperature 

	 Because	 Table	 6.2	 presents	 the	 lethal	 rates	 at	 all	 equally	
spaced	time	intervals,	the	same	process	lethality	magnitude	
(307.2	sec)	 can	 be	 obtained	 by	 obtaining	 the	 sum	 of	 the	
lethal	rates	at	each	of	the	20	time	intervals.

5.	 The	reduction	in	the	microbial	population	is	obtained	using	
the	survivor	curve	equation	(Eq.	2.21),	as	follows:

	
N (1 )	 	per	kg	of	product8 / 0 10 27895 01 1 1( . . )

	

The	predicted	population	after	the	process	is	nearly	the	same	
as	obtained	using	the	approach	in	Example	6.1.	This	difference	is	
small	when	considering	 the	 roundoff	associated	with	 the	many	
computations	presented	in	the	spreadsheet	and	is	much	smaller	
than	the	errors	in	measurement	of	microbial	populations.

Example 6.2  (Continued)
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gradient (as compared to the heating medium) at the time when 
product cooling begins is

 g T TM B   (6.16)

The expression and the parameter (g) define the process time. 
When Eq. (6.16) is incorporated into Eq. (6.15), the heating rate 
equation becomes

 log (g) t /f log [j T T ]B h c M o   ( )  (6.17)

By solving for time (tB)

 t f  log [j T T /g]B h c M o ( )  (6.18)

Equation (6.18) becomes an expression for the process time. This 
process time (tB) is equal to the operator time in Eq. (6.1), when 
the come-up time (tcut) is zero. Given knowledge of the heating rate 
parameters (fh, jc) for the food product, the time required for the 
slowest heating location to reach the defined final temperature (TB) 
has been established. Eq. (6.18) indicates that the process time (tB) 
is directly proportional to the heating rate parameters (fh, jc) and 
the temperature difference between the heating medium and the 
initial product temperature (TM – To), but inversely proportional to 
temperature difference (TM – TB) at the end of the process. Ball’s 
(1923) Formula Method uses an array of lethal rate curves for typi-
cal conditions during thermal preservation processes to compute an 
array of thermal death times (U). These thermal death times, U, are 
related to thermal death times at a reference temperature (TR) by

 U FR
T T )/zR M 10[( ]  (6.19)

where the thermal death time (FR) is the value at the reference tem-
perature (TR). The relationships between thermal death times and 
the heating curve characteristics are incorporated into curves of  
fh/U versus log g, as illustrated in Figure 6.4.

The relationships in Figure 6.4 are based on specific inputs to 
lethal rate computations:

l The relationships are specific for microbial populations with z   
10°C (or 18°F). Similar relationships have been developed for 
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other values of z, as illustrated by Tables A.6.1 to A.6.6 in the 
appendices.

l The relationships are dependent on a temperature difference between 
the heating medium and cooling medium (TM – TCM) of 100°C. 
Similar relationships can be developed for other conditions.

l The relationships include lethality for the cooling portion of the 
process, based on four different characteristics of the cooling 
curve as determined by the cooling lag constant (jcc). These rela-
tionships also assume that the cooling rate constant (fc) is equal 
to the heating rate constant (fh).

These assumptions may be viewed as limitations to the approach, 
but the limitations must be evaluated in contrast to the convenience 
of estimating the process time.

As suggested, the mathematical method provides a direct 
approach to predicting the operator time for a thermal preservation 
process. The procedure begins with a target thermal death time based 
on the desired reduction in microbial population. Equation (6.19)  
is used to convert the target thermal death time to the thermal 
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Figure 6.4 The	fh/U	versus	log	g	relationship	for	z		10°C	(z		18	F)	(from	Teixeira,	
2007).
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death time (U) at the heating medium temperature. The ratio (fh/U) 
is used as an input to Figure 6.4 to obtain log g. Finally, Eq. (6.18) 
is used to compute the process time (tB).

Example 6.3   

A	 thermal	 preservation	 process	 is	 being	 established	 for	 a		
conduction-heating	food	in	a	container.	The	heating	rate	para-
meters	at	the	slowest	heating	location	in	the	container	are	fh		
20	min,	jc		1.5,	and	jcc		1.2.	The	heating	medium	tempera-
ture	is	116°C,	and	the	initial	product	temperature	is	34°C.	The	
target	thermal	death	time	(F121)	for	the	process	 is	10	minutes	
for	a	microbial	population	that	has	a	z		10°C.

Given:
1.	 Heating	rate	constant	is	fh		20	min.
2.	 Heating	lag	constant	is	jc		1.5.
3.	 Cooling	lag	constant	is	jcc		1.2.
4.	 Heating	medium	temperature	is	TM		116°C.
5.	 Initial	product	temperature	is	To		34°C.
6.	 Thermal	Resistance	Constant	is	z		10°C.
7.	 The	target	thermal	death	time	is	F121		10	min.

Approach:
1.	 Using	the	target	thermal	death	time	and	Eq.	(6.1),	the	ther-

mal	death	time	(U)	is	computed.
2.	 The	 thermal	death	 time	and	 the	heating	 rate	 constant	 (fh)	

are	used	as	inputs	to	Figure.	6.4	to	obtain	log	g.
3.	 After	computing	g,	Eq.	(6.18)	is	used	to	determine	the	proc-

ess	time	(tB).

Solution:
1.	 Equation	 (6.19)	 is	 used	 to	 compute	 the	 thermal	 death		

time	(U):

	

U
U 	min

/ 


10 10
31 6

121 116 10[( ) ]

. 	

2.	 Use	the	heating	rate	constant	(fh)	and	the	value	of	U:

	 f /U /h  20 31 6 0 632. . 	
(Continued)
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	 then	Figure.	6.4	is	used	to	obtain

	 log	g  0 8. 	

	 and

	 g  0 1585. 	

3.	 Note	that	g		0.1585°F	or	0.088°C.
4.	 Equation	(6.18)	is	used	as	follows:

	

t 	log	[15	( )/ ]
t 	min
B

B

 


20 116 34 0 088
62 9

. .
. 	

Example 6.3  (Continued)

A process time for the conditions is obtained in an efficient 
manner. The ease of computation should be evaluated in terms of 
the limitations to the relationships used in the illustration.

Obviously, the mathematical method is limited to predicting the 
process time for thermal preservation processes. The application of 
a similar approach requires the development of appropriate relation-
ships and illustrations for alternative preservation processes. Each 
alternative process needs to be analyzed to determine the potential 
for use of a mathematical approach for prediction of a process time. 
For example, similar relationships can be developed for Ultra-High 
Pressure (UHP) processes, based on knowledge of the rate of pres-
sure application to the product.

6.3  Process design targets

The purpose of the preservation process is to reduce the micro-
bial population to some acceptable level. The establishment of 
the acceptable level is based on a variety of factors, and may be 
dependent on the product. The following factors are used to deter-
mine the endpoint for the process:

l Food safety, with specific attention to microbial pathogens in the 
product.
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l Product spoilage, based on microbial populations within the 
product that limit the product’s shelf life.

l Quality attributes, when the preservation process is limited by 
changes in a defined quality attribute.

When dealing with microbial food safety and product spoilage, the 
basis for establishing the endpoint for a process is Eq. (2.11) and 
expressed in terms of microbial populations:

 N N exp ( t)o  k  (6.20)

In this equation, k  the rate constant to describe the reduction on 
the microbial population.

This expression applies to a first-order survivor curve, which 
can be used to illustrate the approach to establishing the acceptable 
process. By solving for the time as

 t Ln [N /N]/o k  (6.21)

the relationship between the reduction in microbial population  
(No/N) and time (t) is more evident. Obviously, a longer process time 
is required to accomplish a larger reduction in the microbial popula-
tion. The parameter that is most difficult to define is the microbial 
population at the end of the process (N). When considering spoilage 
microorganisms or microbial pathogens, the endpoint is even more 
difficult to express. An examination of the survivor curve equation 
clearly illustrates that a zero endpoint does not exist. Under these 
circumstances, the endpoint must be expressed as a probability of 
survival for the target population. Often, the probability is expressed 
in terms of risk of spoilage, or the probability of a surviving patho-
gen in some stated number of processed food containers.

To evaluate the probabilities of survivors, the initial microbial 
populations in each container and the number of containers must 
be considered. An expression of the final population as a probabil-
ity of survivors, based on the quantity of the product in a container, 
provides insight about the endpoint for the process. The concept 
of probability becomes more evident when considering the total 
number of containers being processed. The initial population per 
container and the total number of containers are both considered in 
an expression of spoilage probability:

 1 10/r N /c o
F/D  (6.22)
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where rc  number of containers in the preservation process; No  
initial microbial population per container; F  process time at the 
specified conditions of the process; D  Decimal Reduction Time.
 This expression is used to determine the process time (F) needed 
to ensure that no more than one container with spoilage exists 
among some specified total number of containers (rc) being proc-
essed. The alternative expression is

 1/r N /exp [ F]c o k  (6.23)

Example 6.4   

A	 thermal	 preservation	 process	 is	 being	 used	 for	 10	 million	
containers	 of	 a	 food	 product.	 The	 population	 of	 spoilage	
microorganisms	is	103	per	container	and	is	described	by	a	D110	
of	5	minutes.	Determine	 the	 time	at	110°C	needed	to	ensure	
that	 no	 more	 than	 1	 spoiled	 container	 exists	 for	 the	 number	
being	processed.

Given:
1.	 The	number	of	containers	(rc)		10	million.
2.	 The	initial	population	(No)		1000	per	container.
3.	 The	Decimal	Reduction	Time	(D)		5	minutes.

Approach:
1.	 Use	Eq.	(6.22)	to	determine	the	number	of	containers	proc-

essed	with	one	spoiled	container.

Solution:
1.	 Use	Eq.	(6.22):

	 1 10 10 107 3 5/ / F/ 	

	 and

	 10 105 10F/  	

2.	 Then

	 F/5 10 	
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	 and

	 F 	min 50 	

3.	 The	analysis	 indicates	 that	a	 thermal	process	of	50	min	at	
110°C	is	sufficient	to	ensure	no	more	than	1	spoilage	con-
tainer	in	10	million	processed.	This	result	can	be	expressed	
as	a	spoilage	probability	of	1010.

When considering the potential spoilage of a food, the prob-
ability magnitude can be derived in terms of economic impact. 
In many situations, the survivors of the process cause spoilage 
within the time frame during distribution, allowing for detection 
and removal of the specific containers (with spoiled product) prior 
to the product reaching the consumer. The management decision 
involves the reduction of the economic impacts of product spoilage 
as much as possible while minimizing the impact of the process on 
the quality attributes of the product.

The consideration of risk associated with food safety is much 
more sensitive than with product spoilage. The management chal-
lenge is to establish the probability of risk associated with the 
survival of a microbial pathogen. The goal of the process is to 
eliminate any threat of food-borne illness due to consumption of 
the food product. To achieve this ultimate goal, the food processing 
industry has relied on a variety of secondary measures to prevent 
microbial food safety concerns. A typical guideline probability is 
one survivor per million containers processed, although this risk is 
not communicated to consumers. This guideline is acceptable due 
to additional measures and protocols. The best examples are ther-
mal processes and protocols used to eliminate food-borne illness 
due to Cl. botulinum toxin in shelf-stable canned foods. The sec-
ondary control for these products is an established period of prod-
uct storage at typical storage and distribution temperatures. Any 
survivors of the thermal process are likely to grow in the product 
during storage, causing the production of by-products from the 
metabolism associated with the increase in microbial population. 
For Cl. botulinum, the by-product is gas production resulting in 
swelling of the product container. By eliminating containers with 
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demonstrated symptoms of swelling at the end of the established 
storage period, the probability for food-borne illness due to path-
ogens surviving the preservation process can be reduced to zero. 
Given these circumstances, the process conditions become a func-
tion of company policies and requirements of regulatory agencies.

Preservation processes may be established after considering 
the impact on quality attributes of the food product. Product qual-
ity attributes may influence the process in several ways. For some 
products, the process may be based entirely on the established proc-
ess needed to create the desired attributes in the final product. This 
happens when the process is needed to create the desired product 
quality attributes, and the process exceeds the conditions needed for 
reaching the probabilities for product spoilage and/or product safety.

Example 6.5   

A	 canned	 potato	 product	 is	 being	 thermally	 processed,	 and	
the	 process	 is	 based	 on	 achieving	 the	 desired	 texture	 (hard-
ness)	 of	 the	 potato.	 The	 kinetic	 parameters	 associated	 with	
texture	include	a	rate	constant	of	0.055/min	at	100°C	and	an	
Activation	Energy	Constant	of	100	kJ/mole.	 If	 the	desired	tex-
ture	is	an	80%	reduction	on	the	hardness	of	the	potato,	deter-
mine	the	process.

Given:
1.	 The	product	is	potato.
2.	 The	rate	constant	(k)	for	potato	hardness		0.055/min.
3.	 The	Activation	Energy	Constant	(EA)		100	kJ/mole.
4.	 The	target	texture		80%	of	initial	magnitude.

Approach:
1.	 Use	Eq.	 (2.16)	 from	Chapter	2	 to	determine	 the	 rate	 con-

stant	at	121°C.
2.	 Compute	the	process	time	at	121°C	using	Eq.	(2.12).

Solution:
1.	 Using	Eq.	(2.16)	and	the	input	conditions,

k
k

121

121

 ( 55)	exp	{( / )	[( / ) ( / )]}0 0 100 000 8 31441 1 373 1 394. , .
 0 307. /min
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2.	 The	process	time	is	determined	by	using	Eq.	(2.12)	and	recog-
nizing	that	the	80%	reduction	in	hardness	is	a	retention	of	0.2:

	 0 2 0 0. . exp	[ 3 7	t] 	
	 Ln	( 2) 	t0 0 307. . 	
	 t 	min 5 24. 	

	 This	 indicates	 that	a	process	 time	of	5.24	min	at	121°C	 is	
needed	to	achieve	the	desired	texture	of	the	product.

The more typical impact of product quality attributes on the 
preservation process occurs when the process has negative impact 
on the quality attributes. For these types of situations, adjust-
ments in the preservation process may be considered in an effort 
to reduce the negative impacts on quality. These considerations are 
most evident when dealing with decisions on spoilage probabilities 
and the potential for accepting a slightly higher rate of spoilage, 
while improving the retention of quality attributes in the product. 
Development of processes based on these considerations is feasi-
ble by using kinetic parameters for the target microbial populations 
and for the most sensitive product quality attribute. Ultimately, the 
process can be designed to minimize the spoilage probability, while 
maximizing the retention of a sensitive product quality attribute.

6.4   Integrated impacts of preservation 
processes

The focus of processes presented and analyzed up to this point has 
been on the microbial populations at a specific location within the 
product mass or structure. An inherent assumption in all process 
design is that microbial populations are uniformly and homoge-
neously distributed within the product mass and structure. This 
assumption can occur in many preservation processes but is diffi-
cult to ensure when the process is applied uniformly to all food 
product in a container. When the process occurs after the product 
is placed in a container, the preservation process must be based on 
a specific location where the intensity of the process is minimum.  
The importance of this concept is most evident with thermal 
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processing of conduction-heating food products, where the slowest 
heating location is at the geometric center of the product within the 
container. This is a core concept when ensuring microbial safety and 
monitoring rates of product spoilage from preservation processes.

Unless the mechanisms associated with the preservation process 
can be uniformly applied throughout the product mass or structure, 
the impact of the process will be greater at all locations within the 
product structure or mass than at the target location. For the ther-
mal process, the impact of the preservation process is more intense 
at all locations other than the slowest heating location. The analysis 
of these impacts is most important when considering the influence 
of the process on product quality attributes that are sensitive to the 
mechanism of the preservation process.

When considering preservation processes to be discussed in this 
book, the thermal processes are the most obvious processes to be 
considered when evaluating the integrated impact of the process on 
the entire product structure or mass. The application of UHP to a 
product structure or mass seems to be instantaneous and uniform, 
although there is limited evidence to suggest that uniformity of the 
impact may be a function of product composition and structural 
components. Most other alternative preservation processes depend 
on uniformity of application within the product mass or structure, 
but the development and application of all processes should con-
sider the potential for lack of uniformity.

The integrated impact of a preservation process can be evalu-
ated by using a cross-section of a cylindrical package as an exam-
ple. Figure 6.5 shows the cross-section divided into five cylinders 
of equal thickness in the radial direction.

r = 4.5

Figure 6.5 The	cross-section	of	a	cylindrical	container.
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The diameter of the cylinder has five units, with the center sec-
tion having a radius of one-half unit. Each of the outer four cylin-
drical sections has a thickness of one unit in the radial direction. 
For this analysis, each section has a one-unit depth along the height 
of the cylinder. Assuming the cylinder is a conduction-heating  
food, and the preservation process is thermal, the cylindrical sec-
tion of product near the surface will increase in temperature most 
rapidly. With the same assumptions, the product in the core cyl-
inder will be the slowest heating location. The following analysis 
demonstrates the integrated impact of the process on the cross-
section of product illustrated in Figure 6.5. The preservation  
process is designed to ensure that the slowest heating location 
receives the process needed for microbial safety or acceptable 
spoilage rate.

For a thermal process designed to ensure that the slowest heating 
location receives a specified reduction in microbial population, the 
cylindrical section near the surface and the heating medium will 
receive a process much greater than at the slowest heating location. 
Likewise, cylindrical sections between the center and the surface 
will receive process intensities less than at the surface but greater 
than at the slowest heating location. The impact of the thermal 
process on heat-sensitive food quality attributes is similar to the 
impact on microbial populations, with more significant losses at 
the surface and less dramatic impacts at the slowest heating loca-
tion. The most appropriate expression for the impact of the process 
on the product quality is a weighted average over the cross-section 
of the cylinder. These types of analyses provide an opportunity to 
evaluate the influence of a preservation process on product quality 
attributes and the tools needed to optimize the process by minimiz-
ing the quality loss while meeting the target reduction in a micro-
bial population.

To evaluate the influence of location on heat-sensitive prod-
uct quality attributes, the temperature distribution within the 
product structure during the process must be predicted. The 
prediction of temperature distribution is accomplished by using 
the concepts introduced in Chapter 5 (Section 5.2.7), but with 
emphasis on the mathematical functions needed to account for 
location with the product structure. For a conduction-heating 
product, the influence of location is expressed in terms of the 
following expressions.
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a. For an infinite slab geometry,

 j  cos (  x/d )c 1 27324. π  (6.24)

 where x  distance from the center of the slab geometry; dc  
half-thickness of the slab.

b. For an infinite cylinder,

 j  J  [( )(r/R)]o 1 60218. R1  (6.25)

 where R1  the argument of the zero-order Bessel function;  
r  radial distance from the geometric center of the cylinder;  
R  the radius of the cylinder.

c. For a sphere,

 j  (R/r) sin (  r/R) 0 63662. π  (6.26)

 where r  the distance from the center of the sphere; R  the 
radius of the sphere. 

Note that jc  2.0 when r  0.

All expressions (Eq. 6.24, 6.25, 6.26) are based on a con-
dition of negligible resistance to heat transfer at the surface of 
the product. Pflug et al. (1966) has provided the expressions and 
charts needed to account for Biot numbers at less than 100. The  
values needed to evaluate the Bessel functions are presented in 
Table 6.3.

Using the preceding relationships and those from Chapter 5, the 
temperature distribution histories within the food product can be 
predicted. More specifically,

 log (T T) t/f log [ j T T ]M h c M o    ( )  (6.27)

and

 f  d for an infinite slabh c 0 934. /  (6.28)

 f  R for an infinite cylinderh  0 399. /  (6.29)

 f  R for a sphereh  0 233. /  (6.30)
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Table 6.3 Values of zero-order Bessel functions 
as a function of the argument {Jo[(R1)(r/R)]}

Argument Function Argument Function

0 1.0000 1.3 0.6201
0.1 0.9975 1.4 0.5669
0.2 0.9900 1.5 0.5118
0.3 0.9776 1.6 0.4554
0.4 0.9604 1.7 0.3980
0.5 0.9385 1.8 0.3400
0.6 0.9210 1.9 0.2818
0.7 0.8812 2.0 0.2239
0.9 0.8463 2.1 0.1666
1.0 0.8075 2.2 0.1104
1.1 0.7652 2.3 0.0555
1.2 0.6711 2.4 0.0025

2.5 0.0484

Source:	Adapted	from	Schneider	(1955).

Example 6.6   

Estimate	the	retention	of	a	heat-sensitive	product	quality	attribute	
during	 a	 thermal	 process	 for	 a	 specified	 microbial	 population	
when	 the	 heating	 medium	 temperature	 is	 125°C	 and	 the	 ini-
tial	product	temperature	 is	70°C.	The	product	 is	 in	a	cylindrical	
container	 and	 has	 thermophysical	 properties	 as	 follows:	 den-
sity	 ()		 1000	kg/m3,	 thermal	 conductivity	 (k)		 0.45	W/m	K,		
and	specific	heat	 (cp)		3.5	kJ/kg	K.	The	 initial	microbial	popu-
lation	 is	 10	 per	 gram,	 and	 the	 survivor	 curve	 is	 described	 by	
a	 first-order	 rate	 constant	 (k)	 of	 0.1/min	 at	 121°C	 and	 an	
Activation	Energy	Constant	(EA)	of	250	kJ/mole.	The	heat-sensitive		
quality	 attribute	 is	 described	 by	 first-order	 rate	 constant	 (k)	
of	 0.15/min	 at	 121°C	 and	 Activation	 Energy	 Constant	 (EA)	 of		
75	kJ/mole.	The	product	container	is	a	cylinder	with	a	diameter	of	
9	cm	and	height	of	18	cm,	and	the	cooling	medium	temperature	is	
35°C.	The	thermal	process	is	designed	to	ensure	a	spoilage	rate	of	
no	more	than	one	container	per	one	million	processed.

Given:
1.	 Product	density	is			1000	kg/m3.
2.	 Product	thermal	conductivity	is	k		0.45	W/m	K.

(Continued)
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	 3.	 Product	specific	heat	is	cp		3.5	kJ/kg	K.
	 4.	 Initial	microbial	population	is	No		10/g.
	 5.	 Rate	constant	for	microbial	population	is	k		0.5/min.
	 6.	 Activation	Energy	Constant	for	microbial	population	is	EA			

250	kJ/mole.
	 7.	 Rate	constant	for	quality	attribute	is	k		0.15/min.
	 8.	 Activation	 Energy	 Constant	 for	 quality	 attribute	 is	 EA	 	

75	kJ/mole.
	 9.	 Container	diameter	is	9	cm.
10.	 Container	height	is	18	cm.
11.	 Spoilage	rate	is	1	per	106	containers.
12.	 Heating	medium	temperature	is	TM		125°C.
13.	 Initial	product	temperature	is	To		70°C.
14.	 Cooling	medium	temperature	is	TCM		35°C.

Approach:
1.	 The	process	time	to	ensure	that	the	desired	spoilage	rate	is	

achieved	is	computed.
2.	 The	 retention	 of	 the	 heat-sensitive	 quality	 attribute	 is	 pre-

dicted	 based	 on	 the	 process	 time	 needed	 for	 the	 target	
spoilage	rate.

Solution:
1.	 Based	on	the	spoilage	rate,	the	process	time	(F)	at	121°C	is

	 1 10 106/ N /o
F/D 	

	 where	No		 initial	population	per	container;	D		Decimal	
Reduction	Time,	D.

2.	 The	 population	 per	 container	 must	 be	 computed	 based		
on	 the	 volume	 of	 the	 container	 and	 the	 population		
per	gram:

Volume	of	container ( 	R )	(H) [ 	( ) ]	[ ]
	cm

 



π π2 2

3
4 5 18

1145 11
.

.
VV m  1 145 10 3 3.

Example 6.6  (Continued)
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	 Given	the	density	of	the	product,	the	mass	of	product	 in	a	
container	is

	 Mass [ 	kg/m ]	[ m ] 	kg  1000 1 145 10 1 1453 3 3. . 	

	 Then,	the	population	becomes

Population	per	container ( 	kg)	( /g)	( 	g/kg)



1 145 10 1000
1

.
.1145 104

3.	 The	D-value	is	determined	from	the	first-order	rate	constant:

	 D / 	min 2 303 0 5 4 606. . . 	

4.	 The	process	time	(F)	becomes

	

1 10 1 145 10 10
10 1 145 10

46 33

6 4 4 606

4 606 10
/ /

F 	min

F/

F/
 

 


.
.

.

.

.

	

	 where	F	is	the	time	at	121°C	required	to	reduce	the	micro-
bial	population	at	the	geometric	center	of	each	container.

5.	 The	 process	 time	 (U)	 at	 125°C	 is	 computed	 by	 using		
Eq.	(6.19),	and	the	z-value	is	determined	by	using	Eq.	(2.27):

	

z 	R E

	( )	( ) / C
g A

2

 

 

2 303

2 303 8 31441 121 273 250 000 12 2

2. /

. . , .

T

	

Then

	 U ( )	 	min 46 33 10 21 37121 125 11 9. .[( )/ . ]
	

6.	 The	 operator	 process	 time	 can	 be	 determined	 by	 using		
Eq.	(6.18)	and	Figure	6.3.	To	use	Figure	6.3,	the	magnitude	
of	fh	must	be	established,	using	Eq.	(6.29)	and	the	assump-
tion	that	the	container	is	an	infinite	cylinder:

	 f 0.399	R/h   	
(Continued)
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where

	
     k/ 	c / 	( ) m /sp 0 45 1000 3500 1 2857 10 7 2. ( ) .

	

	 then

	

f 	( / ) / s
	min

h    


0 399 4 5 100 1 2857 10 6 2843 10
104 74

2 7 3. . . .
. 	

	 7.	 Given	the	preceding	values,

	 f /U /h  104 74 21 37 4 9. . . 	

	 8.	 Given	the	j-value	of	1.60218	at	the	geometric	center	of	the	
cylinder	and	 the	preceding	value	of	 fh/U	and	z		12.2°C	
(22°F),	Table	A.6.6	indicates	that	g		7.89°F	(4.38°C).

	 9.	 Using	 Eq.	 (6.18),	 the	 operator	 time	 for	 the	 process	
becomes

	

t (1 4 74)	log	[(16 218)	(125 7 )/ ]
	min

B  


0 0 0 4 38
136 5

. . .
. 	

10.	 To	 evaluate	 the	 impacts	 of	 the	 thermal	 process	 on	 the	
heat-sensitive	 component	 in	 each	 region,	 the	 j-values	 for	
each	 region	 must	 be	 determined	 using	 Eq.	 (6.25)	 and	
Table	6.3.	For	the	region	with	midpoint	radius	of	0.25	cm	
(Region	1),

j 	J 	 R 25/4 5 	J [ 	( )]o 1 o 


1 60218 0 1 60218 2 4048 0 056
1 6

. [ ( . . )] . . .

. 00218 0 1 5942	J 	[ 1336]o . .

	 For	the	increment	with	a	midpoint	radius	of	1	cm	(Region	2),

j 	J 	[ 	( / )] 	o 


1 60218 2 4048 1 4 5 1 60218 0 93248
1 494
. . . . [ . ]
.

Example 6.6  (Continued)
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	 For	the	increment	with	a	midpoint	radius	of	2	cm	(Region	3),

	

j 	J 	(2/4 5) 	 7784o 


1 60218 2 4048 1 60218 0
1 247
. [ . . ] . [ . ]
.

	 For	the	increment	with	a	midpoint	radius	of	3	cm	(Region	4),

j 	J 	 	( / ) 	o  1 60218 2 4048 3 4 5 1 60218 0 45 0 721. [ . . ] . [ . ] .

	 For	the	increment	with	a	midpoint	radius	of	4	cm	(Region	5),

j 	J 	[ 	( / )] 	o 


1 60218 2 4048 4 4 5 1 60218 0 3735
0 2331
. . . . [ . ]
.

11.	 These	values	of	 j	have	been	used	with	Eq.	(6.14)	to	com-
pute	 the	 temperature	within	 each	of	 the	five	 regions	dur-
ing	 the	process.	These	computations	are	presented	 in	 the	
spreadsheet	in	Table	A.6.7.

12.	 The	impact	of	the	process	on	retention	of	the	heat-sensitive		
component	 can	be	 evaluated	by	 computing	 the	 retention	
in	 different	 regions	 of	 the	 container	 in	 the	 radial	 direc-
tion.	The	evaluation	 is	accomplished	by	dividing	 the	con-
tainer	into	1	cm	increments	in	the	radial	direction	from	the	
center.	By	reference	to	Figure	6.3,	the	center	portion	has	a	
0.5	cm	radius,	and	the	evaluation	is	completed	for	a	1	cm	
height	(Region	1):

Volume 	( 5) 	cm m
Mass [

2   

 





π 0 1 0 7854 7 854 10
7 854 10

3 7 3

7
. ( ) . .

. ]]	[ 	kg/m ]
kg

1000
7 854 10

3

4  .

	 The	 volume	 and	 mass	 of	 the	 incremental	 region	 with	 a	
radius	of	1.5	cm	(Region	2)	is

Volume 	( ) 	cm
	m

Mass [

  

 





π 1 5 1 0 7854 6 2832
6 283 10
6

2 3

6 3
. ( ) . .

.
.2283 10 1000

6 283 10

6 3

3


 





]	( 	kg/m )
	kg.

(Continued)
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	 The	 volume	 and	 mass	 of	 the	 incremental	 region	 with	 a	
radius	of	2.5	cm	(Region	3)	is

	

Volume 	( ) 	cm
	m

M

   

  

π 2 5 1 6 283 0 7854 12 566
12 566 10

2 3

6 3
. ( ) . . .

.
aass 	kg  12 566 10 3. 	

	 The	 volume	 and	 mass	 of	 the	 incremental	 region	 with	 a	
radius	of	3.5	cm	(Region	4)	is

Volume
	cm

2   

   

π( . ) ( ) . . .
. .
3 5 1 12 566 6 283 0 7854

18 85 18 85 103 6 		m
Mass 	kg

3

318 85 10  .

	 The	 volume	 and	 mass	 of	 the	 incremental	 region	 with	 a	
radius	of	4.5	cm	(Region	5)	is

Volume 4 5
	cm

    

 

π( . ) ( ) . . . .
. .

2

3
1 18 85 12 566 6 283 0 7854

25 133 25 1133 10
25 133 10

6 3

3


 





	m
Mass 	kg.

	 The	total	mass	of	the	1	cm	high	region	is	63.62		103	kg.
13.	 The	spreadsheet	in	Table	A.6.7	indicates	that	the	retention	

and	losses	of	the	heat-sensitive	attribute	at	the	completion	
of	the	process	is	as	follows:

Region	1 41.9% 58.1%
Region	2 17.6 82.4
Region	3 17.9 82.1
Region	4 	 8.6 91.4
Region	5 	 0.5 99.5

Example 6.6  (Continued)

(Continued)
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These also apply as long as conditions at the product surface 
have negligible resistance to heat transfer. These expressions pro-
vide the basis for predicting the impact of the thermal process as a 
function of location within the product structure. Given knowledge 
of these distributions, the relative impacts on microbial popula-
tions and heat-sensitive quality attributes within the product can be 
evaluated. In addition, the opportunity to begin optimization of the 
process becomes more evident.

The computations in Example 6.6 reveal several insights about 
the impacts of a thermal process on the product:

l A process designed to ensure a target rate of microbial spoilage 
delivers a process that exceeds the target for most of the product in 
the container. This is typical for thermal processes for conduction 
heating/cooling foods, when the target location for the reduction in 
microbial population is at the geometric center of the container.

l The regions of the container near the surface in close contact 
with the heating/cooling medium are impacted more signifi-
cantly by the process, both in terms of the reduction in microbial 
population and the heat-sensitive product quality attribute. These 
regions of a cylindrical container have larger volume and mass, 
so the impact of the process on the outer regions is greater than 
on the product in the interior regions of the container.

l During a period of the process when cooling of the product 
begins, the product temperature continues to increase for a short 
period of time. This product temperature profile is most dramatic 
at the center of the container, and these high temperatures con-
tribute to the negative impact of the process on the heat-sensitive 
product quality attributes.

14.	 Using	 the	 mass	 of	 product	 in	 each	 region,	 the	 weighted	
average	of	the	 loss	of	heat-sensitive	product	attribute	can	
be	estimated:

Region	1 58.1	(7.854		104/63.62		103)	 0.717
Region	2 82.4	(6.283		103/63.62		103)	 8.138
Region	3 82.1	(12.566		103/63.62		103)	 16.216
Region	4 91.4	(18.85		103/63.62		103)	 27.081
Region	5 99.5	(25.133		103/63.62		103)	 39.307
Mass	Average	Loss	of	Quality	Attribute	 91.64%
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l The regions of maximum retention of heat-sensitive quality 
attribute are near the geometric center of a cylindrical container. 
Quality retention within regions between the center and the sur-
face is nearly as good as at the center due to the lower tempera-
tures at the onset of cooling.

The influence of the kinetic parameters for both microbial popu-
lations and quality attributes on optimization of product quality 
retention can be explored using the relationships demonstrated in 
the spreadsheet in Table A.6.7. These relationships are investigated 
in more detail in Chapter 8.

6.5  Design of a microwave process

There has been a continuing interest in preservation processes based 
on applying electromagnetic energy to food product. Although 
microwave heating has become a routine method for rapid warm-
ing of individual food entries prior to consumption, the applications 
for food preservation have been limited. The primary limitation has 
been the inability to establish the process time, due to the uncertain-
ties in locating the slowest heating location within the product struc-
ture. The incentives associated with applications of the microwave 
process include (a) the rapid heating of the product, (b) the uniform-
ity of product temperature increase throughout the product structure 
during the process, and (c) the opportunity to improve retention of 
quality attributes by applying the high-temperature, short-time con-
cept. Although the monitoring of the slowest heating location during 
microwave heating must be addressed, the rapid and uniform heat-
ing throughout the product structure provides incentive for exploring 
process design.

Example 6.7   

A	 preservation	 process	 is	 being	 developed	 using	 microwave	
energy	for	potato	pieces	with	dimensions	of	10	cm		10	cm		
5	cm.	The	process	is	being	designed	to	reduce	the	initial	popu-
lation	 of	 1000	 L. monocytogenese	 by	 12	 log	 cycles.	 The	 thermal	
inactivation	of	microbial	population	is	described	by	a	first-order	
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rate	 constant	 of	 0.55/min	 at	 60°C	 and	 an	 Activation	 Energy	
Constant	 of	 386	kJ/mole.	 The	 retention	 of	 quality	 attribute	 is	
used	 to	 compare	 the	 microwave	 process	 to	 a	 traditional	 hot	
water	process.	The	degradation	of	 folic	acid	 is	described	by	a	
rate	constant	of	0.068/min	at	80°C,	and	an	Activation	Energy	
Constant	 of	 80	kJ/mole.	 Microwave	 heating	 is	 accomplished	
using	 a	 system	 with	 an	 electric	 field	 intensity	 of	 12	V/cm	 and	
frequency	 of	 2450	MHz.	 The	 properties	 of	 the	 potato	 include	
a	relative	dielectric	constant	of	64,	a	loss	tangent	of	0.23,	and	
a	density	of	900	kg/m3.	The	thermal	process	uses	hot	water	at	
65°C	with	a	forced	convection	coefficient	of	5000	W/m2°C	to	
heat	the	product	from	an	initial	temperature	of	20°C.	Cooling	
for	both	processes	occurs	using	20°C	air	with	a	forced	convec-
tion	 coefficient	 of	 50	W/m2°C.	 The	 thermophysical	 properties	
of	potato	are	thermal	conductivity	of	0.554	W/mC	and	specific	
heat	 of	 3.6	kJ/kg°C.	 Determine	 the	 process	 times	 required	 for	
the	traditional	thermal	process	and	for	the	microwave	process,	
and	estimate	the	retention	of	folic	acid	for	both	processes.

Given:
	 1.	 Product	is	potato	with	10	cm	by	10	cm	by	5	cm	dimensions.
	 2.	 Reduce	population	of	L. monocytogenes	by	12	log	cycles.
	 3.	 Rate	constant	for	microbial	population	is	k		0.55/min	at	

60°C.
	 4.	 Activation	Energy	Constant	for	microbial	population	is	EA	

	386	kJ/mole.
	 5.	 Rate	constant	for	folic	acid	is	k		0.068/min	at	80°C.
	 6.	 Activation	 Energy	 Constant	 for	 folic	 acid	 is	 EA	 	 80	kJ/	

mole.
	 7.	 Electric	field	intensity	is	EV		12	V/cm.
	 8.	 Frequency	of	microwave	is	f		2450	Hz.
	 9.	 Relative	dielectric	constant	is			64.
10.	 Loss	tangent	is	tan			0.23.
11.	 Potato	density	is			900	kg/m3.
12.	 Heating	medium	is	water:	TM		65°C.
13.	 Surface	 heat	 transfer	 coefficient	 for	 heating	 medium	 is		

h		5000	W/m2	K.
14.	 Product	initial	temperature	is	To		20°C.
15.	 Product	cooling	is	air:	TCM		20°C.
16.	 Convective	heat	transfer	coefficient	for	cooling	medium	is	

h		50	W/m2	K.
17.	 Thermal	conductivity	of	potato	is	k		0.554	W/m	K.

(Continued)
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18.	 Specific	heat	of	potato	is	cp		3.6	kJ/kg	K.
19.	 Initial	microbial	population	is	No		1000.

Approach:
1.	 Estimate	the	process	time	for	hot	water	heating	based	on	a	

12	 log	cycle	 reduction	 in	 the	pathogen,	and	determine	 the	
retention	of	thiamine	for	the	traditional	thermal	process.

2.	 Estimate	 the	process	 time	 for	 the	microwave	heating	proc-
ess	and	the	retention	of	thiamine	for	the	microwave	heating	
process.

3.	 Compare	 the	 retention	 of	 thiamine	 for	 the	 two	 processes,	
based	on	same	target	reduction	in	the	microbial	pathogen.

Solution:
1.	 Heating	the	product	 for	 the	 traditional	 thermal	process	by	

using	Eq.	 (5.19)	of	Chapter	5	 to	estimate	 the	 temperature	
at	the	center	of	the	potato	piece	is

	 log	[T T ] t/f log	[	j T T ]M h c o M    ( ) 	

	 where	fh	is	determined	by	using	Figure	5.4,	after	computing	
the	Biot	number	from

N hd /kBi c

	 with

	 f	 /dc 2
	

	 and

	
  k/ 	cp 	

	 and	jc	is	obtained	by	using	Figure	5.5,	and	the	Biot	number.	
For	 example,	 the	 temperature	 at	 the	 center	 of	 the	 potato	
during	the	eighth	time	interval	of	5	minutes	after	40	minutes		
of	heating	is

	 log	[T ] /f log	[	j ]h c    65 40 20 65( ) 	

Example 6.7  (Continued)
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2.	 To	determine	 the	appropriate	 values	 for	 fh	and	 jc,	 the	Biot	
number	must	be	computed	as

N (5 )( / ) 	(for	 	cm	dimensions)Bi  000 5 100 0 554 451 10/ .

	 and

	

N (5 )( / )
	(for	 	cm	dimension)

Bi 


000 2 5 100 0 554
250 5 5

. / .
. 	

	 Given	these	Biot	numbers,	Figure	5.4,	and

	     ( 554)/ 9 	(36 ) m /s0 00 00 1 7 10 7 3. ( ) . 	

	 then

	

f /
f 	s 	min 	hr

	(

h

h

( . ) ( . ) .
, . . .

1 7 10 0 05 0 94
13 823 5 230 4 3 84

7 2 
  



ffor	the	 	cm	dimensions)
f 	s 	min 	hr

	(fo
h

10
3455 9 57 6 0 96  . . .

rr	the	 	cm	dimension)5 	

	 Using	Eq.	(5.22),

	 1 1 230 4 1 230 4 1 57 6/f / / /h   . . . 	

	 f 	min	for	the	shape	of	the	potato	piece.h  38 4. 	

	 Using	Figure	5.5	and	NBi		451	or	250.5,

	 j 	for	all	three	dimensions	of	the	potato.c  1 27. 	

	 And,

	 jc    1 27 1 27 1 27 2 048. . . . 	

	 then

	 log	[ T] / log	[2 48	( )]65 5 40 38 4 0 65 5 20. . . .     	

	 and

	

T C	for	temperature	at	center	of	
potato	piece	at	40	min

 57°
		of	heating. 	

(Continued)
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3.	 The	 reduction	 in	 microbial	 population	 is	 estimated	 by		
Eq.	 (6.7),	as	applied	at	 time	 intervals	of	5	minutes	during	
the	heating	portion	of	the	process:

	 N N 	exp	( t)i i- 5 k∆ 	

	 where	Ni-5		microbial	population	at	end	of	 time	 interval;	
Ni	 	 microbial	 population	 at	 beginning	 of	 time	 interval;		
∆t	 	 time	 interval;	 k	 	 first-order	 rate	 constant	 rate	 for	
microbial	 population,	 based	 on	 temperature	 at	 the	 mid-
point	in	time	interval,	and	computed	using	Eq.	(6.3).

4.	 For	the	eighth	time	interval,	the	rate	constant	for	the	micro-
bial	population	is

	

k

k

  
 



( 55)	exp	{ ( / )[( / )
( / )]}

0 386 000 8 314 1 57 273
1 60 273

0

. , .

.1157 57/min	at	 C° 	

5.	 Then,	 for	 initial	 microbial	 population	 at	 the	 beginning	 of	
the	eighth	time	interval	(see	Table	A.6.8),	Ni-5		770:

	

N (77 )	exp	[( )( )]
N

i

i




0 0 157 5
351

.

	

6.	 As	 indicated	 in	 Table	 A.6.8,	 the	 preceding	 computations	
have	been	completed	for	each	time	interval	during	the	proc-
ess,	 until	 the	 microbial	 population	 is	 reduced	 to	 2.69	 	
108;	or	a	12	log	cycle	reduction	from	the	initial	population	
of	1000.

7.	 To	evaluate	the	impact	of	the	thermal	process	on	the	heat-
sensitive	component,	the	mass	average	temperature	with	the	
product	during	the	process	is	used.	These	temperatures	are	
predicted	 using	 a	 mass	 average	 lag	 coefficient	 from	 Figure	
5.6	of	Chapter	5:

	 j 	(for	N 	and	 )m Bi 0 82 451 250 5. . 	

	 Then

	 jm    0 82 0 82 0 82 0 551. . . . 	

Example 6.7  (Continued)
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	 Using	 this	 lag	coefficient,	 the	 temperature	change	 for	 the	
eighth	time	interval	becomes

	

log	(65 5 39) / log	[( )( )]
T C

. . . .
.

    


40 38 4 0 551 65 5 20
63 2° 	

	 This	 is	 the	mass	average	temperature	 for	 the	product	after	
40	minutes	of	heating.	This	temperature	can	be	used	to	esti-
mate	the	retention	of	the	heat-sensitive	product	component.

	 8.	 The	rate	constant	for	the	heat-sensitive	component	is	esti-
mated	at	the	preceding	temperature:

	

k

k

 
 



( 68)	exp	{( / )	[( / )
( / )]}

0 0 80 000 8 314 1 63 2 273
1 80 273

. , . .

00 0082. /min 	

	 The	thiamin	retention	during	the	eighth	time	interval	is

	

C (83 9)	exp	[ ( 82)	(5)]
C

 


. .
. %

0 00
80 5 	

	 9.	 The	temperatures	during	cooling	at	 the	potato	center	are	
estimated	by	using	Eq.	(5.19),	with	appropriate	constants	
for	cooling	conditions.	The	Biot	number	during	cooling	is

	N ( )( )/ 	 for	the	 	cm	dimensionsBi  50 0 05 0 554 4 5 10. . . ( ) 	

or

	 N ( )( )/ 	 for	the	 	cm	dimensionBi  50 0 025 0 554 2 26 5. . . ( ) 	

10.	 Given	the	Biot	numbers,	and	the	properties	of	the	potato,

	

f /( )
f 	s 	min

	hr fo

c

c

( . ) . .
, .

. (

1 7 10 0 05 1 06
15 588 259 8
4 33

7 2 
 




rr	the	 	cm	dimensions10 ) 	

and

	

f 17 /( )
f 	s 	min

	hr for

c

c

( . ) . .
.

. (

 
 


10 0 025 1 98
7279 121 3
2 02

7 2

		the	 	cm	dimension5 ) 	

(Continued)
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and

	

1 1 259 8 1 259 8 1 121 3
62 7

/f / / /
f 	min
c

c

  


. . .
. 	

Using	Figure	5.5	and	the	NBi		4.5	and	2.26,

	

j 	(for	1 	cm	dimensions)
j 	 for	the	 	cm	dime
c

c




1 235 0
1 19 5

.

. ( nnsion) 	

Then

	 jc    1 235 1 235 1 19 1 815. . . . 	

11.	 For	 evaluating	 retention	 of	 the	 heat-sensitive	 component	
during	cooling,	the	mass	average	lag	coefficient	is	used	and	
estimated	from	the	Biot	number,	using	Figure	5.6:

	

j 	(for	N )
j 	(for	N )
m Bi

m Bi

 
 

0 92 4 5
0 96 2 26

. .

. . 	

	 Then

	 jm    0 92 0 92 0 96 0 813. . . . 	

	 As	 indicated	by	Table	A.6.8,	after	completion	of	all	 steps	
in	 the	 computation,	 the	 retention	 of	 folic	 acid	 after	 the	
thermal	process	is	69.1%.

12.	 The	 microwave	 heating	 process	 requires	 conversion	 of	
electromagnetic	 energy	 to	 thermal	 energy,	 and	 the	 esti-
mation	 the	 rate	 of	 temperature	 increase,	 as	 provided	 by		
Eq.	(5.27):

dT/dt ( )( ) 	 /
( )( )

  55 61 10 12 2450 10 64 0 219
900 3880

14 2 6. ( )( )( . )
(( )

dT/dt C/s	per	cm
5 10

1 375 10

4

3 3


 



. °

Example 6.7  (Continued)
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	 For	the	volume	of	the	potato	piece,	10		10		5	or	500	cm3,

	 dT/dt C/s 0 788. ° 	

13.	 Tables	 6.4	 and	 A.6.8	 shows	 the	 temperatures	 at	 2-second	
intervals	during	the	heating	of	the	potato.	For	each	2-second	
interval,	 the	 reduction	 microbial	 population	 has	 been	 com-
puted.	For	example,	for	the	2-second	interval	from	47	to	49	
seconds,	the	change	in	population	is

	 N N 	exp	( 	 t)i i 2  k 

where

k   
 
( )	exp	{ ( / )[( / )

( / )]}
0 55 386 000 8 31441 1 57 8 273

1 60 273
. , . .

kk  0 217. /min

	 and	then

	 N ( )	exp	[ ( 217)	( / )]i   985 4 0 2 60 974 3. . . 	

14.	 The	microwave	heating	portion	of	the	process	is	continued	
until	 the	 reductions	 in	 microbial	 population	 during	 cool-
ing	 are	 sufficient	 to	 reach	 the	 overall	 12	 log	 cycle	 reduc-
tion	or	1		109	population	at	the	end	of	the	process.	As	
indicated	 by	 Tables	 6.4	 and	 A.6.8,	 this	 is	 accomplished	
by	heating	until	50.8	seconds.	Although	cooling	begins	at	
this	 time,	 the	 change	 in	 temperature	at	 the	 slowest	 cool-
ing	point	remains	at	62°C	until	20	minutes	of	cooling.	As	
expected,	 the	 reductions	 in	 microbial	 population	 are	 sig-
nificant	during	the	initial	portions	of	cooling.

15.	 The	retention	of	the	heat-sensitive	component	is	computed	
at	time	intervals	during	the	entire	process,	using	the	same	
expressions	as	used	for	the	traditional	heating	and	cooling	
process.	During	cooling,	 the	mass	average	 temperature	 is	
used	in	the	estimation	of	the	retention	of	folic	acid.	For	the	
entire	process,	the	retention	is	96.8%,	as	compared	69.1%	
for	the	traditional	process.

(Continued)
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The solution to Example 6.7 illustrates several concepts related 
to thermal processes, the influence of heating and cooling rates 
on the reductions in microbial populations, and the retention of 
a heat-sensitive component of a food product. During micro-
wave heating of the product, the temperature increases rapidly 
and reaches 62°C in 50.8 seconds, but the reduction in micro-
bial population is relative small during this time period. A sig-
nificant portion of the reduction in microbial population occurs 
during the initial phase of product cooling. Nearly 20 minutes 
elapses before the temperature at the slowest cooling location 
(geometric center) of the product decreases below 62°C. During 
this 20-minute period, the majority of the reduction in microbial 
population occurs at the slowest heating location. A similar pat-
tern occurs when considering the retention of the heat-sensitive 
component of the product. Because the change in retention of the 
heat-sensitive component is based on the mass average temper-
ature of the product, which temperature decreases more rapidly 
than the geometric center, the concentration of the component 
decreases slowly during product cooling.

During heating of the product by the traditional heating proc-
ess, the temperature increase is much slower at the slowest heating 
location. For the process being considered, 53 minutes is required 
for the slowest heating location to reach 61.6°C. During heating, 
the reduction of microbial population is from 1000 to less than 1. 
The majority of the target reduction in microbial population occurs 
during the first 20 minutes of cooling before the temperature at the 
slowest cooling location decreases below 61.6°C. The influence of 
the process on the heat-sensitive product component is evaluated at 
the mass average temperature throughout the process. More signif-
icant impact of the process on the heat-sensitive component occurs 
during heating and during the initial phases of cooling.

When considering the concept of process time, the difference 
of the microwave heating and traditional heating is significant. 
As illustrated by the example, the process time for the microwave 
system is 50.8 seconds, while the process time for traditional heat-
ing is 53 minutes. These times reflect the heating time required 
to reach the temperature needed to accomplish the reductions in 
microbial population during the entire process: time for an increase 
in temperature, the holding time (initial phase of cooling), and the 
time period while the temperature decreases.
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6.6   Design of an ohmic heating 
process

The application of ohmic heating to the product is similar to 
the microwave system. An alternating electric current is passed 
through the product to create the internal generation of thermal 
energy. The temperature increase within the product is rapid and 
uniform. Key factors associated with the process are the electrical 
properties of product being heated. These properties include the 
electrical conductivity at a reference temperature and a coefficient 
to compensate for the influence of temperature on the electrical 
conductivity. These properties have been measured by Palaniappan 
and Sastry  (1991) and discussed by Singh and Heldman (2009).

The concept of ohmic heating using the food product as a resist-
ance in an electrical circuit was presented in Section 5.1.5 of 
Chapter 5. An estimate of thermal energy created during ohmic 
heating is evident in the following expression:

 q E I I Re  2  (6.31)

Based on Eq. (5.6) and (5.7), the electrical conductivity in food 
products and similar materials becomes

 E eL A R /  (6.32)

where L  distance between electrodes of the ohmic heating  
system; A  cross-sectional area of product between electrodes;  
Re  electrical resistance.

By combining Eq. (6.31) and (6.32),

 q E A LE 2  /  (6.33)

When this expression is set equal to the thermal capacity, as in 
Eq. (5.24), of the product, the equation is

 E A L c V dT/dtE p
2  /   (6.34)

or

 dT/dt E L  cE p 2 /  (6.35)
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Using this expression, the rate of temperature increase in a food 
product can be estimated for a given set of ohmic heating condi-
tions. A more specific expression for the temperature at the exit from 
a tubular heat exchanger using ohmic heating was presented as Eq. 
(5.22). The expression applies to the flow of product through the heat 
exchanger and considers the thermal energy loss at the surface of 
the tubular heat exchanger. It assumes the properties of the product 
flowing through the tube are uniform throughout the heat exchanger.

The application of ohmic heating has occurred in aseptic process-
ing systems. When the product being heated contains food particles 
in a carrier fluid, rapid heating is difficult in a continuous system. For 
these applications, ohmic systems provide uniform and rapid heating 
of the particles and the carrier fluid. Normal heat exchangers provide 
rapid heating of the carrier liquid, but the transfer of heat to the inte-
rior structure of the food particles is relatively slow. To ensure the 
target reduction of the microbial population within the particles, the 
carrier fluid is exposed to more significant process than required.

Example 6.8   

An	 aseptic	 processing	 system	 is	 being	 designed	 for	 a	 vegeta-
ble	 soup	 containing	 pieces	 of	 potato.	 The	 product	 is	 flowing	
through	a	tubular	heat	exchanger	with	a	4.75-cm	diameter	at	
a	 rate	 of	 1.874	m3/hr.	 The	 inactivation	 constants	 of	 spoilage	
microorganism	include	a	rate	constant	of	1.38/s	at	121°C	and	
Activation	Energy	Constant	of	300	kJ/mole.	Product	heating	is	
to	 be	 accomplished	 using	 an	 0.94-m-long	 ohmic	 heater	 with	
a	voltage	of	5000	volts	over	 the	 length	of	 the	heat	exchanger,	
followed	 by	 a	 holding	 tube	 of	 length	 to	 be	 determined.	 The	
properties	of	potato	 include	a	density	of	1000	kg/m3,	 specific	
heat	of	3.88	kJ/kg	K,	and	electrical	conductivity	of	0.32	S/m	at	
25°C,	with	temperature	coefficient	of	0.035°C.	Determine	the	
length	of	the	ohmic	heating	system	and	holding	tube	required	
to	 achieve	 a	 12	 log	 cycle	 reduction	 in	 the	 population	 of	 the	
spoilage	 microorganism	 from	 an	 initial	 population	 of	 1000		
per	 container,	 when	 product	 enters	 the	 system	 at	 80°C,	 and	
is	cooled	to	60°C	following	the	process.	Cooling	of	the	prod-
uct	 is	 accomplished	 using	 a	 counter-current	 tubular	 heat	
exchanger	with	cold	water	entering	the	heat	exchanger	at	20°C	
and	leaving	at	100°C,	with	an	overall	heat	transfer	coefficient	
of	2000	w/m2K.
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Given:
	 1.	 Product	flow	rate	js	m		1.874	m3/hr.
	 2.	 Heat	exchanger	diameter	is	d		4.75	cm		0.0475	m.
	 3.	 Rate	constant	for	microbial	population	is	k		1.38/s.
	 4.	 Activation	Energy	Constant	for	microbial	population	is	EA	

	300	kJ/mole.
	 5.	 Ohmic	heat	system	length	is	L		0.94	m.
	 6.	 Voltage	gradient	is	E		5000	volts.
	 7.	 Potato	density	is			1000	kg/m3.
	 8.	 Potato	specific	heat	is	cp		3.88	kJ/kg	K.
	 9.	 Electrical	conductivity	is	E		0.32	S/m	at	25°C.
10.	 Electrical	conductivity	temperature	coefficient		0.035/°C.
11.	 Target	reduction	in	microbial	population		12	log	cycle.
12.	 Initial	microbial	population	is	No		1000	per	container.
13.	 Initial	product	temperature	is	To		80°C.
14.	 Cooling	medium	temperature	increases	from	20°C	to	100°C.
15.	 Overall	heat	transfer	coefficient	is	U		2000	W/m2K.

Approach:
1.	 The	length	of	holding	tube	needed	to	reduce	the	microbial	

population	 is	 determined	 by	 estimating	 the	 reduction	 of	
microbial	population	in	the	ohmic	heater,	followed	by	esti-
mating	 the	 length	 of	 holding	 tube	 required	 to	 accomplish	
the	target	reduction	in	the	microbial	population.

Solution:
1.	 The	rate	of	heating	 in	the	ohmic	heater	 is	computed	using	

Eq.	(6.35),	as	follows:

dT/dt ( ) 	[ ]/( )( )( ) 


5000 0 32 0 035 100 1 175 1000 3880
20 93

2 . . ( ) .
. °CC/s

2.	 Given	 the	 volumetric	 flow	 rate	 of	 1.874	m3/hr	 and	 a	 tube	
diameter	of	4.75	cm,	the	mean	velocity	is

u / / / 	m/hr
	m/s

 


1 874 4 4 75 100 1057 5
0 29375

2. ( )( . ) .
.

π

3.	 Because	flow	in	the	heater	is	laminar,	the	maximum	velocity	is

	 u / 	m/smax  0 29375 0 5 0 5875. . . 	

	 to	 obtain	 and	 estimate	 the	 velocity	 of	 the	 product	 at	 the	
center	of	the	heat	exchanger	tube.

(Continued)
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4.	 Because	 the	 length	 of	 the	 heater	 is	 1.175	m,	 the	 residence	
time	for	a	particle	moving	through	the	ohmic	heater	at	the	
maximum	velocity	becomes

	 Residence	Time / 	s 1 175 0 5875 2 0. . . 	

5.	 Using	 the	 spreadsheet	 in	 Table	 A.6.9,	 the	 temperature	 at	
0.5-second	intervals	is	computed.	At	the	exit	from	the	ohmic	
heating	system,	the	product	temperature	is	121.9°C.	At	each	
time	 interval,	 the	 reduction	 in	 the	 microbial	 population	 is	
computed.	The	rate	constant	for	the	fourth	time	interval	is

	

k  
 
( /s)	exp	{( / )[( / )

/
1 38 300 000 8 31441 1 121 9 273

1 121 273
. , . .
( ))]}

1.7/sk  	

6.	 The	 reduction	 in	 microbial	 population	 for	 the	 fourth	 time	
interval	is

	

N ( )	exp	[ (17)( )]
N

 


927 0 5
397

. .

	
7.	 The	 product	 cooling	 is	 accomplished	 in	 a	 counter-current	

heat	exchanger	using	cold	water.	The	length	of	the	counter-
current	tubular	heat	exchanger	is	determined	by	the	thermal	
energy	balance:

	

( . )( )( . ) .
.

0 52 3880 121 9 60 2000 4 75 100
40 21 9

 



( )[ / L]	
[( )/Ln(

π( )
440 21 9/ )]. 	

	 where

	

m 	kg/s 	based	on	 	m /hr
L 	m




0 52 1 874
13 9

3. , .
. 	

8.	 To	 estimate	 the	 reduction	 in	 microbial	 population	 during	
cooling,	the	product	temperature	is	based	on	the	maximum	
velocity,	so	the	residence	time	is

	 Time / 	sec 13 9 0 5875 23 7. . . 	

	 and

	 Rate / C/s 61 9 23 7 2 61. . . ° 	

Example 6.8  (Continued)
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9.	 The	 spreadsheet	 in	 Table	 A.6.9	 illustrates	 that	 after		
2.0	 seconds	 in	 the	 ohmic	 heater,	 a	 residence	 time	 of		
14	 seconds	 is	 required	 in	 the	 holding	 tube.	 Holding	 is		
followed	by	23.7	seconds	in	the	heat	exchanger	for	cooling.	
The	length	of	the	holding	tube	is	8.225	m.

The solution in the preceding example illustrates the effective-
ness of ohmic heating to increase the product temperature rapidly 
and uniformly. These types of continuous systems provide very 
good efficiency, with high capacity, and contribute to retention of 
temperature-sensitive product quality.

6.7   Design of ultra-high pressure 
processes

The use of ultra-high pressure (UHP) for food preservation has been 
demonstrated as an effective process for many types of food prod-
ucts. For many products, the process can be accomplished without 
elevating product temperature and without the recognized impacts 
of thermal processes on product quality attributes. The primary 
process design parameter is the holding time, or the time the product 
must be held at a given pressure to accomplish the desired reduc-
tion in microbial population. Although the majority of the reduction 
in the microbial population occurs during the holding period, the 
portions of the overall process accomplished during the increase in 
pressure and during the pressure drop should be considered.

The application of UHP processes to the food product should con-
sider a variety of factors. More specifically, applying pressure to the 
product results in an increase in temperature. The magnitude of the 
temperature increase is a significant function of product composi-
tion and a lesser function of initial temperature. A typical magnitude 
is 3°C per 100 MPa of pressure change. The application of UHP 
does result in a decrease in product volume. For some products, this 
change in volume may result in an irreversible impact on product 
structure. Although the impact varies with the product, a typical 
change in volume is 15% for a pressure increase of 600 MPa.

The process design for UHP can be similar to a thermal process and 
uses the appropriate kinetic parameters for the microbial population  
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being considered. The key expressions needed for the design 
include the appropriate survivor curve equation and the equation 
to consider the influence of pressure on the rate of microbial sur-
vival. Equations (2.11) or (2.23) of Chapter 2 are the most likely 
expressions to describe the reduction in microbial population at 
a constant pressure. The most appropriate expression to describe 
the influence of pressure on microbial survival rate is Eq. (2.20). 
The use of these expressions during an interval step analysis of the 
process will lead to the desired result.

Example 6.9   

A	UHP	process	 is	being	designed	 for	 inactivation	of	E. coli 0157:
H7	 in	 hamburger.	 The	 initial	 product	 temperature	 is	 25°C,		
and	 the	 mass	 average	 temperature	 of	 the	 product	 will	 increase	
3°C	 for	 each	 100	MPa	 increase	 in	 product	 pressure.	 Determine	
the	 holding	 time	 required	 at	 400	MPa	 to	 decease	 the	 popula-
tion	of	the	microbial	pathogen	by	6	 log	cycles.	The	UHP	system	
requires	4	minutes	to	increase	the	pressure	to	400	MPa	and	allows		
1	minute	to	reduce	the	pressure	after	the	holding	period.	Evaluate	
the	impact	of	the	process	on	the	thiamine	in	the	product.

Given:
1.	 For	E. coli 0157:H7,	kR		0.768/min	at	400	MPa	and	50°C,	
∆V		4.5		105	m3/mole.

2.	 Time	to	reach	400	MPa		4	minutes.
3.	 Time	to	reduce	pressure		1	minute.
4.	 Target	 reduction	 of	 microbial	 population	 is	 6	 log	 cycles,	

assuming	 the	 initial	 population	 of	 1000	 per	 container	 of	
product.

5.	 Initial	product	temperature	is	To		25°C.
6.	 Because	temperature	increase	due	to	pressure	is	12°C	(3°C	

per	 100	MPa),	 a	 final	 temperature	 of	 37°C	 is	 assumed	 to	
have	no	impact	on	microbial	inactivation.

7.	 For	 thiamine,	 kR	 	 0.0025/minutes	 at	 98°C,	 and	 EA	 	
113	kJ/mole.

Approach:
1.	 The	reduction	in	microbial	population	due	to	elevated	pres-

sure	is	computed	at	time	intervals	during	the	process,	begin-
ning	with	the	4	minutes	of	pressure	increase	to	40	MPa.
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2.	 The	 reductions	 in	 microbial	 populations	 continue	 during	
the	holding	period,	until	approaching	the	desired	6	log	cycle	
reduction,	or	a	probability	of	103	survivors.

3.	 The	 reduction	 in	population	during	 the	pressure	 reduction	
is	computed,	and	the	holding	period	is	adjusted.

4.	 After	 the	holding	 time	 is	established,	 the	 influence	of	 tem-
perature	on	thiamine	retention	is	computed	using	the	same	
time	 intervals	used	 for	computing	the	reductions	 in	micro-
bial	population.

Solution:
1.	 The	reduction	in	microbial	population	is	computed	at	0.5-

minute	time	intervals	through	the	process.	During	each	time	
interval,	 the	 change	 in	 population	 is	 estimated	 using	 the	
first-order	survivor	equation.	The	rate	constant	is	computed	
using	Eq.	(2.20),	as	follows	for	25	MPa:

	

k    



( )	exp /( )( )0 768 4 5 10 8 31441 25 75 273
25 400 1

5. {[ . . . ]
[( )( 00
0 00086 25 25 75

6)]
. .k  /min	at	 	MPa	and	 	C 	

2.	 Given	the	rate	constant	for	25	MPa,	the	reduction	in	micro-
bial	population	for	the	first	time	interval	becomes

	

N ( )	exp	[ ( 86)( )]
N

 


1000 0 000 0 5
999 57

. .
. 	

3.	 The	 computations	 for	 each	 half-minute	 time	 interval	 are	
repeated	until	the	pressure	has	increased	400	MPa	at	4	min-
utes,	as	illustrated	in	Table	6.5.	The	same	computations	are	
continued	during	the	holding	period,	while	the	rate	constant	
remains	constant	at	the	pressure	of	400	MPa.

4.	 As	 illustrated	 in	 Table	 6.5,	 some	 portion	 of	 the	 reduction		
in	microbial	population	occurs	during	 the	pressure	 release	
at	 the	 end	 of	 the	 holding	 period.	 Based	 on	 the	 time-step	
computations,	 by	 extending	 the	 holding	 period	 ends	 to		
21	minutes,	the	desired	reduction	in	microbial	population	to		
1		103	is	achieved.

5.	 Given	 the	 computations,	 the	 holding	 time	 of	 17	 minutes	
(21	min		4	min)	is	needed	to	accomplish	the	process.

6.	 The	retention	of	this	quality	attribute	during	the	process	can	
be	estimated	using	the	appropriate	reference	rate	constant	

(Continued)
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and	activation	energy	coefficient	 for	 thiamin,	as	 illustrated	
in	Table	6.5.	As	a	result	of	the	modest	temperature	increase	
during	 the	 UHP	 process,	 the	 retention	 is	 over	 99.99%.		
A	 thermal	 process	 to	 accomplish	 the	 same	 reduction	 in	
microbial	population	results	in	much	lower	retention	of	the	
heat-sensitive	product	component.

Example 6.9  (Continued)

As illustrated by Example 6.9, design of UHP processes are rela-
tively easy to visualize. Most of the reduction in microbial popula-
tion occurs during the holding period at a constant pressure. This 
situation changes if the product temperature entering the process is 
higher, and the additional elevation in product temperature due to 
the pressure increase results in a thermal contribution to the overall 
process. This type of process is analyzed in detail later in this chap-
ter. The contribution of the pressure decrease at the end of the proc-
ess is relatively small. Recent publications by Noma et al. (2002) 
and Ramaswamy, Riahi & Idziac (2003) suggest that microbial inac-
tivation may be increased by rapid reductions in pressure. The con-
tributions of this factor can be incorporated by modifying the rate 
constant during the pressure reduction portion of the process design.

6.8   Design of pulsed-electric-field 
processes

As discussed in Chapter 3, the exposure of a microbial population 
to a pulsed electric field (PEF) provides a rapid reduction in the 
population. The typical design of a system for exposure of a food 
product to PEF requires the flow of a liquid food through a rectan-
gular channel while the electric field is maintained across the chan-
nel. The two important process design parameters are the length of 
the channel and the product flow rate through the channel. A third 
significant process design parameter is the intensity of the electric 
field. In general, exposure time to accomplish reductions in micro-
bial population is short, but due to the small dimensions of the 
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flow channel, the product flow rates and system capacities may be 
limited.

A typical system includes a flow channel with a 0.5-cm gap 
between the electrodes maintaining the electric field intensity. This 
dimension must be relatively small to ensure uniform exposure of the 
product to the electric field. The width of the channel is usually 2 cm, 
and the length is 20 cm. Both of these dimensions may be increased 
by modest amounts. The number of channels incorporated into the 
system determines the overall capacity. Although the increase in 
product temperature during exposure to the PEF is relatively small, 
the system includes cooling to maintain uniform product temperature.

Example 6.10   

A	 PEF	 system	 is	 being	 designed	 to	 accomplish	 a	 6	 log	 cycle	
reduction	 in	 E. coli	 population	 in	 a	 liquid	 food	 product.	
Determine	 the	 length	 of	 channel	 required	 for	 a	 capacity	 of	
400	kg/min.

Given:
1.	 A	 6	 log	 cycle	 reduction	 in	 E. coli	 population	 is	 required,	

assuming	an	initial	population	of	1000	per	kg.
2.	 The	 process	 is	 designed	 for	 a	 product	 flow	 rate	 of	

500	kg/min.
3.	 The	 kinetic	 parameters	 for	 E. coli	 in	 a	 phosphate	 buffer	

include	 a	 first-order	 rate	 constant	 of	 0.00853/microsec	
at	 an	 electric	field	 intensity	20	kV/cm,	and	an	 electric	field	
intensity	coefficient	of	41	kV/cm.

4.	 The	cell	for	product	flow	has	a	0.5-cm	gap	and	2-cm	width.

Approach:
1.	 The	 kinetic	 parameters	 for	 E. coli	 is	 used	 to	 determine	 the	

required	exposure	time	to	accomplish	the	desired	reduction	
in	microbial	population

2.	 The	 length	 of	 cell	 needed	 for	 the	 target	 flow	 rate	 is	 deter-
mined	using	the	exposure	time.

Solution:
1.	 Using	the	first-order	survivor	curve	equation	of

	 N N 	exp	[ t]o k 	
(Continued)
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	 or

	 10 10 0 003 3  	exp	[ ( 853) 	t]. 	
	 and

	 t 	microsec	at	 	kV/cm 1620 20 	

2.	 The	 velocity	 within	 the	 cell	 can	 be	 determined	 from	 the		
target	flow	rate:

	 m 	A	u  	

	 where	 A		the	 cross-section	 area	 of	 the	 cell	 or	 (0.5)(2)		
1	cm2		1		104	m2.
Then

	

u ( 	kg/min)/(1 )( ) 	m/min
	m/s

  


500 000 1 10 5000
83 33

4

. 	

3.	 To	 determine	 the	 maximum	 velocity,	 the	 Reynolds	 number	
for	flow	in	the	cell	must	be	calculated	with

	 N 	d	u/Re    	

	 where	 d	 	 diameter	 of	 a	 channel	 for	 a	 rectangular	 cross-
section		4	(area	of	cross-section)/perimeter,
or

	 d 	[( )(2)]/[ ] 	cm  4 0 5 2 0 5 2 2 0 8. ( . ) ( ) . 	

	 then

	

N (1 )( / )( )Re 


000 0 8 100 83 33 0 0015
444 427

. . /( . )
, 	

4.	 Because	 liquid	 flow	 in	 the	 cell	 is	 turbulent,	 the	 maximum	
velocity	is

	 u / 	m/smax  83 33 0 8 104. . 	
5.	 Using	the	required	exposure	time	and	the	maximum	velocity	

on	the	cell,	the	length	of	the	cell	becomes

	

L [( 	m/s)/( microsec/s)]	( 	microsec)
L 	m

 
 

104 1 10 1620
0 169 1

6

. 66 9. 	cm 	

Example 6.10  (Continued)
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	 6.	 The	dimensions	of	 the	cell	needed	 for	 the	process	have	a	
0.5-cm	gap,	with	a	2-cm	width	and	16.9-cm	length.

	 7.	 The	electric	field	 intensity	coefficient	can	be	used	 to	eval-
uate	 the	 process	 at	 a	 lower	 intensity.	 For	 example,	 if	 the	
electric	field	intensity	is	decreased	to	15	kV/cm,

	

log	[D/ ] ( )/
D 	microsec or micros

270 20 15 41
357 5 0 00644

 
 . . /k eec 	

	 8.	 The	time	of	product	exposure	to	the	PEF	becomes

	

10 10 0 00644
2145

3 3  


( . )exp	[ 	t]
t 	microsec 	

	 9.	 For	this	process	time,	the	length	of	the	cell	becomes

	 L [( )/( )]	( ) 	m 	cm   104 1 10 2145 0 223 22 36 . . 	

10.	 As	illustrated,	the	length	of	the	cell	is	increased	from	16.9	
to	 22.3	cm	 to	 accommodate	 a	 decrease	 in	 electric	 field	
intensity	from	20	to	15	kV/cm.

The PEF process is influenced by temperature. Investigations by 
Pagan et al. (1998), Alvarez et al. (2000, 2003), and Evrendilek 
and Zhang (2003) have quantified the impact of temperature and 
demonstrated that a modest increase in temperature increases the 
effectiveness of the PEF process. In many reports, the influence 
of temperature has been expressed as an activation energy coeffi-
cient at a constant electric field intensity. Based on results from the 
Hulsheger et al. (1980) research, a more specific model for PEF 
has been proposed:

 N/N [t t ]o c
E E KC  / [( ) / ]

 (6.36)

where tt  threshold treatment time; Ec  threshold electric field 
intensity; K  temperature coefficient function.

Hulsheger et al. (1980) have published the coefficients for Eq. 
(6.36) for several different microorganisms of interest in food 
preservation.
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Example 6.11   

A	PEF	process	is	being	designed	for	reduction	of	the	microbial	
population	 of	 S.	 enterititis	 in	 liquid	 egg	 whites	 by	 8	 log	 cycles	
from	 an	 initial	 population	 of	 10,000	 per	 kg.	 Determine	 the	
initial	product	 temperature	needed	 to	process	 the	product	at	
a	 rate	of	600	kg/min	 in	a	PEF	cell	with	a	0.5-cm	gap,	a	2-cm	
width,	and	a	5-cm	length.

Given:
1.	 Product	flow	rate	is	m		600	kg/min.
2.	 Kinetic	 parameters	 for	 S. enterititis	 (from	 Table	 3.1	 of	

Chapter	3)	include	the	first-order	rate	constant	k		0.0303/
microsec	at	30	kV/cm	and	20°C,	and	an	Activation	Energy	
Constant	EA		40	kJ/mole.

3.	 Microbial	 population	 is	 to	 be	 reduced	 from	 10,000/kg	 to	
106.

4.	 The	properties	of	 liquid	egg	white	 include			1000	kg/m3	
and			0.002	Pa	s.

Approach:
1.	 The	dimensions	of	the	PEF	cell	and	the	flow	rate	are	used	to	

establish	the	exposure	time	in	the	cell.
2.	 The	exposure	time	is	used	to	the	estimate	the	rate	constant	

required	for	the	process.
3.	 The	 temperature	 can	 be	 determined	 from	 the	 activation	

energy	relationship.

Solution:
1.	 Given	the	flow	rate	of	600	kg/min,	the	mean	velocity	in	the	

cell	becomes

	

u (6 ) 2
	m/min 	m/s

 
 

00 0 5 1 10 1000
6000 100

4/[( . )( )( )( )]

	
2.	 To	 determine	 flow	 characteristics	 within	 the	 cell,	 the	

Reynolds	Number	must	be	computed:

N [( )( / )( )] to	confirm
	 turbul

Re  1000 0 8 100 100 0 002 400 000. / . ,
eent	flow

3.	 Then,	the	maximum	velocity	of	product	within	the	cell	is

	 u ( )/( ) 	m/s 100 0 8 125. 	
4.	 Based	on	the	length	of	the	cell,

Process	Time ( 	cm 	cm/m) 	m/s 	s
	micros

 


5 100 125 0 0004
400

/ /( ) .
eec
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5.	 Using	 the	 first-order	 survivor	 curve	 expression	 and	 the		
process	time,

	

10 10 400
0 0576

6 4  


	exp	[ ( )]
/microsec

k 
k . 	

6.	 Because	the	first-order	rate	constant	must	be	0.0576/microsec,		
the	 temperature	 can	 be	 determined	 by	 using	 the	 Arrhenius	
expression:

( . ) . , .0 0576 0 0303 40 000 8 31441 1
1 20 273

 
 
( )	exp	{ ( / )	[( / )

( / )
T

]]}
K CT  304 9 31 9. .° °

7.	 The	 results	 indicate	 that	 the	 process	 can	 be	 accomplished	
at	 the	 target	flow	 rate	by	 increasing	 the	 temperature	 from	
20°C	to	32°C.

Example 6.12   

A	 PEF	 process	 is	 being	 designed	 for	 reduction	 of	 the	 E. coli		
population	in	a	new	food	product	from	100	to	104	per	kg.	The	
kinetic	parameters	are:	Ec		 8.3	kV/cm,	 tt		 18	s,	 and	K			
7.875	 [1	 	 0.04(T	 	 15)].	 Determine	 the	 length	 of	 PEF	 cell	
needed	when	the	product	entering	the	system	is	25°C	at	a	flow	
rate	of	100	kg/min.	The	dimensions	of	the	cell	include	a	0.5-cm	
gap	and	a	2-cm	width,	and	an	electrical	field	intensity	of	20	kV/
cm	 will	 be	 used.	 Product	 properties	 are	 density	 of	 990	kg/m3	
and	viscosity	of	0.065	Pa	s.

Given:
1.	 Initial	 population	 of	 E. coli,	 No	 	 100	 per	 kg,	 is	 to	 be	

reduced	to	104.
2.	 Kinetic	parameters	are	the	following:

	

E 	kV/cm
t 	 s
K T

c

t



  

8 3
18
7 875 1 0 04 15

.

. [ . ( )]
µ

	

3.	 Initial	product	temperature	is	To		25°C.
4.	 PEF	cell	dimensions	are	0.5-cm	gap	and	2-cm	width.

(Continued)
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5.	 Product	 physical	 properties	 are	 	 	 990	kg/m3,	 and		 	
0.065	Pa	s.

Approach:
1.	 The	model	(Eq.	6.36)	is	used	to	compute	the	process	time	

needed	for	the	process.
2.	 The	 product	 flow	 rate	 is	 used	 to	 compute	 the	 maximum	

velocity	through	the	cell.
3.	 The	 process	 time	 and	 the	 maximum	 velocity	 are	 used	 to	

compute	the	length	of	the	PEF	cell	required.

Solution:
1.	 Using	 the	 temperature-dependent	 kinetic	 parameter,	 the	

coefficient	can	be	estimated:

	

K 	( )
K 	kV/cm	at	 	C

  


7 875 1 0 04 25 15
4 725 25
. [ . ]
. 	

2.	 Using	Eq.	(6.36),

	

log	[ / ] [( )/ ]	log	(t/ )
/ log	(

10 10 20 8 3 4 725 18
6 2 476

4 2   
  

. .
. tt/ )

t/
t 	s

18
264 9 18

0 004768
.

.

 	

3.	 The	maximum	product	 velocity	 is	 computed	 from	the	flow	
rate,	as	follows:

	

u 2 / 	m/min
	m/s

  


100 990 0 5 1 10 1010 1
16 835

4/( )[( . )( ) ] .
. 	

4.	 The	Reynolds	number	is

	 N ( )( / )( )/( )Re  990 0 8 100 16 835 0 065 2051. . . 	
	 indicating	that	the	flow	through	the	cell	is	laminar,	and

	 u / 	m/smax  16 385 0 5 32 77. . . 	
5.	 Given	the	product	velocity	and	the	process	time,	the	length	

of	the	PEF	cell	becomes

	 L ( )( ) 	m 	cm  32 77 0 004768 0 156 15 6. . . . 	
6.	 This	seems	to	be	a	reasonable	 length	of	cell	 for	 the	condi-

tions	 presented.	 Note	 that	 the	 process	 is	 very	 dependent	
on	temperature,	and	small	changes	in	product	temperature	
have	significant	influence	on	dimensions	of	the	cell.

Example 6.12  (Continued)
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6.9  Design of combined processes

Current trends consider the use of combinations of two or more 
process technologies for product preservation. Many proc-
ess combinations decrease the probability of safety concerns, 
while improving the product quality attributes. One process com-
bination receiving consideration is pressure-assisted thermal 
processing (Min et al., 2010; Nguyen et al., 2010; Somerville & 
Balasubramaniam, 2009). This process uses the rise in temperature 
during the application of pressure to accomplish the thermal proc-
ess in a more efficient manner. The advantages of this approach are 
most obvious with conduction-heating food products, where rates 
of heat transfer within the product structure are very slow. As was 
illustrated in Section 5.5 of Chapter 5, the application of pressure 
causes the increase in temperature to occur uniformly throughout 
the product structure.

During a pressure-assisted thermal process (PATP), the initial 
portion of the process is accomplished by traditional heating. The 
product is preheated before being placed in a vessel for application 
of pressure, and the pressure increase is used to elevate the tem-
perature to the final temperature needed for the thermal process. 
As soon as the target reduction in microbial population is achieved, 
the pressure is released, and the product temperature decreases to 
the same level as before the application of pressure. The final step 
of the process is cooling to the final temperature. This type of proc-
ess should increase the retention of product quality attributes by 
the rapid and uniform temperature increase and the similar rapid 
decrease following the holding time at elevated pressure. The proc-
ess design is accomplished without considering any influence of 
elevated pressure on the reduction in microbial population.

Example 6.13   

A	PATP	is	being	designed	for	a	conduction-heating	food	prod-
uct	in	a	pouch	with	dimensions	of	15	cm		15	cm		3	cm.	The	
product	is	preheated	to	80°C,	before	the	pressure	is	increased	
to	750	MPa	to	reduce	the	population	of	Cl. botulinum 62A.	The	

(Continued)
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pressure	 increase	 is	 accomplished	 at	 a	 rate	 of	 300	MPa	 per	
minute,	and	 the	pressure	 is	 released	 in	1.5	minutes.	The	 tem-
perature	elevation	due	to	pressure	increase	is	5°C	per	100	MPa.	
Determine	the	holding	time,	at	750	MPa,	required	to	reduce	the	
microbial	population	by	12	log	cycles,	and	compare	the	proc-
ess	with	a	thermal	process	designed	to	provide	the	same	reduc-
tion	 in	microbial	population.	The	 thermal	process	uses	 steam	
at	130°C	with	forced	convection	coefficient	of	5000	W/m2K	to	
heat	the	product	from	an	initial	temperature	of	80°C.	Cooling	
of	 the	 product	 uses	 water	 at	 30°C	 and	 a	 forced	 convection		
heat	 transfer	 coefficient	 of	 500	W/m2K.	 The	 thermophysi-
cal	 properties	 of	 the	 product	 include	 a	 thermal	 conductivity		
of	 0.554	W/mK,	 specific	 heat	 of	 3.6	kJ/kgK,	 and	 density	 of	
900	kg/m3.	Compare	the	retention	of	a	product	quality	attribute,	
with	 a	 rate	 constant	 of	 0.01/min	 at	 121°C	 and	 an	 Activation	
Energy	Constant	of	75	kJ/mole,	for	the	two	processes.

Given:
	 1.	 Product	package	has	dimensions	of	10	cm		10	cm		5	cm.
	 2.	 The	 population	 of	 Cl. botulium 62A	 must	 be	 reduced	 by		

12	log	cycles.
	 3.	 Rate	 constant	 for	 microbial	 population	 is	 k	 	 1/min	 at	

110°C.
	 4.	 Activation	 Energy	 Constant	 for	 microbial	 population	 is		

EA		240	kJ/mole.
	 5.	 Rate	 constant	 for	 quality	 attribute	 is	 k	 	 0.01/min	 at		

121°C.
	 6.	 Activation	 Energy	 Constant	 for	 quality	 attribute	 is	 EA	 	

75	kJ/mole.
	 7.	 Pressure	is	increased	to	750	MPa	in	2.5	min.
	 8.	 Pressure	is	released	in	1.5	min.
	 9.	 Product	temperature	increases	5°C	for	each	100	MPa.
10.	 Product	density	is			900	kg/m3.
11.	 Heating	medium	is	water:	TM		130°C.
12.	 Surface	 heat	 transfer	 coefficient	 is	 h	 	 5000	W/m2	 K		

during	heating.
13.	 Initial	temperature	of	product	is	To		80°C.
14.	 Cooling	medium	is	water:	TCM		30°C.
15.	 Convective	heat	transfer	coefficient	is	h		500	W/m2	K	for	

cooling.

Example 6.13  (Continued)
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16.	 Thermal	conductivity	of	potato	is	k		0.554	W/m	K.
17.	 Specific	heat	of	potato	is	cp		3.6	kJ/kg	K.
18.	 Initial	microbial	population	is	No		1000.

Approach:
1.	 The	process	 time	 for	 the	PATP	 is	determined	by	evaluating	

the	reductions	in	microbial	population	at	0.5-min	intervals	
throughout	 the	process,	 including	 the	 increase	 in	pressure,	
during	holding	and	during	the	release	of	pressure.

2.	 All	 reductions	 in	 microbial	 population	 are	 due	 to	 the		
temperature	increase	associated	with	the	pressure	change.

3.	 The	 holding	 time	 for	 the	 PATP	 process	 is	 established	 by	
the	 time	needed	 to	accomplish	 the	 target	 reduction	 in	 the	
microbial	population.

4.	 The	 traditional	 thermal	process	 is	 established	by	 the	heat-
ing	 time	needed	 to	accomplish	 the	 target	 reduction	 in	 the	
microbial	 population,	 while	 including	 the	 contributions		
during	production	cooling.

5.	 The	 influence	 of	 both	 processes	 on	 retention	 of	 the	 heat-
sensitive	 product	 quality	 attribute	 is	 evaluated	 by	 sum-
mation	 of	 retention	 at	 each	 time	 interval	 throughout	 the	
processes.

Solution:
1.	 The	 computations	 for	 reductions	 in	 microbial	 populations	

during	 the	PATP	are	presented	 in	 the	 spreadsheet	 in	Table	
A.6.10.a.

2.	 A	 typical	 reduction	 in	 microbial	 population	 for	 the	 time	
period	between	3	and	3.5	minutes	is

	

k
k

  


( )	exp	 ( / )[( / ) ( / )]
/mi

1 0 240000 8 314 1 390 5 1 383
4 2525

. { . .
. nn 	

	 and

	

N ( )	exp	[ (4 2525)( 5)]
N

 


63 0
7 5

. .
. 	

3.	 As	 illustrated,	 the	 product	 temperature	 reaches	 117.5°C	
at	750	MPa,	and	holding	 time	 required	at	 that	pressure	 is		
5.5	minutes.

4.	 The	 retention	 of	 quality	 attribute	 is	 computed	 at	 each		
0.5	time	interval,	and	accumulated	over	the	entire	process.	
The	retention	for	the	process	was	94.4%.

(Continued)
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5.	 The	thermal	process	requires	a	process	time	of	30	minutes	
to	accomplish	the	target	reduction	in	microbial	population,	
including	a	significant	portion	during	the	cooling	portion	of	
the	process	(see	Table	A.6.10.b).

6.	 The	retention	of	the	heat-sensitive	quality	attribute	is	com-
puted	 for	 each	 interval	 on	 a	 cumulative	 basis	 at	 the	 mass	
average	 temperature	 of	 the	 product	 during	 heating	 and	
cooling.	The	computed	retention	is	61.3%.

Example 6.13  (Continued)

Example 6.13 illustrates the improvement in quality retention 
achieved by using PATP. In addition, PATP can be completed in a 
shorter time period than the traditional thermal process. Whereas the 
thermal process required nearly 50 minutes, the PATP required less than 
10 minutes. It is important to emphasis that the illustration is a process 
for a pathogenic spore population (Cl. botulinum 62A), and the process 
should be considered for populations of spoilage microorganisms.

List of symbols

A  area, m2

  thermal diffusivity; m2/s
C  concentration or intensity of product quality attribute
cp  specific heat; kJ/kg K
D  Decimal Reduction Time, min
dc  characteristic dimension, m
E  electric field strength, V/m
Ec  threshold electric field intensity; kV/cm
EV  voltage intensity, V
EA  Activation Energy Constant, kJ/mole
  relative dielectric constant
F  thermal death time, min
FR  thermal death time at reference temperature, min
f  frequency of microwave energy, Hz
fh  heating rate constant, s or min
fc  cooling rate constant, s or min
g   temperature difference between heating medium and prod-

uct slowest heating location, and end of process, C
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h  convective heat transfer coefficient, W/m2 K
I  electric current, amp
Jo  Bessel function
jc  heating lag constant at geometric center
jm  mass average heating lag constant
jcc  cooling lag constant at geometric center
K  temperature coefficient from Eq. (6.36)
k  thermal conductivity, W/m K
k  rate constant, 1/s
ko  reference rate constant, 1/s
L  length, m
LR  lethal rate
m  mass flow rate, kg/s
  viscosity; Pa s
N  microbial population
No  initial microbial population
NBi  Biot number
NRe  Reynolds number
P  power dissipation, W/cm3

q  thermal energy transfer, W
R  radius, m
Rg  gas constant; kJ/kg K
Re  electrical resistance, ohms
R1  argument of Bessel function
r  radial direction
rc  number of containers in a process
  density, kg/m3

E  electrical conductivity
T  temperature, °C
TCM  cooling medium temperature, °C
TM  medium temperature, °C
To  initial temperature, °C
TR  reference temperature, °C
T  absolute temperature, K
t  time, s
tB  process time, min
tp  operator process time, min
tcut  come-up time for heating system, min
tr  time when heating system reaches temperature, min
tc  time when cooling is started, min
tt  threshold time, s
tan   loss tangent
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U  thermal death time at process temperature, min
u  mean velocity, m/s
umax  maximum velocity, m/s
V  volume, m3

∆V  activation volume; m3/mole
z  Thermal Resistance Constant, C
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7

The process design models presented in the previous chapters 
provide a sound and efficient basis for establishing and evaluat-
ing processes. The input parameters for these models are based on 
experimental measurements, so the conditions during these experi-
ments may not duplicate the conditions during an actual product 
manufacturing operation. To ensure that the outcomes from the 
process design are acceptable, the process must be validated under 
conditions similar to manufacturing-scale operations. This chapter 
describes and discusses the steps to validate the processes obtained 
from process design.

Validation is very important. The primary purpose of many pres-
ervation processes is to ensure microbiological safety of the food 
product. As indicated during the development of process design, the 
microbial population of concern is a pathogen, and the process is 
designed to reduce the risk of a food safety hazard to some negligi-
ble level. To ensure that the process design is appropriate to prevent 
the manufacturing of product causing a food-borne illness outbreak, 
the process design must be validated. The conditions of the valida-
tion should consider as many of the process variables as possible.
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There are four factors that emphasize the need for process 
validation:

1. The acceptability of kinetic constants. The kinetic constants 
used as inputs to the process design models are usually based 
on experiments conducted under controlled laboratory condi-
tions. Most often, these experiments are conducted using pure 
cultures of a given microbial population, and the substrates may 
not have been food product similar to the potential application. 
Both of these situations represent variations from the commer-
cial application. The microbial population of concern will not 
exist as a pure culture in the product being processed, and the 
substrate used in the experiment is unlikely to match the com-
position of the product.

2. Physical properties of product. The process design models 
require physical properties of the product as inputs to predict 
the changes in intensity of the agent being used to reduce the 
microbial population. Physical properties data for food products 
have been assembled in handbooks and similar references, but 
the composition of products available for experimental meas-
urements may not be the same as the products being manufac-
tured. The use of models to predict physical properties based on 
product composition tends to overcome many of these differ-
ences. Other properties and coefficients needed for predicting 
agent intensity may or may not adequately duplicate the condi-
tions during commercial manufacturing operations.

3. Shape and size of product container or package. Most mod-
els for predicting transport phenomenon require simplifying the 
product and/or package geometry. The process design must be 
validated to ensure that deviations in shape and size do not sig-
nificantly impact the process.

4. Quality considerations. When models incorporate impacts 
of the process on product quality attributes, the kinetic con-
stants for the attributes have been determined under controlled 
experimental conditions. A process validation should include 
evaluation of quality attributes for the product manufactured 
using the proposed process to ensure that attributes predicted 
by the model are comparable to products from commercial 
operations.
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7.1   Process validation for microbial 
inactivation

Because the primary purpose of a preservation process is the 
reduction of the microbial population, the validation must involve 
evaluation of the microbial survivors from the proposed process. 
Validations should be conducted in both pilot-scale and commercial- 
scale manufacturing conditions. Some of the procedures to be con-
sidered for the two scales of operation will be similar. One of the 
significant challenges in both scales of validation is the quantita-
tive determination of microbial survivors. Because the proposed 
process design ensures appropriate levels of safety, the number 
of survivors will be very small and must be expressed in terms of 
probabilities.

Two approaches to evaluating the results for process valida-
tion have been identified. One approach is based on an expression 
from Halvorson and Zeigler (1932), which was demonstrated by 
Stumbo, Murphy, and Cochran (1950). The expression is

 s  Ln n/q n [ ]  (7.1)

where s  the most probable number of survivors; n  the total 
number of containers processed; q  the number of containers 
with no evidence of survivors.

The Halvorson/Zeigler (H-Z) expression can be used in a vari-
ety of situations when evaluating outcomes from food preserva-
tion processes. These applications are described in the following 
sections.

7.1.1   Laboratory evaluation of experiment results 
quantify parameters describing the microbial 
survivor curve

Although significant portions of the survivor curve are created 
by measurements of microbial populations at times when popu-
lations are one or higher, the ultimate objective of the process is 
to reduce the microbial population to a probability of survivors. 
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These experiments are referred to “endpoint” measurements. The 
measurement of the kinetic parameters must include times when 
the process is expected to ensure probabilities of survival similar 
to those expected under commercial operations. In the laboratory, 
the medium containing the microorganism can be divided into an 
established number of containers before the proposed procedure is 
applied.

Example 7.1   

An	 experiment	 is	 being	 conducted	 to	 validate	 the	 survivor	
curve	 parameters	 for	 a	 pathogenic	 spore.	 Initial	 populations	
of	25,600	spores	were	placed	 in	each	of	 six	 test	 tubes,	and	a	
process	 of	 7	 minutes	 at	 121°C	 has	 been	 applied.	 The	 results	
of	the	experiment	indicate	that	four	of	the	six	tubes	contained	
survivors.	 Assuming	 the	 survivor	 curve	 can	 be	 described	 by	 a	
first-order	model,	estimate	the	first-order	rate	constant	for	the	
microbial	population.

Given:
1.	 A	total	of	six	tubes	are	used.
2.	 Four	tubes	have	microbial	survivors;	two	tubes	are	negative.
3.	 Process	time	is	7	minutes	at	121°C.
4.	 The	 initial	 microbial	 population	 was	 25,600	 spores	 per	

tube.

Approach:
1.	 Use	the	Halvorson-Zeigler	expression	to	compute	the	most	

probable	number	of	survivors.
2.	 Estimate	 the	 first-order	 rate	 constant	 for	 the	 microbial	

spores.

Solution:
1.	 Using	the	Halvorson-Zeigler	equation,

	 s 	Ln	 / ( ) [ ] .6 6 2 6 59 	

2.	 The	first-order	survivor	expression	provides

	 N N 	exp	 k	to [ ] 	



Process	Validation	and	Evaluation	 221

where

	 N 	o  6 25 600 153 600( , ) , 	

then

	 6 59 153 600 7. ( , ) ( ) 	exp	[ k	 ]	 	

and

	 k / /min   10 056 7 1 437. . 	

As indicated by this example, the number of survivors are 
expected to be less than one in each of the six tubes. The number 
of tubes in the experiment needs to be adjusted as the temperature 
or time of the process is changed. An alternative is to increase or 
decrease the initial population in each tube.

7.1.2   Pilot-scale verification of preservation 
processes

After the kinetic parameters for the microbial population have 
been established and verified in the laboratory, the recommended 
process needs to be validated under conditions more similar to 
commercial operations. The pilot-scale operation may be the first 
opportunity to evaluate the response of the microbial population 
in the food product. In addition, the process can be evaluated in 
the same container to be used for commercial operations. Although 
these factors introduce new variables, the process has been 
designed to ensure that the target reduction in microbial population 
is accomplished at the location within the container where inten-
sity of the process is minimum. The Halvorson-Ziegler expression 
can be used to determine the probability of survivors after a pilot-
scale process by determining the total numbers of containers with 
evidence of microbial growth after applying the proposed proc-
ess. Because the typical process is designed to ensure a very small 
number of microbial survivors, the Halvorson-Ziegler expression 
is needed to estimate the probability of survivors.
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Example 7.2   

A	preservation	process	for	a	new	food	product	is	being	validated	
in	 a	 pilot-scale	 operation.	 The	 survivor	 curve	 for	 the	 microbial	
population	of	concern	is	non-log-linear	and	described	by	a	rate	
constant	 (k)	 of	 2.0	 per	 minute	 and	 an	 index	 parameter	 (n)	 of	
0.83.	Based	on	these	parameters,	a	process	time	of	25	minutes	
has	been	recommended.	The	pilot	scale	inoculated-pack	experi-
ment	involves	the	production	of	1,000	containers,	with	an	initial	
population	of	1000	per	container.	The	results	of	the	experiment	
indicate	that	two	containers	had	evidence	of	microbial	growth.	
Do	these	results	validate	the	recommended	process?

Given:
1.	 Survivor	 curve	 parameters	 for	 the	 microbial	 population	

include	k		2/min	and	n		0.83.
2.	 The	number	of	containers	(n)	is	1000.
3.	 The	initial	population	(No)	in	each	container	is	1000.
4.	 Two	containers	had	evidence	of	microbial	activity	after	the	

process.

Approach:
1.	 The	 Halvorson-Ziegler	 expression	 is	 used	 to	 determine	 the	

most	 probable	 number	 of	 survivors	 from	 the	 pilot-scale	
operation.

2.	 The	 number	 of	 survivors	 and	 the	 equation	 of	 the	 survivor	
curve	are	used	 to	compute	 the	apparent	process	 time	and	
validation	of	the	process.

Solution:
1.	 Using	the	Halvorson-Ziegler	expression,	where	q	is	998,

	

s 	Ln	 /
s




( ) [ ]
.
1000 1000 998

2 002 	

2.	 Using	the	survivor	equation	or	Eq.	(2.24)	from	Chapter	2,

	 2 002 1000 1000 2 0 83. ( )( ) . 	exp	[ 	(time)] 	
time	t 	minp  11 12. 	

3.	 Based	on	the	 results	of	 the	pilot-scale	operation,	 the	process	
time	 of	 25	 minutes	 was	 not	 validated.	 These	 results	 indicate	
that	the	initial	population	and/or	the	rate	constant	were	higher	
than	reported.	
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The results of Example 7.2 illustrate the challenges associated with 
verifying a process. In this situation, the recommended process was 
not valid, as indicated by the actual process time based on the actual 
number of survivors. There are several potential explanations for the 
results, including the influence of the product substrate on the magni-
tude of the kinetic parameters of the microbial population or an error 
in measurement of the initial population. A second explanation is the 
inadequacy of the process at a defined location within the product 
structure or container. In addition, the example illustrates that the sam-
ple size in this experiment should be much larger to ensure that sur-
vivors are detected. The next step in validation is to complete another 
pilot-scale experiment, using a larger rate constant, a higher initial 
population and a larger number of containers.

7.1.3  Commercial-scale validation of processes

After the process is validated at pilot scale, the process is moni-
tored at commercial scale. The outcomes from commercial-scale 
preservation operations are large numbers of containers, and a 
given number of containers are usually identified as part of the 
same production lot. As a production lot is placed in storage, these 
containers are monitored for evidence of microbial survivors. If the 
results of these monitoring procedures are within acceptable limits, 
this is additional evidence of process validation. Alternatively, any 
evidence of microbial survivors requires follow-up and additional 
evaluation to determine the need for process adjustments.

Example 7.3   

The	 output	 from	 a	 commercial	 food	 manufacturing	 opera-
tion	 for	 a	 shelf-stable	 food	 includes	 10	 million	 containers.	
The	 kinetic	 parameters	 for	 the	 spoilage	 microorganism	 are	 a	
rate	constant	(k)	of	3	per	minute	at	121°C,	and	an	activation	
energy	 constant	 (EA)	 of	 300	kJ/mole.	 The	 process	 time	 at	 the	
slowest	heating	location	within	each	container	is	6	minutes	at	
121°C	and	is	based	on	an	initial	microbial	population	of	100	
per	 container.	 During	 storage,	 two	 containers	 with	 evidence	
of	 microbial	 growth	 were	 discovered.	 Demonstrate	 that	 these	
results	confirm	the	adequacy	of	the	process.

(Continued)
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Given:
1.	 The	number	of	containers	(n)	in	the	sample	is	10	million.
2.	 The	kinetic	parameters	 for	 the	 spoilage	microorganism	are	

k		3/min	at	121°C,	and	EA		300	kJ/mole.
3.	 The	 initial	 population	 of	 spoilage	 microorganism	 (No)	 is	

100/container.
4.	 There	are	two	containers	(q)	with	evidence	of	survivors.
5.	 The	process	time	is	6	minutes.

Approach:
1.	 The	 Halvorson-Ziegler	 expression	 is	 used	 to	 estimate	 the	

most	probable	number	of	survivors.
2.	 The	survivor	curve	equation	is	used	to	compute	the	effec-

tive	 process	 time	 to	 be	 compared	 to	 the	 actual	 process	
time.

Solution:
1.	 Using	the	Halvorson-Ziegler	expression,

	

s 	Ln	 /
s




( ) [ , , ]10 10 9 999 998
2

7 7

	

2.	 The	survivor	curve	equation	provides

	

2 10 100 3
6 68

7 


( )( ) [ ]
.

	exp	 	(time)
time 	min 	

3.	 The	results	of	the	analysis	indicate	that	the	effective	process	
time	is	more	than	the	actual	process	time.	The	results	sug-
gest	 that	 the	assumptions	used	during	 the	original	process	
development	are	not	appropriate.	The	most	 likely	parame-
ter	in	the	process	development	is	initial	population	per	con-
tainer.	This	assumption	can	be	evaluated:

	

2 10 3 6
13

7 


( )( [ ( )( )]N)	exp	
N 	

Example 7.3  (Continued)
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The analysis in Example 7.3 provides considerable insight into 
process development. The most probable number of survivors 
from a preservation process indicates the actual effectiveness of 
the process and becomes a component of quality assurance pro-
cedures. The outcomes can be used in continuous process evalua-
tion and adjustment to meet the expectations of the manufacturing 
operations.

Schmidt (1954) proposed an alternative approach to evaluating 
outcomes from preservation processes. The proposed approach 
uses normal probability graph paper (Figure 7.1) to determine 
the process time when the probability of survivors is 50%. In this 
application, the Halvorson-Ziegler expression for the most prob-
able number of survivors becomes

 s n Ln n/q n Ln n  [ ] [ ] .2 0 693  (7.2)

This quantity for the most probable number is an input to the 
appropriate survivor curve equation, along with the time obtained 
from the normal probability graph paper.

The results for an experiment with the same number of con-
tainers exposed to the preservation process at different process  

4.	 The	 results	 indicate	 that	 the	 initial	 population	 of	 spoil-
age	microorganism	was	13	per	container.	This	observation	
can	be	evaluated,	and	the	process	time	can	be	adjusted	to	
achieve	the	probability	of	1	container	in	10	million:

	 1 10 37 ( )(13)	exp	 	 time[ ( ) ( )] 	

time	t 	minp  5 9. 	

5.	 The	 results	 indicate	 that	 the	 process	 time	 can	 be	 reduced	
from	6	minutes	to	5.9	minutes,	based	on	the	results	of	the	
observations	 of	 survivors	 during	 storage	 of	 the	 processed	
product.
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times are the inputs to the analysis. The number of contain-
ers with survivors is used to compute the probability of survivors, 
or the number of containers with survivors divided by the total 
number of containers. These probability values are located on 
the probability axis, while the corresponding times are found on 
the horizontal axis, and each point is plotted on the normal prob-
ability paper. This approach provides additional statistics about 
the variability of the results from survivor data. The most useful  
outcome is the standard deviation on the process time needed to 
establish a 0.5 probability of survivors.
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Figure 7.1 Normal	probability	paper.
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Example 7.4   

A	pilot-scale	experiment	has	been	used	to	establish	an	effective	
rate	constant	for	pathogen	survivors	from	a	new	process.	The	
experiment	included	a	total	of	500	containers	with	initial	pop-
ulations	of	1000	per	container	at	five	different	process	 times.	
The	results	of	the	experiment	were	as	follows:

Time (minutes) Number of Containers With Survivors

10 500
12 385
14 215
16 	 95
18 	 	 1

Determine	 the	 first-order	 rate	 constant	 for	 the	 pathogen	
survivor	curve.	Use	 the	normal	probability	paper	approach	 to	
estimate	the	mean	rate	constant	and	the	standard	deviation	on	
the	rate	constant.

Given:
1.	 The	number	of	containers	at	five	different	process	times	are	

500.
2.	 The	initial	population	is	1000	per	container.
3.	 The	survivor	curve	equation	is	first	order.
4.	 The	 number	 of	 containers	 with	 survivors	 at	 each	 process	

time	is	provided.

Approach:
1.	 The	fraction	number	of	survivors	for	each	process	time	and	

the	normal	probability	paper	are	used	to	estimate	the	time	
for	50%	survivors.

2.	 The	 survivor	 curve	 equation	 is	 used	 to	 compute	 the	 first-
order	rate	constant.

Solution:
1.	 The	 survivor	 curve	 data	 are	 plotted	 on	 normal	 probability	

paper	as	 illustrated	 in	 Figure	7.2.	The	 results	 indicate	 that	
the	mean	process	time	 is	14.25	minutes,	and	the	standard	
deviation	is	2.3	minutes.

2.	 Based	on	these	outcomes,	the	first-order	rate	constant	is

	

N N 	exp	[ k	t]
	 	exp	 k	

k

o 
  


0 693 500 1000 500 14 25. ( ) ( )( ) [ ( . )]
00 511. /min 	

(Continued)
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Figure 7.2 Normal	probability	plot	for	Example	7.4.

3.	 The	standard	deviation	on	the	rate	constant	is

	

0 693 500 1000 500 16 55
0 44

0 693

. ( ) ( )( ) [ ( . )]
.

.

	 	exp	 k	
k /minSD

 


		 500 1000 500 	exp	 k	
k /minSD

( ) ( )( ) [ ( . )]
.

 


11 95
0 609 	

and	then

	 k /min 	and	a	range	 	to	 /min 0 511 0 44 0 609. , . . 	

Example 7.4  (Continued)
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The results in Example 7.4 illustrate an approach to using 
most probable number data to evaluate a preservation process. 
In addition, the Schmidt approach provides additional insight on 
the process by providing statistical parameters for use in process 
development.

7.2   Alternative approaches to 
validation

Several alternatives to validating preservation processes have 
evolved and should be considered. All processes must ensure that 
the risk of pathogen survival is negligible. Validating processes 
designed for pathogens normally involves using the pathogenic 
microorganism during the validation experiments. All steps asso-
ciated with handling a pathogen in a laboratory and/or pilot facil-
ity require extra levels of precaution, and the frequency of these 
activities should be minimized. Certainly, the incorporation of a 
pathogen into the environment of a commercial operation should 
be avoided.

Traditionally, significant attention has been given to identify-
ing surrogate microorganisms. In applications associated with 
process validation for inactivation of pathogen populations in 
food products, the ideal surrogate microorganism responds to 
process conditions in the same manner as the microbial patho-
gen. More specifically, the surrogate has the same survivor curve 
as the pathogen when incorporated into the food product and the 
preservation process is applied. Many surrogates used to vali-
date thermal processes for foods have been identified and used 
in validation of verifying thermal processes for shelf-stable food 
products.

The most visible example of a surrogate microorganism in preser-
vation processes is a spore-bearing mesophilic anaerobe referred to 
as PA 3679. This microorganism has an almost identical response to 
a thermal process as the most resistant spores of Cl. botulinum. Due 
to these similarities, PA 3679 has become the surrogate microorgan-
ism for evaluating thermal processes used for shelf-stable foods. 
Other surrogate microorganisms include the spores of Bacillus  
sterothermophilusm, Cl. sporogenes, and Bacillus coagalans. These 
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surrogates have been used most recently to verify thermal processes 
for liquid foods carrying particulates through a continuous system 
of heat exchangers and holding tube. The obvious key to identifying 
the optimum surrogate is the microorganism with the same response 
to the preservation process, without being pathogenic.

Example 7.5   

The	surrogate	(PA	3679)	is	being	used	for	pilot-scale	validation	
of	a	thermal	process.	An	acceptable	risk	of	survivors	in	1	con-
tainer	 per	 million	 processed	 has	 been	 established,	 and	 1000	
containers	will	be	used	in	the	pilot	plant	experiment.	Determine	
the	 initial	population	per	container	needed	to	ensure	that	the	
most	probable	number	method	can	be	used	for	detecting	sur-
vivors	when	the	process	time	is	5	minutes.

Given:
1.	 The	 kinetic	 parameters	 for	 PA	 3679	 include	 a	 k		1.55/

minute	 at	 121°C	 and	 an	 activation	 energy	 constant	 of	
250	kJ/mole.

2.	 The	proposed	 thermal	process	 is	 intended	 to	 ensure	 survi-
vors	in	less	than	1	container	per	1	million	processed.

3.	 The	pilot-scale	experiment	includes	1000	containers,	and	a	
process	time	of	5	minutes	at	121°C.

Approach:
1.	 The	 Halvorson-Ziegler	 expression	 is	 used	 to	 estimate	 the	

most	 probable	 number	 of	 survivors	 in	 1000	 containers	 to	
be	processed	in	the	pilot	plant.

2.	 The	 first-order	 survivor	 curve	 equation	 is	 used	 to	 estimate	
the	initial	population.

Solution:
1.	 Based	on	the	Halvorson-Ziegler	expression	and	allowing	for	

1	container	with	evidence	of	survivors	in	the	1000	contain-
ers	processed:

	 s ( )	Ln	[ / ] 1000 1000 999 1 0005. 	
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Several observations about the conditions described in Example 7.5 
are important. If the process is conducted with the product in the con-
tainers, the process of 5 minutes must be applied at the slowest heat-
ing location within the container. Assuming the initial population of 
2323 is uniformly distributed within the container, the initial popula-
tion is not concentrated at the slowest heating location. This suggests 
that the initial population could be lower and still be detected with the 
1000 containers in the pilot-scale experiment. If the 5- minute process 
is a lethal process delivered to the slowest heating location, the opera-
tor process time is much longer depending on the heating and cooling 
characteristics of the product in the container.

A variety of different Time-Temperature-Integrators (TTIs) have 
evolved for use in validating preservation processes. In general, 
TTIs are materials or reactions that integrate the influence of tem-
perature over time to simulate the impact of a process. These sen-
sors include the following:
l A reaction occurring within the product that is sensitive 

to the preservation process, with products of the reactions 
that can be evaluated or easily measured after the process.  
This approach may be the ideal because it does not require 
any additions to or modification of the product. Obviously, the 
approach requires significant insights about the product and the 
response of product components to the process.

l A biosensor designed to be incorporated into the product to 
detect the impact of the preservation process. These types of 
TTIs may be food grade and compatible with the product, and 
may or may not require recovery to evaluate the impact of the 
process. Alternatively, the biosensor may be designed to be 
recovered from the product after the process.

2.	 Using	the	first-order	survivor	curve	equation,

	

N N exp	[ k	t]
N exp	 	

N

o	

o	

o

  
 


1 0005 1 55 5
2323

. [ . ( )]

	

3.	 The	result	indicates	that	an	initial	population	of	more	than	
2323	 per	 container	 is	 needed	 to	 ensure	 that	 the	 process	
time	can	be	validated.
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l A sensor containing a specific reaction to integrate the  
temperature–time impact of the preservation process. In most 
cases, these types of TTIs are not incorporated into the product 
and need to be carefully positioned to allow appropriate interpre-
tation of the outcomes.

Example 7.6   

A	biosensor	TTI	is	being	used	to	validate	a	thermal	process	for	
a	 new	 formulation	 of	 a	 food	 being	 processed	 in	 a	 container.	
The	 TTI	 is	 positioned	 at	 the	 slowest	 heating	 location	 and	 is	
used	as	a	surrogate	for	a	microbial	pathogen	found	in	an	ingre-
dient	 in	 the	product.	The	 kinetic	parameters	of	 the	pathogen	
include	a	rate	constant	of	2	per	minute	at	121°C	and	an	acti-
vation	energy	constant	of	300	kJ/mole.	If	the	activation	energy	
constant	of	the	TTI	is	280	kJ/mole,	select	the	rate	constant	(at	
121°C)	for	TTI	needed	to	simulate	the	pathogen.

Given:
1.	 Microbial	 pathogen	 has	 k		2/min	 at	 121°C	 and	

EA		300	kJ/mole.
2.	 Proposed	surrogate	TTI	has	EA		280	kJ/mole.

Approach:
1.	 The	 influence	 of	 a	 preservation	 process	 on	 a	 microbial	

population	 is	 expressed	 by	 the	 first-order	 survivor	 curve	
equation:

	 N N 	exp	 k	t]o  [ 	

2.	 Solve	for	the	product	of	the	rate	constant	(k)	and	time	(t):

	 k	t Ln	[N /N]o 	

3.	 Because	the	rate	constant	is	a	function	of	temperature	and	
the	 activation	 energy	 constant	 (EA)	 describes	 the	 influence	
of	temperature,	the	relationship	of	rate	constants	with	tem-
perature	is	described	by

	
k k 	exp	 E /Ro A g [ ]T
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There are many opportunities for using TTIs in validating the 
processes for food preservation. The previous example illustrates 
one of these opportunities. Note that the TTI respond to the proc-
ess at the specific location of the sensor. For thermal processes, 
this location is always the slowest heating location, so the location 
of the TTI is very important to interpreting the outcomes from the 
sensor.

Another alternative approach to validation of a preservation 
process involves evaluating the impact of the process on a prod-
uct quality attribute. As indicated in Chapter 4, the concentration 
or intensity of many product quality attributes changes in a defined 
manner during the process and may be quantified by appropriate 
kinetic parameters. This approach to process validation is not as 
direct as those previously described but provides a more flexible 

4.	 Then,	 the	 equivalent	 processes	 for	 different	 activation	
energy	constants	become

	
k 	exp	 E R 	t k 	exp	 E R 	to A g o A g1 1 2 2[ / ] [ / ]  T T

	

5.	 The	preceding	expression	can	be	used	to	determine	the	rate	
constant	(k)	for	the	surrogate	TTI	at	121°C.

Solution:
1.	 Using	 the	expression	presented	 in	 the	Approach	 section	of	

this	example,

	

k 	exp	 /( )( )
exp	 /(

o1 2 300 000 8 31441 394
280 000 8 31441
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2.	 The	rate	constant	(k)	at	121°C	for	the	surrogate	TTI	needs	
to	be	4.46		103/min	for	the	TTI	to	provide	an	equivalent	
simulation	of	the	microbial	pathogen	response	to	the	pres-
ervation	process.
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approach for many products. Following are the specific steps asso-
ciated with this approach:
1. Identify a product quality attribute that can be easily measured 

and is sensitive to the preservation process. Color and texture 
are examples of attributes that are sensitive to preservation proc-
esses, and the kinetic parameters to describe the process impact 
may be available in the literature. Alternatively, a heat-sensitive 
product component (vitamin or nutrient) may be selected.

2. A container or sample of the product is collected after the proc-
ess is completed, and an analysis of the selected attribute is 
completed. If the product is in a container, note that the impact 
of the process varies with location within the container. The 
more practical approach is to mix the contents of the container 
until the concentration of the attribute is uniform and homoge-
neous. The analysis provides the mass average retention of the 
attribute in the product after the process.

3. The measured mass average concentration of the selected qual-
ity attribute is compared to the predicted mass average con-
centration based on the process time used to reduce the target 
microbial population by the desired amount.

Example 7.7   

The	 chlorophyll	 content	 of	 green	 beans	 is	 being	 used	 to	 vali-
date	the	thermal	process	for	the	product.	The	thermal	process	
is	 designed	 to	 reduce	 the	 population	 of	 a	 spoilage	 microor-
ganism	by	sufficient	amounts	to	achieve	a	spoilage	probability	
of	 1	 spoiled	 container	 per	 1	 million	 processed.	 Measurement	
of	 chlorophyll	 in	 green	beans	 from	10	of	 the	 containers	after	
processing	 indicated	 an	 average	 retention	 of	 39.25%.	 The	
kinetic	parameters	for	the	spoilage	microorganism	are	the	rate	
constant	of	3/minute	at	121°C	with	an	activation	energy	con-
stant	 of	 250	kJ/mole.	 The	 kinetic	 parameters	 for	 chlorophyll	
include	a	rate	constant	of	0.076/minute	at	100°C	and	activa-
tion	energy	constant	of	38.5	kJ/mole.	The	initial	population	of	
the	spoilage	microorganism	is	1000	per	container.

Given:
1.	 For	 the	 spoilage	 microorganism,	 k		3/min	 at	 121°C	 and	

EA		250	kJ/mole.
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2.	 Initial	population	of	 spoilage	microorganism	 is	No		1000	
per	container.

3.	 For	 chlorophyll,	 k		0.076/min	 at	 100°C	 and	
EA		38.5	kJ/mole

Approach:
1.	 The	 process	 time	 needed	 to	 achieve	 the	 desired	 reduc-

tion	 in	 the	 population	 of	 the	 spoilage	 microorganism	 is	
determined.

2.	 The	impact	of	the	thermal	process	on	the	mass	average	con-
centration	of	chlorophyll	is	computed.

3.	 The	computed	retention	of	chlorophyll	 is	compared	to	the	
measured	concentration.

Solution:
1.	 The	process	 time	 is	 computed	by	using	 the	 spoilage	prob-

ability	equation:

	

1 10 3
6 9 121

6 


(1000)( )	exp	 	(time)
time	t 	min	at	 Cp

[ ]
. °

	

2.	 To	 evaluate	 the	 impact	 of	 the	 process	 on	 the	 chlorophyll,	
the	 rate	 constant	 for	 chlorophyll	 must	 be	 expressed	 at		
121°C,	as	follows:

	

k ( )	exp	{ ( / 41)	[ / ( / }	
k

  


0 076 38500 8 314 1 394 1 373
0 147

. . ( ) )]
. //min	at	 C121° 	

3.	 To	 evaluate	 the	 impact	 of	 the	 process	 on	 the	 chlorophyll,	
the	 influence	 on	 the	 mass	 average	 contents	 in	 the	 content	
must	be	considered.

4.	 Based	on	the	rate	constant	at	121°C,	the	retention	of	chlo-
rophyll	in	the	green	beans	is

	

C 	exp	 	
C 	or	 	of	the	initial	co

 


100 0 147 6 9
0 362 36 2

[ . ( . )]
. . % nncentration 	

5.	 Because	 the	 measurements	 indicated	 a	 higher	 retention,	
the	 process	 cannot	 be	 validated.	 A	 higher	 process	 time	 is	
required	to	ensure	the	desired	rate	of	spoilage.
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As indicated by the previous example, most preservation processes 
impact the quality attributes of the food product. More specifically, 
the influence of the process can be expressed quantitatively as long 
as the appropriate kinetic parameters to describe the quality attribute 
have been measured. The impact of the process on a quality attribute 
is different from the influence on the microbial population. In gen-
eral, the focus of currently available kinetic data is on attributes that 
are impacted in a negative manner. Historically, information has been 
prepared on defining the influence as a part of investigations to reduce 
or minimize the influence of the process on food quality attributes. 
Although these data are useful, kinetic parameters to provide a bet-
ter understanding of the potential positive impacts of the preservation 
process on quality attributes are valuable as well.

Interpreting the impacts on quality attributes in process analysis is 
important as well. When considering thermal processes, the general 
influence of time and temperature on a microbial population is simi-
lar to the influence on a quality attribute. Those portions of the prod-
uct where the process has a higher intensity cause a greater reduction 
on microbial population, so there is a more significant loss of a heat-
sensitive quality attribute. The interpretation of these analyses is 
most important when the process is conducted after the product is 
placed in a container. As has been demonstrated in several examples, 
the design of a preservation process is most sensitive at the slow-
est heating location within the container. The target reduction in 
the microbial population must be accomplished at the slowest heat-
ing location, even though the overall impact on the product is much 
greater than required. The corresponding impact of the same process 
on retention of the quality attributes has a similar distribution within 
the container, but the important output is the mass average retention 
of the attribute. This distinction must be recognized when evaluating 
the influence of the preservation process on the product quality.

When the thermal process does not occur while the product is in 
a container, the differences in impact of the process on the micro-
bial population and the product quality attribute are much smaller. 
For these situations, the intensity of the process is still dictated by 
the target reduction in microbial population. If these processes are 
designed to meet the unique distribution of temperatures within 
the product during the process, the distribution must be considered 
when evaluating the impact of the process on quality attributes.
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7.3   Process validation for alternative 
process technologies

The validation of preservation processes when using alternative 
technologies requires special considerations. Due to the poten-
tial differences in mechanisms of microbial inactivation, many 
of the approaches need to be modified or changed, as compared 
to the approach followed for traditional thermal processes. The 
following discussion of process validation focuses on several of 
the alternative technologies being considered for preservation of 
foods.

7.3.1  Microwave processes

The use of microwave energy for preservation of foods is receiv-
ing significant attention. As indicated earlier, microwave heat-
ing is a well-known process, but the more intense application of 
the process needed for food preservation has not been explored 
in depth. Because the reductions in microbial populations are 
caused by elevating the product temperature, the same surrogate 
microorganisms used for traditional thermal processes can be 
used during process validations. The differences from the tradi-
tional thermal processes are more obvious during processing of 
the product in a container, where the heating of the slowest heat-
ing location depends on conduction heat transfer from the prod-
uct surface to a center location. During the microwave process, 
a more uniform distribution of temperatures occurs during the 
heating of the product. Although this observation can be viewed 
as positive when considering quality retention, it does intro-
duce a unique challenge for the process validation. Assumptions 
accepted for estimating process time must be evaluated as part of 
the validation steps. Because slowest heating locations may exist 
at many locations within the product mass, the surrogate microor-
ganism must be uniformly distributed within the product for the 
process validation. The primary difference in approach to valida-
tion of traditional thermal processes is that the process is based 
on a mass average population of survivors.
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Example 7.8   

A	 preservation	 process	 using	 microwave	 energy	 is	 being	 vali-
dated	 using	 PA	 3679	 as	 the	 surrogate	 microbial	 population.	
An	 initial	 population	 of	 1000	 per	 container	 has	 been	 estab-
lished	 for	 a	 pilot-scale	 experiment	 with	 3000	 containers.	 The	
kinetic	parameters	for	the	surrogate	include	a	rate	constant	of		
1.55/min	 at	 121°C	 and	 an	 activation	 energy	 constant	 of	
250	kJ/mole.	The	results	of	the	experiment	conducted	by	using	
a	process	time	of	5	minutes	provided	12	containers	with	indi-
cation	 of	 survivors.	 Use	 the	 results	 of	 the	 experiment	 to	 esti-
mate	the	process	time	needed	at	115°C	to	ensure	a	risk	of	no	
more	than	1	survivor	per	1	million	containers	to	be	processed.

Given:
1.	 Initial	 population	 of	 the	 surrogate	 microorganism	 is	

No		1000	per	container.
2.	 Number	of	containers	in	the	experiment	is	3000.
3.	 Kinetic	 constant	 for	 surrogate	 is	 k		1.55/min	 at	 121°C	

and	EA		250	kJ/mole.
4.	 Results	indicate	12	containers	with	survivors.

Approach:
1.	 Use	 the	 Halvorson-Zeigler	 equation	 to	 estimate	 the	 prob-

ability	of	survivors.
2.	 Use	 the	first-order	 survivor	 equation	 to	 estimate	 the	 effec-

tive	rate	constant.
3.	 Use	the	effective	rate	constant	to	propose	the	process	time	

needed	to	provide	a	survivor	probability	of	one	per	million.

Solution:
1.	 Determine	the	most	probable	number	of	survivors,	using	the	

Halvorson-Zeigler	equation:

	 s (3000)	Ln	[ / ] 3000 2988 12 024= . 	

2.	 Use	 the	 survivor	 curve	 equation	 to	 estimate	 the	 effective	
process	time:

	 12 024 1000. [ ( )(3000)	exp	 k	(5)] 	
k /min	at	 C 2 485 110. ° 	
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The previous example illustrates the approach to estimating the 
process time using outcomes from a pilot-scale experiment. The  
process time obtained using the best-available kinetic date for  
the surrogate microorganism did not provide a sufficient reduction 
in the microbial population. By using an effective rate constant 
based on survivors from the pilot-scale experiment, a more appro-
priate process time was determined that can be used for commer-
cial-scale operations.

7.3.2  Ohmic heating processes

The preservation process for food products heated in an ohmic 
heating system is the result of the temperature–time profile within 
the product. Because the benefits of ohmic heating include more 
uniform temperature distribution during heating, the validation of 
a preservation process can be accomplished in the same manner 
as microwave heating. The specific applications for ohmic heat-
ing systems differ from microwave process applications in several 
ways. One of the specific applications of ohmic heating is contin-
ual online heating where the process is applied to food particles 
in a carrier liquid. For these applications, the surrogate microor-
ganism must be uniformly distributed within the food particle to 
ensure that the outcomes from the pilot-scale experiment can be 
interpreted in a valid manner. In these applications, the validation 

3.	 To	 establish	 the	 process	 time	 at	 115°C,	 the	 rate	 constant	
must	be	converted	to	115°C:

k ( )	exp	{ ( / )[( / ) ( / )]}
k

  


2 485 250 000 8 31441 1 383 1 388
0 903

. , .
. 55 115/min	at	 C°

4.	 Using	the	rate	constant	at	115°C,	and	the	one	per	one	mil-
lion	survivor	probability,	the	process	time	can	be	estimated:

	 10 1000 106 6  ( )( ) [ ( ) ( )]	exp	 0.9035 	 time 	
time	t 	minp  38 23.
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is intended to confirm the flow rate of product through the heat-
ing and holding steps of the preservation process, when the ohmic 
heating system is being used to ensure that the microbial popula-
tions within the food particles are reduced to the target levels.

7.3.3  Ultra-high pressure processes (UHP)

Preservation processes based on use of UHP create several chal-
lenges to process validation. Because the primary mechanism of 
inactivation is not thermal, the use of surrogate microorganisms 
requires careful consideration. At this time, there is limited infor-
mation on the response of specific microbial population to UHP, 
including, more specifically, the response of food-borne pathogens 
to UHP. In addition, little attention has been given to identifying 
nonpathogens with responses to UHP similar to those of the patho-
gens of concern.

The impact of the UHP process on the microbial population 
in a food is expected to be uniform throughout the product struc-
ture. As with thermal processes where temperature distributions 
are expected to be uniform within the product structure, the val-
idation of the process must be based on the mass average of the 
surviving population. The situation becomes more complex when 
attempting to consider the impact of temperature increase due to 
elevated pressures. Because any thermal contribution to the overall 
reduction of the microbial population during the UHP process is a 
function of the initial product temperature, the initial product tem-
perature must be considered during process design and validation.

Example 7.9   

A	UHP	process	is	being	used	for	preservation	of	a	new	product.	
The	process	design	is	based	on	the	first-order	rate	constant	for	
the	 spoilage	 microorganism,	 k		1.25/min	 at	 550	MPa,	 and	
an	initial	population	of	100	spoilage	microorganisms	per	con-
tainer.	The	first	commercial	process	run	of	400,000	containers,	
using	a	process	time	of	12	minutes,	had	270	containers	with	evi-
dence	of	spoilage.	At	that	point,	the	process	time	was	increased	
to	15	minutes	for	the	second	production	of	250,000	contain-
ers,	 and	 there	 were	 128	 containers	 with	 surviving	 spoilage		
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microorganisms.	 The	 third	 production	 run	 of	 550,000	 con-
tainers	used	a	process	time	of	20	minutes,	and	the	number	of	
spoiled	containers	was	reduced	to	72.	For	the	 fourth	produc-
tion	run	of	750,000	containers,	the	process	time	was	increased	
to	 25	 minutes.	 The	 number	 of	 containers	 with	 evidence	 of	
spoilage	 was	 15.	 Recommend	 a	 process	 time,	 based	 on	 the	
statistical	variability	of	the	information	provided	and	the	objec-
tive	of	an	acceptable	spoilage	rate	of	5	containers	per	1	million	
processed.

Given:
1.	 First-order	 rate	 constant	 for	 spoilage	 microorganism	 is	

k		1.25/min	at	550	MPa.
2.	 Initial	population	is	No		100	per	container.
3.	 Spoilage	rates	and	process	times	were

tp		12	min 400,000	containers 270	spoiled	containers
13 250,000 128
14 550,000 	 72
15 750,000 	 15

4.	 Accepted	spoilage	rate	is	five	containers	per	one	million

Approach:
1.	 The	 most	 probable	 number	 of	 survivors	 is	 determined	 for	

each	of	the	four	commercial	runs.
2.	 Based	on	the	most	probable	number	of	survivors,	the	proc-

ess	times,	and	the	first-order	rate	constant,	the	initial	popu-
lation	associate	with	each	commercial	run	is	established.

3.	 If	 there	 is	 significant	 variability	 among	 the	 initial	 popula-
tions,	 the	 highest	 value	 is	 used	 to	 establish	 the	 recom-
mended	process	time.

Solution:
1.	 Using	 the	 Halvorson-Zeigler	 equation,	 the	 most	 probable	

number	 of	 survivors	 for	 each	 of	 the	 four	 commercial	 runs	
can	be	determined:

s 	Ln	 / ( , ) ( , , )400 000 400 000 399 730 	
	 s 	for	process	time 	min 270 12 	
	 s 	for	process	time 	min 128 13 	

s 	for	process	time 	min 72 14 	
s 	for	process	time 	min 15 15 	

(Continued)



242	 Food	Preservation	Process	Design

2.	 The	 initial	 population	 for	 each	 of	 the	 production	 runs	 is	
estimated	by	using	the	first-order	survivor	curve	equation:

	 270 400 000 1 25  ( , ) [ . ( )]	N 	exp	 	 12o 	
	 N 	for	process	time	of	 	mino  2207 12 	
	 N 	for	process	time	of	 	mino  5842 13 	
	 N 	for	process	time	of	 	mino  5213 14 	
	 N 	for	process	time	of	 	mino  2780 15 	

3.	 Because	 the	 initial	population	of	 the	 spoilage	microorgan-
ism	is	significantly	higher	than	100,	an	initial	population	of	
5850	is	used	to	establish	the	final	process	time:

	 1 1 000 000 5850 1 25  ( )( )	exp	 ( time, , [ . )( )] 	
time	t 	min	for	the	ultrahigh	pressure	process	at	 	Mp  18 550 PPa 	

4.	 The	 initial	population	of	microorganism	 is	 very	 important,	
and	 the	 quality	 of	 the	 raw	 material	 used	 for	 the	 product	
needs	 to	 be	 monitored	 continuously	 to	 ensure	 that	 initial	
populations	are	not	exceeding	the	values	used	in	establish-
ing	the	process	time.

Example 7.9  (Continued)

7.3.4  Pulsed-electric-field processes (PEF)

The validation of preservation processes using PEF processes 
requires considerations similar to processes based on other alter-
native technologies. Because the mechanism of inactivation for 
microbial populations is unique, the selection of surrogate micro-
organisms requires careful consideration. Limited information and 
kinetic data for surrogate microorganisms are available at this time. 
Most applications of PEF are continuous processes for liquid prod-
ucts, and the impact of the field is uniform throughout the product. 
As with most continuous processes, residence times are dictated by 
the velocity profiles within the flow stream during application of 
the process. An additional consideration is the elevation of prod-
uct temperature during the PEF process. In a manner similar to the 
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UHP process, the initial product temperature must be incorporated 
into the process design and the process validation.

Several other preservation processes based on alternative tech-
nologies are evolving and may find applications in food pres-
ervation in the future. Each alternative technology is unique and 
requires specific considerations when developing a validation pro-
tocol. In most cases, selecting surrogate microorganisms requires 
special consideration. In addition, the uniformity of the process 
impact within the product structure should be evaluated and must 
be established. Finally, the potential influence of the alternative 
technology on product temperature or other properties should be 
established and considered in both process design and validation.

List of symbols

C   concentration or intensity of product quality attribute
EA   activation energy constant, kJ/mole
jcc   cooling lag constant at geometric center
k   rate constant, 1/s
ko   reference rate constant, 1/s
N   microbial population
No   initial microbial population
n   number of containers
n   index parameter for non-log linear survivor curve
q   number of containers with evidence of survivors
Rg   gas constant, kJ/kg K
s   most probable number of survivors
T   temperature, °C
TR   reference temperature, °C
T   absolute temperature, K
t   time, s
tp   process time, s
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8

Although the primary purpose of a preservation process is to ensure 
food product safety or acceptable levels of product spoilage, the 
impact of the process on product quality attributes has received 
increasing attention. Due to the different mechanisms associated 
with various processes, the impacts on product quality will be dif-
ferent, but these changes should be considered and minimized dur-
ing the design of the preservation process. In general, a more intense 
preservation process is expected to be more detrimental to the quality 
attributes of the food product. This is most evident with thermal proc-
esses, when high temperatures accelerate the losses of temperature- 
sensitive food components. All processes must be carefully evaluated  
using the kinetics parameters of the target microbial populations 
as well as similar parameters of the temperature-sensitive product  
quality attributes. Opportunities for optimizing these processes 
become evident due to the different magnitudes of the kinetic  
parameters. In this chapter, process optimization refers to defining 
the process needed to ensure product safety or acceptable spoil-
age rate, while providing a maximum retention of a product qual-
ity attribute. The approaches presented and discussed illustrate the 
opportunities for optimum processes. These discussions include 
background and illustrations of specific processes and products.
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8.1  The HTST concept

The opportunities for process optimization are most evident when 
considering the impact of processes accomplished at higher tem-
peratures for shorter times. These opportunities were first revealed 
during the development of continuous processing of liquid foods, 
where controlling the time that a product is held at a specific tem-
perature is relatively easy. As indicated by Figure 8.1, the retention 
of a temperature-sensitive food component is improved when the 
preservation process is accomplished at a higher temperature for a 
shorter time.

The key to the relationships presented in Figure 8.1, is the recog-
nition that the magnitude of the kinetic parameters favor improved 
retention of quality attributes, while ensuring the target reduction of 
the microbial population. The solid curve in Figure. 8.1 represents  
a series of time-temperature processes required to accomplish a 
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Figure 8.1 Quality	improvement	through	high-temperature	short-time	processes	
(from	Lewis	&	Heppel,	2000).
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target reduction on microbial population. Each dash-curve rep-
resents a series of time-temperature relationships and defines a 
given retention of the temperature-sensitive product component. 
The other dash-curves represent different magnitudes of retention 
for the same product component. Based on these relationships, the 
process design needed to improve retention of the quality attribute 
can be identified, while achieving the reduction of the microbial 
population needed for product safety.

The relationships used to create the curves in Figure 8.1 are 
based on kinetic models presented and discussed in Chapter 2 and 
the kinetic models and parameters illustrated in Chapters 3 and 4. 
As presented in Table 4.1, the relationships between the kinetic 
parameters for product quality attributes and the parameters for 
microbial pathogens or spoilage microorganisms favor the design 
of processes using higher temperatures at shorter times. High- 
temperature short-time (HTST) processes can be accomplished with  
excellent control when designing continuous thermal processes 
for liquid food products. For these types of thermal processes, the 
temperature increase to the process temperature is very rapid, and 
cooling of the product may be very rapid as well. Given these condi-
tions, the process temperature is the temperature after heating, and 
the process time is the holding time at the process temperature. For 
these types of processes, optimizing the process is limited by equip-
ment or process control constraints. Most often, these constraints are 
control of product temperature for very short periods of time.

Example 8.1   

A	 new	 liquid	 product	 is	 processed	 to	 ensure	 shelf	 stabil-
ity	 by	 using	 a	 HTST	 process.	 The	 rate	 constant	 for	 the	 spoil-
age	 microorganism	 is	 0.3/min	 at	 100°C,	 and	 the	 activation	
energy	 constant	 is	 250	kJ/mole.	 The	 most	 temperature-sensi-
tive	quality	attribute	has	a	rate	constant	of	0.1/min	at	120°C	
and	 an	 activation	 energy	 constant	 of	 100	kJ/mole.	 The	 proc-
ess	is	based	on	an	acceptable	spoilage	rate	of	1	container	per		
10	million	processed	and	packaged,	and	the	initial	population	
is	 1000	 per	 container.	 Determine	 the	 improvements	 in	 qual-
ity	retention	to	be	achieved	by	using	a	process	temperature	of		
115°C	as	compared	to	100°C.

(Continued)
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Given:
1.	 The	rate	constant	 for	 the	microbial	population	 is	k		0.3/

min	at	100°C.
2.	 The	 activation	 energy	 for	 the	 microbial	 population	 is	

EA		250	kJ/mole.
3.	 The	 rate	 constant	 for	 the	 product	 quality	 attribute	 is	

k		0.1/min	at	120°C.
4.	 The	 activation	 energy	 for	 the	 product	 quality	 attribute	 is	

EA		100	kJ/mole.
5.	 The	process	temperatures	are	100°C	and	115°C.
6.	 Acceptable	spoilage	rate	is	1	container	per	10	million.
7.	 The	initial	microbial	population	is	No		1000	per	container.

Approach:
1.	 Process	times	are	established	for	each	process	temperature,	

using	the	target	spoilage	rate.
2.	 The	 influence	 of	 both	 processes	 on	 product	 quality	

attributes	are	well	determined	and	compared.

Solution:
1.	 Given	the	 initial	population	of	1000	per	container	and	the	

spoilage	rate	of	1	per	10	million:

	

10 10 0 3
76 75 100

  


7 3

p

/ exp	[ 	(time)]
time 	t 	min	at	 C

.
. °

	

2.	 To	determine	the	retention	of	the	quality	attribute	at	100°C,	
the	rate	constant	at	100°C	must	be	computed:

Ln	( ) ( /8 31441)	[(1/373) (1/393)] Ln	( 1)
16

k    
 

100 000 0, . .
. 44 95 2 3 26 	3 94350 0  . .

	 k  0 0 100. 194/min	at	 C° 	

3.	 The	retention	of	the	product	quality	attribute	is

	

Retention 	exp	[ 194	(76 75)] 226
Retention 22 6 	a

  


100 0 0 0. . .
. % tt	 C100° 	

Example 8.1  (Continued)
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8.2  Applications to nonliquid foods

The evaluation of quality retention in nonliquid foods requires an 
analysis of thermal energy transfer within the product structure. 
As illustrated in Chapter 6, the retention of quality attributes var-
ies with location within the product structure. The outer regions of 
the product are in close proximity to the heating medium, so the 

4.	 To	determine	the	process	time	at	115°C,	the	rate	constant	
for	the	microbial	population	at	115°C	is	computed:

Ln	( ) (25 /8 31441)	[( / ) ( / )] Ln	( )
3 11

k    


0 000 1 388 1 373 0 3, . .
. 66  1 204 1 9124. .

	 k /min	at	 C 6 77 115. ° 	

5.	 The	process	time	at	115°C	becomes

	

10 10 7
3 4 115

   


7 3

p

/ exp	 6 7 	(time)]
time t 	min	at	 	C

[ .
. °

	

6.	 To	 compute	 the	 quality	 retention	 at	 115°C,	 the	 rate	 con-
stant	is	computed:

Ln	( ) ( / )	[( / ) ( / )] Ln	( )k    
 

100 000 8 31441 1 388 1 393 0 1
0 3

, . .
. 9944 2 3026 2 697  . . 	

	 k  0 0674 115. /min	at	 C° 	

7.	 The	retention	of	quality	is

	

Retention 	exp	[ 	( )]
	at	 C

 


100 0 0674 3 40
79 5 115

. .
. % ° 	

8.	 The	 results	 indicate	 that	 the	 retention	 of	 the	 temperature-
sensitive	 quality	 attribute	 is	 22.6%	 at	 100°C	 but	 improves	
to	 79.5%	 at	 115°C.	 These	 results	 are	 typical	 of	 HTST	
processes.
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temperature in these regions increases more rapidly than regions 
near the geometric center of the product structure. In addition, the 
outer regions will be at the elevated temperature for a longer period 
of time. As a result of the conditions, lower retention of quality 
attributes occur within these regions, as compared to the regions of 
the product at greater distance from the heating medium. As illus-
trated in Example 6.6, the overall retention of the heat-sensitive 
quality attribute is the mass average of the retention for the various 
regions of the product.

The challenge for optimization of thermal processes of nonliq-
uid foods occurs within any product with thermal energy transfer 
by conduction. These products include high viscosity or consist-
ency products in a continuous heat exchanger, as defined by the 
regions of product flow with temperature gradients. When these 
temperature gradients exist for significant periods of time during 
the process, the impact on product quality attributes becomes more 
evident. The most obvious situations occur within the product hold-
ing tube due to the velocity distribution within the product during 
flow through a tube or pipe. These types of temperature gradients 
and the corresponding variability in holding times require careful 
attention during process design. Although process design is always 
based on the slowest moving product particle, negative impacts on 
product quality attributes can occur when portions of the product 
are held for longer times than required.

When a thermal process is applied with the product in the con-
tainer or package, the temperature distribution within the product 
structure may be significant. In these situations, operator process 
time is established by the time needed to ensure that the microbial 
population at the slowest heating location is reduced to some tar-
get level. All other regions of the product are exposed to higher 
temperatures and longer times, and more intense processes than 
required for the target reduction in microbial population. It follows 
that the distribution of quality retention within the container will 
be significant as well. In general, quality retention will be greater 
within the internal regions of the product, as compared to those 
portions of the product located near the container surface in direct 
contact with the heating medium.

Teixeria, Dixon, Zahradnik, and Zinsmeinster (1969) illustrated the 
concept of optimization for thermal processes for conduction-heating 
food products. The results of this investigation demonstrated that a 
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temperature–time process could be identified for maximum retention 
of a quality attribute. As illustrated by Figure 8.2, the retention of thia-
mine in a conduction-heating product during thermal processing in a 
can is maximized at a defined temperature–time process.

These results are obtained by comparing a series of processes 
where the combination of heating medium temperature and oper-
ator process time provide the same reduction in a defined micro-
bial population at the geometric center of the can. The retention 
of thiamine is maximum for a process of 122°C for 80 minutes, 
as compared to equivalent processes at higher temperatures for 
shorter times, or lower temperatures for longer times. The thiamine 
retention is based on mass or volume-average within the product 
container and considers the lack of retention in the outer regions 
of the container (near the heating medium) as compared to the 
higher retention in the regions at greater distance from the surface. 
Because a greater proportion of the product mass is located in the 
outer regions of the container, the influence of quality retention in 
these locations on overall retention is important and influence the 
magnitudes of the optimum process.

40
(145)

20

30

40

50

Process time in minutes with
corresponding retort temperature

(°C) in parentheses

60
(129)

80
(122)

P
er

ce
nt

 th
ia

m
in

e 
re

te
nt

io
n

100
(122)

120
(116)

Figure 8.2 Illustration	of	optimization	of	thiamine	retention	in	a	conduction-
heating	food	product	(from	Teixeira	et	al.,	1969).
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Example 8.2   

Determine	the	optimum	process,	in	terms	of	quality	retention,	
for	a	 thermal	process	being	used	 to	ensure	a	 spoilage	 rate	of	
no	greater	than	1	container	per	10	million	processed.	The	ini-
tial	product	temperature	is	70°C,	and	the	product	has	the	fol-
lowing	 thermophysical	 properties:	 density	 ()		1000	kg/m3,		
thermal	 conductivity	 (k)		0.45	W/m	 K,	 and	 specific	 heat	
(cp)		3.5	kJ/kg	 K.	 The	 initial	 microbial	 population	 is	 1000	
per	 container,	 and	 the	 survivor	 curve	 is	 described	 by	 a	 first-
order	 rate	 constant	 (k)	 of	 2.1/min	 at	 121°C,	 and	 an	 activa-
tion	 energy	 constant	 (E)	 of	 240	kJ/mole.	 The	 retention	 of	 the	
heat	sensitive	quality	attribute	is	described	by	a	first-order	rate	
constant	(k)	of	0.0435/min	at	138°C	and	an	activation	energy	
constant	(EA)	of	97	kJ/mole.	The	product	container	is	a	cylinder	
with	a	diameter	of	9	cm	and	height	of	24	cm.	The	thermal	proc-
ess	is	accomplished	using	steam,	with	a	convective	heat	trans-
fer	 coefficient	 of	 5000	W/m2	 K,	 over	 a	 range	 of	 temperatures	
and	pressures	needed	to	ensure	the	desired	spoilage	rate.	The	
cooling	medium	is	35°C,	and	the	convective	heat	transfer	coef-
ficient	is	1500	W/m2	K.

Given:
1.	 Spoilage	rate	is	1	per	10	million	containers	processed.
2.	 Initial	product	temperature	is	To		70°C.
3.	 Product	density	is			1000	kg/m3.
4.	 Product	thermal	conductivity	is	k		0.45	W/m	K.
5.	 Product	specific	heat	is	cp		3.5	kJ/kg	K.
6.	 Initial	microbial	population	is	No		1000	per	container.
7.	 Rate	constant	 for	microbial	population	 is	k		2.1/min	at	

121°C.
8.	 Activation	 energy	 constant	 for	 microbial	 population	 is	

EA		240	kJ/mole.
9.	 Rate	constant	for	retention	of	product	quality	attribute	is	

k		0.0435/min	at	138°C.
10.	 Activation	energy	constant	for	retention	of	product	quality	

attribute	is	EA		97	kJ/mole.
11.	 Product	container	is	9	cm	in	diameter	and	16	cm	in	height.
12.	 Surface	 heat	 transfer	 coefficient	 for	 heating	 medium	 is	

h		5000	W/m2	K.
13.	 Cooling	medium	temperature	is	Tc		35°C.
14.	 Surface	 heat	 transfer	 coefficient	 for	 cooling	 medium	 is	

h		1500	W/m2	K.
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Approach:
1.	 The	process	time	required	for	the	target	reduction	in	micro-

bial	population	 is	determined	at	five	different	 temperature	
levels.

2.	 The	quality	 retention	within	various	regions	of	the	product	
structure	 is	computed,	and	the	mass	average	quality	reten-
tion	for	each	of	the	five	processes	is	determined.

3.	 The	 process	 with	 the	 maximum	 retention	 of	 the	 product	
quality	attribute	can	be	selected.

Solution:
1.	 To	compute	the	temperature	change	as	a	function	of	time,	

the	parameters	of	the	following	heating	rate	equation	must	
be	estimated,	using	Figures	5.4	and	5.5	of	Chapter	5:

	 log	(T T) 	t/f log	[	j (T T )]M h c M o     	

2.	 The	Biot	number	for	the	heating	medium	is

N ( )( / ) 	for	container	diameter
N (5

Bi

Bi

 


5000 4 5 100 0 45 500
0

. / .
000 12 100 0 1333 3)( / ) 45 	for	the	container	height/ . .

3.	 Using	Figure	5.4	for	an	infinite	cylinder,

	 f	 /r 	for	an	infinite	cylinder 2 0 39975 . 	

where

     k/ 	c /( )	( ) m /sp 0 45 1000 3500 1 2857 10 7 2. .

Then

f 	( 5/100) / 	s
	min

h   
 

0 39975 4 1 2857 10 6296 1
104 94 1 75

2 7. . . .
. . 		hr

and

f	 /d 	for	an	infinite	slab2  0 935. 	

	

f 	( /100) / 	s
	min

h   
 

0 935 0 12 1 2857 10 104 721 2
1745 4 29

2 7. . . , .
. ..1	hr 	

(Continued)
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or

	

1 1 1 75 1 29 1
1 65 99

/f / /
f 	hr 	minh

 
 

. .
. 	

4.	 To	obtain	the	parameter	(jc)	at	the	geometric	center	of	the	
container	using	NBi	of	500	and	1333.3,	Figure	5.5	provides

	 jc   1 602 1 273 2 04. . . 	

5.	 During	 cooling,	 the	 lag	 parameter	 (jcc)	 is	 obtained	 as	
follows:

	

N ( )( / )/
N ( )(12/ )/

Bi

Bi

 
 

1500 4 5 100 0 45 150
1500 100 0 45 400

. .
. 	

6.	 The	cooling	parameter	(jcc)	is	obtained	by	using	Figure	5.5:

	 jcc   1 6017 1 2732 2 0393. . . 	

7.	 These	parameters	are	used	to	estimate	the	temperatures	at	
several	locations	within	the	product	after	increments	of	time	
during	heating	of	the	product,	using	the	heating	rate	equa-
tion.	 These	 computations	 are	 illustrated	 in	 Table	 A.8.1.a	
through	Table	A.8.1.e.

8.	 The	magnitude	of	the	cooling	rate	parameter	(fc)	at	the	NBi	
of	150	and	400	is	obtained	from	Figure	5.4	as	follows:

	 f	 /r 	for	an	infinite	cylinder 2 0 404 . 	

And

	 f	 /d 	for	an	infinite	slab 2 0 938 . 	

then

	

f 	 / / 	s
	min 	h

c   
 

0 404 4 5 100 1 2857 10 6363
106 05 1 7675

2 7. ( . ) .
. . rr 	

Example 8.2  (Continued)
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f / / 	s
	min

c   
 

0 938 12 100 1 2857 10 105 057 16
1750 95 29

2 7. ( ) . , .
. .22	hr 	

and

	

1/f / /
f 	minc

 


1 106 05 1 1750 95
100

. .

	

9.	 To	estimate	operator	process	time,	the	spoilage	probabil-
ity	equation	is	used	to	establish	the	target	process	for	the	
spoilage	microbial	population:

	 1 10 10 107 3 1 097/ / 	F/ .
	

where

	 D / 	min	at	 C 2 303 2 1 1 097 121. . . ° 	

and

	 F 	min	at	 C  1 097 10 10 97 121. . ° 	

10.	 The	thermal	resistance	constant	is	based	on	the	activation	
energy	constant	of	240	kJ/mole.	Using	Eq.	(2.27),

	 z (2 3 3)(8 3144)(394) / C . . , .0 240 000 12 42 ° 	

11.	 For	a	heating	medium	temperature	of	145°C,

	

U
U 	min

/ 


10 97 10
0 1273

121 145 12 4.
.

.

	

	 Given:

	 f /U /h  99 0 1266 778. 	

Table	A.6.4	is	used	with	z		22	F	(12.4°C)	and	jcc		2.04:

	 g 55 F	or	 C ° °30 6. 	
(Continued)
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12.	 The	 operator	 process	 time	 is	 computed	 by	 using		
Eq.	(6.17):

	

t ( )	log	{[( )( )]/ }	
t 	min

b

b

 


99 2 04 145 70 30 6
69 2

. .
. 	

13.	 This	operator	process	time	has	been	used	to	determine	the	
initiation	of	cooling	in	the	spreadsheet	in	Tables	A.8.1.a	to	
A.8.1.e.

14.	 The	 operator	 process	 time	 for	 several	 other	 heating	
medium	temperatures	have	been	estimated	using	the	same	
procedures,	as	follows:

Temperature (°C) Operator time (min)

145 69.2
135 82.0
125 101.4
120 113.4
115 144.4

15.	 The	 retention	 of	 the	 heat-sensitive	 quality	 attribute	 is	 com-
puted	within	the	spreadsheet	in	Tables	A.8.1.a	to	A.8.1.e.	The	
table	contains	computations	for	various	locations	within	the	
product	and	for	different	operator	process	times.	For	exam-
ple,	the	retention	of	the	quality	attribute	in	the	center	region	
for	a	heating	medium	temperature	of	145°C	is	computed	for	
2-minute	increments	during	the	increase	and	decline	in	prod-
uct	temperature.	The	results	are	as	follows:
a.	 The	 product	 temperature	 reaches	 nearly	 116.2°C	

in	 the	 center	 region	 by	 the	 operator	 process	 time	
of	 70	minutes	 (69.2	min).	 The	 retention	 of	 quality	
attribute	at	this	location	and	time	is	87.5%.

b.	 At	the	operator	process	time	of	70	minutes,	the	cooling	
portion	of	the	process	begins.	The	temperature	is	com-
puted	by	using	the	cooling	rate	equation,	as	follows:

	 log	(T T ) t/f log	[	j (T T )]	c c cc o c    	

where:	Tc		cooling	medium	temperature,	fc		cooling	
rate	constant,	jcc		cooling	lag	parameter,	To		initial	
product	temperature.

Example 8.2  (Continued)
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As	 indicated	 by	 the	 spreadsheet,	 the	 product	 tem-
perature	 continues	 to	 increase,	 and	 the	 temperature	
reaches	 a	 temperature	 of	 127°C	 and	 does	 not	 begin	
to	decrease	until	22	minutes	after	the	beginning	of	the	
cooling	process.

c.	 At	 the	completion	of	 cooling,	 the	 temperature	 in	 the	
center	region	of	the	product	is	65.3°C,	and	the	prod-
uct	quality	retention	is	53.5%	at	that	location.

16.	 To	estimate	the	quality	retention	at	other	locations	within	
the	product,	temperature	histories	at	other	locations	must	
be	computed.	This	 requires	use	of	 the	heating	 rate	equa-
tion	 but	 with	 the	 appropriate	 magnitude	 of	 the	 heating	
lag	 constant	 (j)	 for	 a	 given	 location.	 The	 magnitude	 of	
these	constants	is	determined	by	the	steps	as	illustrated	in	
Example	6.6.	Using	 the	heating	 lag	 constant	of	 2.04	 and	
cooling	 lag	 constant	 of	 2.093	 at	 the	 geometric	 center	 of	
the	 product,	 the	 constants	 at	 various	 distances	 from	 the	
center	is	as	follows	(for	a	1-cm	vertical	volume):

Location (cm) Heating lag (j) Cooling lag (j)

0.25	 1.959 1.958
1.0 1.902 1.901
2.0 1.588 1.587
3.0 0.918 0.918
4.0 0.297 0.297

17.	 When	these	heating	and	cooling	lag	values	are	entered	into	
the	appropriate	equations,	the	temperature	histories	of	the	
various	locations	are	obtained,	as	illustrated	in	the	spread-
sheet	 in	 Tables	 A.8.1.a	 to	 A.8.a.e.	 In	 addition,	 the	 reten-
tion	of	the	quality	attribute	within	each	production	region	
is	computed.	The	product	temperature	at	the	end	of	heat-
ing	(beginning	of	cooling),	and	the	quality	retention	when	
the	heating	medium	is	145°C	are	as	follows:

Location (cm) Temperature (°C) Retention (%)

0.25	 116.2 53.5
1.0 117.0 51.6
2.0 121.6 50.1
3.0 131.5 45.5
4.0 140.6 	 8.4

These	 temperature	differences	become	 less	as	 the	heating	
medium	temperature	 is	decreased.	 In	addition,	 the	distri-(Continued)
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The previous example illustrates that several factors impact the 
retention of quality attributes during a thermal process. For prod-
ucts with thermal energy transfer by conduction, the retention of 

bution	of	quality	 retention	 is	changed	as	 indicated	 in	 the	
spreadsheet.

18.	 In	Example	6.6,	 the	portions	of	product	mass	 in	the	vari-
ous	 regions	of	product	were	computed.	Using	 these	 frac-
tions	 of	 the	 total	 product	 mass,	 the	 quality	 retention	
within	each	region	can	be	determined.	When	these	compu-
tations	 are	 completed,	 the	 following	 results	 are	 obtained	
for	the	five	heating	medium	temperatures:

Temperature (°C) Quality retention (%)

145 32.5
135 38.5
125 45.1
120 49.9
115 48.7

The	 results	 in	 Figure	 8.3	 demonstrate	 that	 the	 maximum	
retention	of	 the	quality	attribute	occurs	at	a	heating	medium	
temperature	 of	 120°C.	 In	 addition,	 it	 is	 evident	 that	 higher	
medium	 temperatures	 and	 temperatures	 lower	 than	 120°C	
result	in	less	retention.

Example 8.2  (Continued)
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Figure 8.3 Optimization	of	process	for	Example	8.2.
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a quality attribute decreases with location, from the center region 
to the region product near the product surface. The most signifi-
cant decrease in retention occurs within the region near the surface 
where the product is in contact with the heating medium. Because 
the outer region of a container with a cylindrical geometry has a 
higher proportion of the product mass, the influence of quality 
retention in this region is more significant. The distribution of qual-
ity retention magnitudes within the container is influenced by heat-
ing medium temperature, and the optimization of quality retention 
becomes feasible. Note that the heating medium temperature influ-
ence on quality retention is not independent because each heating 
medium temperature is part of a thermal process and requires an 
appropriate operator time to ensure the desired reduction in the tar-
get microbial population. Ultimately, the combinations of quality 
attribute distribution within the container and the proportions of 
product mass within each region of the container create the oppor-
tunity for process optimization.

The opportunity for optimization of thermal processes should 
exist within any container geometry where a temperature and qual-
ity retention distribution history exists within a conduction-heating 
food product. The magnitudes of quality retention and optimiza-
tion are influenced by many factors, including the dimensions of 
the container. The most critical dimension is the distance from the 
geometric center to the surface of the container in contact with 
the heating medium. When the radius of the cylindrical container 
(can) and the vertical distance from center to surface are similar, 
the analysis must include temperature and quality distributions in 
both the radial and axial direction. Each combination of container 
dimension is likely to provide a different optimum process.

Any variation in thermal energy transfer from conduction within 
the product structure impacts the potential for thermal process 
optimization. The heating of a liquid food within the container 
occurs by convection and causes a shift in the slowest heating loca-
tion within the product structure. In addition, the magnitudes of 
temperature gradients between the slowest heating location and 
the container surface are much less than within conduction-heating 
products. Due to these differences, the distribution of quality reten-
tion between the container surface and the slowest heat location is 
much less than for a conduction-heating product. Because the tem-
perature increase within the product and the temperature decrease 
during cooling are more rapid due to convection, the optimum 
processes are expected to be at higher temperatures and shorter 
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times. As the viscosity (or consistency) of the product increases, 
the impact of convection heating declines. These impacts cause the  
optimum temperature–time process to shift closer to that of the 
product with thermal energy transfer by conduction. Any product 
with solid food particles within a liquid phase carrier becomes 
more difficult to analyze. If the quality retention is dependent on 
the temperature and quality retention distributions within the food 
particles, the focus of the analysis is on heating and cooling char-
acteristics within the particles. More specifically, the analysis of 
the particle with largest dimensions is handled in a manner simi-
lar to a container with a conduction-heating product. These types 
of analyses lead to quality retention distributions within individual 
particles, and the results need to be combined with quality reten-
tion within the liquid phase as well as within other food particles 
with different dimensions.

The retention of quality attributes within the food product and 
optimization of the thermal process are influenced by the magni-
tude of kinetic parameters for the quality attribute. The magnitudes 
of both the first-order rate constant (at reference temperature) and 
the activation energy constant for the quality attribute have direct 
impact on the retention of the product quality attribute during the 
thermal process and on the distributions of quality retention within 
the product structure. The magnitude of the activation energy con-
stant appears to have more significant influence on the retention of 
quality attribute. Ultimately, the difference in magnitudes of the 
activation energy constants for the target microbial population and 
that of the product quality attribute has the most significant influ-
ence on the optimization of the thermal process. The larger the dif-
ference in magnitude of the two constants, the more evident the 
optimum process becomes.

The thermophysical properties of the product have a direct 
impact on the optimization of the thermal process. The density, 
specific heat, and thermal conductivity of the product structure 
are among the primary factors influencing the increase in product 
temperature during the initial part of the process and the tempera-
ture decrease during the cooling portion of the process. In addi-
tion, these properties influence the temperature distribution within 
the product and the distribution of quality retention. The key factor 
influencing these properties is water content. The density, specific 
heat, and thermal conductivity of high moisture foods are simi-
lar to water. Food products with lower water content have lower  
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values of specific heat and thermal conductivity but higher density 
magnitudes.

An evaluation of the product temperature profile during the ther-
mal process indicates that a very important part of the process occurs 
during transition from heating to cooling. At interior locations, the 
product temperature continues to increase after the cooling process 
begins. This increase in temperature at the product center may con-
tinue until portions of the product near the surface are reduced in 
temperature, and thermal energy transfer from the interior regions 
begins. The temperature profile during the transition follows a para-
bolic pattern, with a continuing but more gradual increase, followed 
by a gradual decrease in temperature, before the predicted cooling 
curve occurs. The temperatures during the transition from heating 
to cooling are the highest of the process and have significant impact 
on the quality retention. The accuracy of the optimization is directly 
related to the simulation of the temperature during transition.

Optimizing processes based on alternative preservation technologies 
is an appropriate part of process evaluation. These types of optimiza-
tion and evaluation are based on knowledge of impacts of preserva-
tion technology on quality attributes of the product. This information 
is limited at this time, and the quantification of the impact in terms 
of kinetic parameters is not available. Processes based on microwave 
energy, ohmic heating, and the pressure-assisted thermal process can 
be evaluated in the same manner as demonstrated, but only the impact 
on heat-sensitive attributes are considered.

Example 8.3   

A	preservation	process	 for	new	highly	viscous	 food	product	 is	
being	developed.	The	process	 is	designed	to	reduce	the	popu-
lation	 of	 Salmonella	 (k		2.5/min	 at	 65°C,	 EA		400	kJ/mole)	
from	1000	per	product	container	to	a	probability	of	survivors	
of	106.	The	traditional	process	of	a	continuous	system	of	heat	
exchanger	and	holding	at	a	process	 temperature	 (followed	by	
aseptic	packaging)	causes	significant	 losses	to	a	heat-sensitive	
quality	attribute	(k		0.25/min	at	95°C;	EA		80	kJ/mole)	due	
to	laminar	flow	in	the	holding	tube.	The	alternative	is	a	pressure-	
assisted	 thermal	 process,	 with	 the	 product	 placed	 in	 the		

(Continued)
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package	 prior	 to	 the	 process.	 Compare	 the	 quality	 retention	
for	 the	 two	 processes,	 when	 the	 initial	 product	 temperature	
is	40°C,	and	heating	and	cooling	 rates	 in	 the	heat	 exchanger	
are	5°C/minute.	The	pressure	process	increases	the	pressure	at		
100	MPa/minute,	the	temperature	increase	is	5°C	per	100	MPa,	
and	pressure	release	is	200	MPa/minute.

Given:
1.	 Kinetic	 parameters	 for	 Salmonella	 are	 k		2.5/min	 at		

65°C	and	EA		400	kJ/mole.
2.	 Kinetic	parameters	for	quality	attribute	are	k		0.35/min	at	

95°C	and	EA		80	kJ/mole.
3.	 Initial	product	temperature	is	To		40°C.
4.	 Initial	microbial	population	is	No		1000	per	package.
5.	 Target	probability	of	survivors	is	106.
6.	 Pressure	process	increases	pressure	at	100	MPa/min.
7.	 Temperature	increase	due	to	pressure	is	5°C	per	100	MPa.
8.	 Thermal	 process	 increases	 temperature	 at	 5°C/min,	 and	

cools	product	at	5°C/min.
9.	 Pressure	release	is	200	MPa/min.

Approach:
1.	 The	holding	times	for	both	processes,	as	required	to	accom-

plish	the	target	probability	of	survivors,	are	established.
2.	 Given	the	process	times,	 the	quality	 retention	can	be	com-

puted	using	time-step	intervals	throughout	the	process.

Solution:
1.	 The	 holding	 time	 for	 the	 traditional	 thermal	 process	 is	

determined	by	determining	the	reduction	in	microbial	popu-
lation	at	1-	minute	intervals,	starting	at	40°C	and	increasing	
to	60°C	in	4	minutes.

2.	 Beginning	at	4	minutes,	the	product	was	in	the	holding	tube	
until	12	minutes,	or	a	holding	time	of	8	minutes.

3.	 The	 product	 was	 then	 cooled	 at	 a	 rate	 of	 5°C/min,	 until	
cooled	to	40	°C	at	16	minutes,	as	 illustrated	 in	 the	spread-
sheet	in	Table	A.8.2.

4.	 At	 the	 completion	 of	 the	 process,	 the	 probability	 of	 survi-
vors	is	3.2		107,	which	exceeds	the	target	of	106.

5.	 The	 pressure-assisted	 thermal	 process	 is	 computed	 in	 the	
same	 manner	 as	 the	 traditional	 thermal	 process,	 with	 the	

Example 8.3  (Continued)
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Most likely, the analysis in Example 8.3 would focus on the 
product temperature at the beginning of the process and identify 
the temperature that would lead to maximum retention of product 
quality, while ensuring the desired reduction the target microbial 
population.

List of symbols

A  area, m2

  thermal diffusivity; m2/s
C  concentration or intensity of product quality attribute
cp  specific heat; kJ/kg K

	 pressure	increase	to	400	MPa	accomplished	in	4	minutes,	and	
the	temperature	increase	to	60°C	is	accomplished	as	well.

6.	 The	process	has	a	holding	period	of	8	minutes,	followed	by	
pressure	release	in	2	minutes.

7.	 By	using	time-step	computations,	the	microbial	population	
is	reduced	to	8		107,	as	illustrated	in	the	spreadsheet	in	
Table	A.8.2.

8.	 The	 quality	 retention	 for	 both	 processes	 has	 been	 com-
puted	at	1-minute	time	intervals	throughout	the	processes	
by	 using	 the	 kinetic	 parameters	 for	 the	 quality	 attribute.	
For	the	pressured-assisted	process,	the	quality	retention	is	
84.2%,	as	illustrated	in	Table	A.8.2.

9.	 For	 the	 traditional	 thermal	 process,	 with	 laminar	 flow	 in	
the	holding	 tube,	 the	mass	average	 velocity	 is	double	 the	
maximum	 velocity.	 Although	 the	 reduction	 of	 microbial	
population	 must	 be	 based	 on	 the	 maximum	 velocity,	 the	
impact	 of	 the	 process	 on	 the	 quality	 attribute	 should	 be	
based	 on	 the	 average	 velocity.	 This	 approach	 results	 in	
quality	 retention	 of	 74.1%.	 In	 Table	 A.8.2,	 the	 time-step	
computations	during	the	holding	period	for	the	traditional	
thermal	process	have	been	for	2	minutes	at	each	time	step	
to	account	for	the	average	velocity.

10.	 The	results	of	the	analysis	in	this	example	indicate	that	the	
pressure-assisted-thermal-process	 improved	 the	 quality	
retention	to	84.2%,	as	compared	to	74.1%	for	a	traditional	
thermal	process.
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D  decimal reduction time, min
dc  characteristic dimension, m
EA  activation energy constant, kJ/mole
F  thermal death time, min
FR  thermal death time at reference temperature, min
fh  heating rate constant, s or min
fc  cooling rate constant, s or min
g   temperature difference between heating medium and prod-

uct slowest heating location, and end of process, °C
h  convective heat transfer coefficient, W/m2 K
Jo  Bessel function
jc  heating lag constant at geometric center
jm  mass average heating lag constant
jcc  cooling lag constant at geometric center
k  thermal conductivity, W/m K
k  rate constant, 1/s
ko  reference rate constant, 1/s
L  length, m
LR  lethal rate
m  mass flow rate, kg/s
N  microbial population
No  initial microbial population
NBi  Biot Number
NRe  Reynolds Number
q  thermal energy transfer, W
R  radius, m
Rg  gas constant; kJ/kg K
R1  argument of Bessel function
r  radial direction
rc  number of containers in a process
  density, kg/m3

TCM  cooling medium temperature, °C
TM  medium temperature, °C
To  initial temperature, °C
TR  reference temperature, °C
T  absolute temperature, K
t  time, s
tB  process time, min
tp  operator process time, min
U  thermal death time at process temperature, min
u  mean velocity, m/s
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umax  maximum velocity, m/s
V  volume, m3

z  Thermal Resistance Constant, C
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9

Preserving foods will continue to be a priority in the future. 
Reducing or eliminating food-borne illness is a high priority 
among consumers and regulatory agencies. As new pathogens 
continue to emerge, access to the appropriate kinetic information 
to characterize these pathogens is very important. As consumer 
expectations for product quality increase, more precise processes 
for extending the shelf life of all foods will be required. All proc-
esses must be applied in a way that enhances the quality attributes 
of the food products. New technologies for preserving food prod-
ucts will continue to evolve and be evaluated for food applications. 
New and innovative approaches to food preservation will be con-
sidered. The successful processes of the future are likely to include 
current processes with improvements, as well as alternative proc-
esses based on new technologies. Combinations of current and new 
technologies will be evaluated based on improvements in proc-
ess efficiency and the effectiveness in delivery of desired product  
quality attributes.
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9.1  Assembly of kinetic parameters

As has been demonstrated throughout this book, accurate and relia-
ble kinetic parameters are key components of process design for any 
technology considered for food preservation processes. Chapter 3  
presented the typical kinetic parameters for microbial pathogens 
and many of the limitations to currently available parameters. An 
emerging change is the use of alternative models for explaining 
microbial survivor curves—primarily describing deviations from 
the traditional first-order model. These models introduce the addi-
tional parameters needed to more accurately predict the number 
of survivors at any time during a preservation process. In addi-
tion, these models introduce different terminology for the kinetic 
parameters associated with survivor curves and the influence of the 
preservation technology intensity on the rate of reduction in micro-
bial population. Hopefully, consistent models and kinetic param-
eters will be used during measurement and assembly of microbial 
survivor data in the future. These models and kinetic parameters 
should be consistent with those used to describe the retention of 
product quality attributes. A summary of the recommended param-
eters is presented in Table 9.1.

Consistency in the parameters used for process design will 
become more important in the future. The efficient comparison of 
different preservation technologies will depend on access to the 
appropriate parameters. The evaluation of the impact of the proc-
esses on product quality attributes requires that the kinetic param-
eters used as inputs to the process design be expressed in the same 
manner. Ultimately, the optimization of the processes is dependent 
on consistency in the kinetic parameters available for process design.

The kinetic data for predicting survivors of microbial popu-
lations during a preservation process clearly indicate that some 
components of the food have significant influence on the number 

Table 9.1 Recommended kinetic parameters for preservation process design

Survivor	curve Rate	constant k	or	k 1/min
Deviation n
Temperature	intensity Activation	Energy	Constant EA kJ/mole
Pressure	intensity Activation	Volume	Constant V m3/mole
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of survivors. In general, differences in the magnitude of kinetic 
parameters suggest that microbial populations are protected from 
the impact of the preservation agent (temperature, pressure, etc.), 
and the rates of reduction in microbial population are reduced 
when the microbial population is incorporated into a food product, 
as compared to a pure culture. The rate constants for microbial sur-
vivor curves indicate that rates are higher when the microbial pop-
ulation is suspended in a buffer solution. In addition, the results 
suggest that different food components (proteins, carbohydrates, 
fats, ash, etc.) may influence the survivor curve rate constants in a 
different manner. In the future, researchers should consider meas-
uring kinetic parameters for survivors of microbial populations in 
substrates with different levels of typical food components. One 
objective of these investigations places emphasis on evaluating 
the influence of each product component on the kinetic parameters 
in a quantitative manner. This approach creates opportunities for 
predicting kinetic parameters based on product composition and 
eliminates the need for measuring the parameters for each new and 
different product.

Future investigations must include evaluating survivor curve 
kinetics for different preservation technologies. Although the 
current literature includes considerable amounts of kinetic data 
for ultra-high pressure (UHP) processes, more specific attention  
should be given to the combined influence of pressure and  
temperature, as well as the influence of product composition. In 
addition, there are modest amounts of kinetic data for the pulsed 
electric field (PEF) technology. Additional kinetic data are needed, 
and future measurements should include the influence of product 
composition. As other preservation technologies evolve and are 
considered for application to foods, the approach to measurement 
and assembly of kinetic data should be similar to the approach pre-
sented and described for thermal, UHP, and PEF technologies.

An additional potential impact on kinetic data for survivors of 
microbial populations is the influence of two or more microbial 
populations within the food product. Although the preservation 
process will always be based on the population of the most resist-
ant pathogen or spoilage microorganism, some evidence suggests 
that multiple populations of microorganisms within a given prod-
uct could influence the survival kinetics of the target microbial 
population. It may be difficult to predict the influence of multiple 
populations, but this factor should be considered when measuring 
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kinetic data, and the potential impacts can be recognized during 
process design.

Kinetic data for food product quality attributes will become 
more important in the future. As indicated in Chapter 4, kinetic 
parameters for several key quality attributes have been measured 
and assembled. In general, considerably less kinetic data is avail-
able to describe the influence of the process on quality attributes 
than for microbial populations. Although the information is 
adequate for general comparisons of different attributes in the 
same product, the quantitative reliability of parameters could be 
improved. In many situations, the influence of product composition 
on the magnitude of kinetic parameters may not be as evident as 
with kinetic parameters for microbial survivors. The relationships 
between the magnitudes of kinetic parameters and product com-
position are obvious for many products. The most significant chal-
lenge is that most food products have multiple quality attributes, 
and the most sensitive attribute to the preservation process may be 
not evident. In addition, relationships among quality attributes in 
any given product may impact the retention of one or more of the 
attributes.

As suggested in Chapter 6, the development of process design 
models to account for the impact of multiple technologies on the 
survival of the microbial population deserves special attention. 
Combination processes, such as the simultaneous use of UHP 
and temperature, may receive more attention in the future, and the 
appropriate process design models need to be developed. More 
specifically, the appropriate kinetic parameters need to be measured 
and assembled. These models may require additional parameters, 
and investigations involving measurements should evaluate the 
use of multiple-parameter models. After these models and param-
eters have been identified, the assembly of the kinetic parameters 
ensures the most complete preservation process design possible.

Ultimately, the kinetic parameters for microbial survivors and 
for quality attributes need to be assembled into a database that is 
accessible to everyone involved in preservation process design. The 
organization of the database for these parameters needs to be user-
friendly with a format that encourages process optimization. The 
easy access to kinetic parameters will continue to be a key compo-
nent to food safety, as well as optimizing processes for enhanced 
product quality attributes.



Designing	Processes	in	the	Future	 271

9.2  Transport models

Although there have been significant developments in transport 
models for foods over the past 50 years, there is a continuing need 
for improvements in models and food property data. Future devel-
opments are needed in three areas: (1) predicting physical proper-
ties of foods, (2) improving current transport models for foods, and 
(3) developing appropriate transport models for foods when new 
and emerging preservation technologies are identified. The success 
of current process design models, as well as future process models, 
depends on these developments.

9.2.1  Physical properties of foods

Important developments about the physical properties of foods include 
the significant efforts in measuring properties, as well as the predic-
tion of properties based on composition (Rahman, 1995; Rao, Rizvi &  
Datta, 2005; Sahin & Sumnu, 2006). The efforts of Choi and Okos 
(1986) illustrate the opportunities for predicting physical properties of 
foods and specifically the changes in these properties as a function of 
moisture content and temperature. The importance of these relation-
ships must be emphasized due to the changes occurring during typi-
cal preservation processes. There is still room for improvement in the 
prediction of properties based on composition, with specific attention 
to contributions of various compositional components, and the impact 
product component phase changes during a process.

Physical properties prediction models need to be developed in 
areas where the influence of factors are unique to a new or alterna-
tive preservation technology. The most obvious current example is 
the application of UHP as a preservation process. Model coefficients 
are immediately needed to account for the influence of pressure on 
properties of basic food components. Similar needs will emerge for 
other preservation technologies. For example, the placement of a 
food in an electric field may influence the magnitude of the basic 
physical properties of the product. In many situations, new tech-
nologies will introduce new and unique physical properties to be 
incorporated into the process design. In most cases, these unique 
properties may change in magnitude as a function of temperature, as  
well as other parameters associated with the technology. Future 
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efforts should be dedicated to the coefficients needed to encourage 
the prediction of physical properties as a function of product compo-
sition, as influenced by the preservation process parameters.

9.2.2  New transport models

The most evolved transport models for foods are those that pre-
dict temperature distribution histories within a food during the 
preservation process. These models are reliable for situations 
where heating (or cooling) of the product is by pure conduction, 
or during heating (or cooling) of a liquid food in a well-defined 
heat exchanger. More sophisticated convection models are needed 
for heating (and cooling) of foods within a container, as well as a 
range of variations when the liquid product contains solid pieces. 
Similar challenges exist for predicting temperature distribution 
histories within solid pieces in a liquid carrier during transporta-
tion through a thermal processing system.

There are significant needs for the development of appropriate 
transport models to predict the intensity of alternative technology 
agents, such as UHP or PEF. Although the distribution of elevated 
pressure within a food product structure is expected to be uniform 
and rapid, the ability to predict and confirm these distributions is 
critical to the process design. There are potential impacts of variabil-
ity in the response of food product components to pressure changes 
on pressure distributions within the product structure. These impacts 
make predictions of pressure distributions and corresponding tem-
perature distributions very challenging, but they have significant 
impact on process design. Similar challenges exist when evaluating 
electric field strength distribution history within the product struc-
ture during a PEF process. The models for predicting these distribu-
tions for a liquid flowing through a PEF system may not be overly 
complex, but models for a PEF process applied to a solid food struc-
ture require careful analysis. Consideration must be given to models 
required to predict distribution histories of any agent associated with 
a new or different preservation technology.

9.3  Process models

The preservation process models of the future will be more ana-
lytical and precise. The basis for these models will be the same as 
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current models: the integration of kinetic models with transport 
models.

As illustrated in Figure 9.1, the integration of the appropriate 
kinetic parameters with the appropriate transport model provides 
the basis for the process design needed to ensure the desired prod-
uct quality. Within the generalized model, product quality may be 
interpreted in different ways. Most often, the target is microbio-
logical safety of the product being manufactured according to the 
process design. Future models will accommodate inputs for mul-
tiple kinetic parameters for different microbiological populations, 
as well as several key product quality attributes. The inputs will be 
integrated with the most appropriate transport models for the pres-
ervation technology. The process design model will provide multi-
ple outcomes to correspond with key microbiological populations 
and quality attributes, and the capability to optimize the retention 
of quality attributes, while ensuring the safety or a target spoilage 
probability for the food product.

9.4   Opportunities for evolving 
process technologies

The IFT/FDA Task Force report (2001) evaluated the potential for 
each of the following preservation technologies for food:

l Microwave and Radio Frequency
l Ohmic and Inductive Heating
l High Pressure Processing
l Pulsed Electric Field

Kinetic
Models

Transport
Phenomena

Process
Design

Product Quality

Figure 9.1 The	preservation	process	model.
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l High Voltage Arc Discharge
l Pulsed Light
l Oscillating Magnetic Fields
l Ultraviolet Light
l Ultrasound
l X-Rays

As indicated by the illustrations and examples presented in the 
previous chapters, there has been sufficient development for the 
first four to be given consideration for applications as food pres-
ervation processes. This conclusion is supported by the analysis 
provided by Sun (2005), where major attention was given to UHP, 
PEF, and alternative thermal processes. Although there have been 
modest developments for the other six technologies, these develop-
ments have not demonstrated sufficient potential to create incen-
tive for the measurement of appropriate kinetic parameters and the 
transport models needed for process design.

The opportunities for new process technologies to succeed 
depend on numerous factors. In general, two pathways to commer-
cial operations exist: (1) replacing an existing preservation technol-
ogy or (2) applying a new technology to create a new or different 
food product. Both pathways contain many challenges, but the suc-
cess of an evolving technology will require the following:

l The evolving preservation technology demonstrates that it meets 
all of the expectations provided by a currently used or available 
technology.

l The new or evolving preservation technology provides a signifi-
cant improvement in efficiency, as expressed in increased capac-
ity or reduced energy requirements.

l A significant improvement in key product quality attributes is 
accomplished through the use of the new or evolving preserva-
tion technology.

A successful, new process technology will meet all requirements 
of the current technology and provide, at minimum, an improve-
ment in process efficiency or product quality. Most likely, the suc-
cessful evolving technologies will meet or exceed all three of the 
preceding requirements.

The kinetic models, the transport models, and the process models 
presented and demonstrated throughout this book are key components 
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of an effort to evaluate the potential of an evolving process technol-
ogy. The process models provide mechanisms for assessing potential 
quality improvements to be achieved while meeting the expectations 
for product safety or spoilage probability. By varying the inputs to the 
models, the influence of capacity on effectiveness and quality optimi-
zation can be evaluated. These same inputs can be evaluated for the 
current technology, and the processes can be compared as a step in 
reaching a decision on a change in process. These process models are 
key tools in the evaluation of new technologies and should become a 
first step in any plan to consider a new technology.

The transport models are key inputs to the process models. 
Although significant basic information about foods and food com-
ponents is available, unique characteristics of the process technol-
ogy may require the measurement of new and different physical 
properties. These measurements should be accomplished in a basic 
and fundamental manner, and attempt to relate the magnitude of 
new physical properties to product composition, and the properties 
of key individual components of the product. These approaches 
provide the opportunity to accommodate changes in the composi-
tion of the product during the process and to evaluate the process 
for products with different compositions.

The kinetic models are the second key, but equally important, 
input to the process models. Although significant amount of kinetic 
data have been assembled to describe the impact of thermal process 
technologies on food components, including microbial populations, 
the amounts of data available for most other process technolo-
gies are limited. The evaluation of a new process technology may 
require measuring kinetic parameters and considering alternative 
kinetic models. These measurements should include the response 
of the target microbial populations and the key product quality 
attributes for the product being considered to the process technol-
ogy. Whenever possible, measurements should consider product 
composition and evaluate the relationships of kinetic parameters to 
product composition. These kinetic parameters, and the appropri-
ate models, will then provide potential opportunities for evaluating 
other products with different compositions. These kinetic param-
eters, for both survival of microbial populations and retention of 
key product quality attributes, are the primary inputs to the process 
models to be used to evaluate new process technologies.

The process models presented and described should be the first 
key step in the evaluation of a new process technology. Initially, 
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the process model may be used with estimated values for kinetic 
parameters and transport properties to evaluate feasibility of a new 
technology. If the results are encouraging, experimental inves-
tigations to create improved inputs to the process model may be 
justified. When outcomes from the process model are sufficiently 
encouraging in terms of efficiency improvements and quality 
enhancement, modest scale-up of the new process technology will 
be warranted. The process model provides key information on 
pilot-scale investigations needed to confirm the previous predic-
tions from the process model. Finally, the process model becomes 
a key tool in the scale-up of the new process technology to com-
mercial operations, as well as an important tool in the continuous 
monitoring of a process technology and in the evaluation of unan-
ticipated outcomes during commercial operation.
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Table A.3.1 Kinetic parameters for salmonella spp. survivor curves

Preservation
technology

Microbial
population

Time parameters
Treatment
intensityD k n

Thermal Salmonella 0.018–0.56 min 4.113–127.9/min 65.6�C
Salmonella 0.645 min 3.569/min 60�C
Salmonella 1.77 min 1.301/min 60�C
Salmonella 0.87 min 2.647/min 60�C

Thermal S. Senftenberg 276–480 min 0.005–0.008/min 70–71�C
S. Senftenberg 0.56–1.11 min 2.075–4.113/min 65.5�C
S. Senftenberg 4.42–5.63 min 0.409–0.521/min 60�C

S. Senftenberg 3.828–8.5 min 0.271–0.602/min 60�C

S. Senftenberg 15.51 min 0.149/min 60�C

S. Senftenberg 5.07 min 0.454/min 60�C
Pressure S. Senftenberg 6 min 0.384/min 345 MPa
Thermal S. Typhimurium 4.7–18.3 min 0.126–0.49/min 55�C

S. Typhimurium 396–1050 min 0.002–0.006/min 70–71�C
S. Typhimurium 6.94 min 0.144/min 0.667 60�C
S. Typhimurium 0.297 min 3.363/min 0.502 76�C
S. Typhimurium 10 min 0.1/min 1.2 60�C
S. Typhimurium 0.217 min 4.6/min 0.35 76�C
S. Typhimurium 0.261 min 8.8/min 60�C

S. Typhimurium 0.217 min 10.6/min 60�C

S. Typhimurium 0.41–0.57 min 4.04–5.617/min 61�C

Pressure S. Typhimurium 3 min 0.768/min 350 MPa
S. Typhimurium 1.48 min 1.556/min 414 MPa
S. Typhimurium 16.4 min 0.14/min 200 MPa

S. Typhimurium 13.2 min 0.175/min 200 MPa

PEF S. Typhimurium 4 microsec 0.5758/microsec 83 kV/cm
PEF S. enteritidis 0.0303–0.0546/

microsec
30 kV/cm

Thermal S. Eastbourne 270 min 0.0085/min 71�C
PEF S. Dublin 4–42.4 microsec 0.054–0.52/microsec 15.40 kV/cm

S. Dublin 360 microsec 0.0064/microsec 36.7 kV/cm
Thermal Enter. Sakazakii 3.97–4.63 min 0.497–0.58/min 60�C

Pressure Enter. Sakazakii 0.133 min 3.278/min 0.322 350 MPa

0.190 min 2.281/min 0.446 350 MPa
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Intensity coeffi cient
Related
information

Measurement
substrate

Other
information Referencesz (T, P, ) EA or ΔV

4.4–5.6�C 392–499 kJ/mole Milk serovars ICMSF (1996)
aw � 0.996 Ground turkey 8 strains Carlson et al. (2005)
aw � 0.95 Ground turkey 8 strains Carlson et al. (2005)

8.8�C 241.3 kJ/mole White grape 
juice concentrate

Enache et al. (2006)

18.9�C 120 kJ/moles Milk chocolate ICMSF (1996)
4.4–5.6�C 392–499 kJ/mole various foods ICMSF (1996)
4.51–
9.83�C

216–470.8 kJ/mole Meat products 6 to 8 Strains O’Bryan et al. (2006)

5.34–
7.61�C

279–397.6 kJ/mole Poultry 
products

6 to 8 Strains O’Bryan et al. (2006)

6.0�C 353.9 kJ/mole High fat 
content

Beef patties 6 to 8 Strains Osaili et al. (2006)

5.89�C 360.5 kJ/mole Ground pork 6 to 8 Strains Murphy et al. (2004)
T � 230�C Buffer Metrick et al. (1989)

4.5–4.6�C 448–45 kJ/mole TBS � 10–42% 
MS

ICMSF (1996)

17.7�C 128 kJ/mole Milk chocolate ICMSF (1996)
66% sugar Mattick et al. (2001)
66% sugar Mattick et al. (2001)
48% sugar Mattick et al. (2001)
48% sugar Mattick et al. (2001)

7.357�C 288.6 kJ/mole Ground beef Multidrug 
Resistant

Stopforth et al. (2008)

6.993�C 303.6 kJ/mole Ground beef Non-multidrug-
Resistant

Stopforth et al. (2008)

4.13–
5.07�C

421.3–517.2 kJ/mole Ground beef O’Bryan et al. (2006)

Milk Paterson et al. (1995)
T � 25�C Meat Ananth et al. (1998)

135 MPa 42.27 cm3/mole T � 25�C Tryptic soy 
broth

Slow 
Decompression

Noma et al. (2002)

127 MPa 44.93 cm3/mole T � 25�C Tryptic soy 
broth

Rapid 
Decompression

Noma et al. (2002)

NaCl Gupta & Murray (1989)
30–46.85 kJ/mole T � 20�C Liquid egg whites Amiali et al. (2008)

Milk chocolate ICMSF (1996)
Skim milk 15–40�C Sensoy et al. (1997)
Milk 63�C Dunn & Perlman (1987)

5.6�C 379.2 kJ/mole Infant formula Strain 607 Edelson-Mammel & 
Buchanan (2004)

T � 30�C Buffered 
peptone water

Pina Perez et al. (2007)

161 MPa 36.04 cm3/mole T � 30�C Infant formula Pina Perez et al. (2007)
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Table A.3.2 Kinetic parameters for E.coli spp. survivor curves

Preservation
technology

Microbial
population

Time parameters
Treatment
intensityD k n

Thermal E. coli ATCC 1.3–5.1 min 0.45–1.77/min 57.2�C
E. coli 0.58–0.92 min 2.5–3.97/min 60�C

E. coli 0.45–0.67 min 3.44–5.12/min 60�C

Pressure E. coli 1 min 2.303/min 400 MPa
E. coli 2.5 min 0.92/min 400 MPa
E. coli 3 min 0.768/min 450 MPa

Pressure E. coli ATCC 9.22 min 0.25/min 250 MPa
E. coli ATCC 5.65 min 0.41/min 250 MPa

PEF E. coli 34.4–44.8 microsec 0.051–0.067/microsec 20–45 kV/cm
E. coli 333 microsec 0.0069/microsec 0.6 22 kV/cm
E. coli 64–96 microsec 0.024–0.036/microsec 40 kV/cm
E. coli 27.4–49.6 microsec 0.046–0.084/microsec 0.6 50 kV/cm
E. coli 270 microsec 0.00853/microsec 20 kV/cm

PEF E. coli ATCC 166.5 microsec 0.0138/microsec 25 kV/cm
E. coli ATCC 31.8 microsec 0.0724/microsec 0.6 25 kV/cm
E. coli ATCC 41.9 microsec 0.055/microsec 40 kV/cm
E. coli ATCC 4.0 microsec 0.576/microsec 0.6 40 kV/cm

Thermal E. coli O111:B4 5.5–6.6 min 0.35–0.42/min 55�C
Thermal E. coli O157:H7 4.1–6.4 min 0.36–0.56/min 57.2�C

E. coli O157:H7 1.2–2.05 min 1.12–1.92/min 58�C

E. coli O157:H7 0.45–0.47 min 4.9–5.21/min 60�C

E. coli O157:H7 1.65–1.72 min 1.34–1.4/min 60�C

E. coli O157:H7 0.9 min 2.56/min 60�C

E. coli O157:H7 2.7 min 0.85/min 60�C

E. coli O157:H7 1.63 min 1.41/min 60�C
E. coli O157:H7 3.22 min 0.72/min 60�C
E. coli O157:H7 3.02 min 0.76/min 60�C

E. coli O157:H7 2.5 min 0.92/min 60�C

E. coli O157:H7 2.41–2.7 min 0.85–0.96/min 60�C

E. coli O157:H7 0.41–2.077 min 1.11–5.62/min 50�C

Pressure E. coli O157:H7 3 min 0.768/min 400 MPa
E. coli O157:H7 0.7 min 3.29/min 345 MPa

PEF E. coli O157:H7 0.0236–
0.245 microsec

30 kV/cm
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Intensity coeffi cient
Related
information Substrates

Other
information Referencesz (T, P, ) EA or ΔV

Dairy products ICMSF (1996)
7.3–8.1�C 257.8–286 

kJ/mole
Cow’s milk Sela et al. (2003)

7.5–10.5�C 202.1–283.1 
kJ/mole

Camel milk Sela et al. (2003)

T � 50�C Milk Gervilla et al. (1997)
Meat Patterson & Kilpatrick (1998)
Buffer Patterson et al. (1995)

126 MPa 45.3 cm3/mole T � 25�C Apple juice BHIA; Pulse Ramaswamy et al. (2003)
140 MPa 40.75 cm3/mole T � 25�C Apple juice VRBA; Pulse Ramaswamy et al. (2003)

T � 15�C Skim milk Martin-Belloso et al. (1997)
Milk Grahl et al. (1992)

T � 15�C Skim milk Zhang et al. (1994)
T � 30�C Skim milk Qin et al. (1995)

41 kV.cm T � 20�C Phosphate buffer Hulsherger et al. (1980)
T � 15–40�C 20% Carrot juice Rodrigo et al. (2003)
T � 15–40�C 20% Carrot juice Rodrigo et al. (2003)
T � 15–40�C 20% Carrot juice Rodrigo et al. (2003)
T � 15–40�C 20% Carrot juice Rodrigo et al. (2003)

Skim/whole milk ICMSF (1996)
Ground beef Line et al. (1991)

3.6–3.79�C 553.5–582.7 
kJ/mole

4.8–19.1% Fat Ground beef Smith et al. (2001)

4.35–4.78�C 444.2–488.1 
kJ/mole

7–20% Fat Beef Ahmed et al. (1995)

7.6�C 279.4 kJ/mole 7% Fat; 0–4.5% 
Nal

Ground beef Hunag & Jubeja (2003)

4.59–4.47�C 462.6–475 
kJ/mole

3–11% Fat Ground turkey Kotrola & Conner (1997)

6.01�C 353.3 kJ/mole 11% Fat; 4% 
NaCl

Ground turkey Kotrola & Conner (1997)

6.79�C 312.7 kJ/mole Ground chicken Juneja et al. (1997)
4.94�C 429.8 kJ/mole Ground pork Murphy et al. (2004)
5.4�C 393.2 kJ/mole Breaded pork 

patties
Osaili et al. (2007)

5.2�C 408.3 kJ/mole Chick-fried beef 
patties

Osaili et al. (2007)

9.2–9.9�C 214.5–230.8 
kJ/mole

Stationary/
osmotic

White grape juice 
conc.

Enache et al. (2006)

6–26.5�C 801–353.9 
kJ/mole

pH, MA, SO, 
BE

Apple cider Steenstrup & Floros (2002)

T � 50�C Milk Patterson & Kilpatrick (1998)
T � 50�C

10.33–24.91 
kJ/mole

T � 20�C Liquid egg 
whites

Amiale et al. (2006)
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Table A.3.3 Kinetic parameters for Listeria spp. survivor curves

Preservation
technology

Microbial
population

Time parameters
Treatment
intensityD k n

Thermal L. monocytogenes 0.22–0.58 min 3.97–10.47/min 63.3�C
L. monocytogenes 1.6–16.7 min 0.14–1.44/min 60�C
L. monocytogenes 3.8 min 0.61/min 60�C
L. monocytogenes 6.27–8.32 min 0.28–0.37/min 60�C
L. monocytogenes 4.18 min 0.55/min 60�C
L. monocytogenes 4.67 min 0.49/min 60�C
L. monocytogenes 14.34 min 0.16/min 60�C
L. monocytogenes 3.12 min 0.74/min 60�C
L. monocytogenes 0.15–0.31 min 7.43–15.34/min 60�C

L. monocytogenes 5.61 min 0.41/min 60�C
L. monocytogenes 20.61 min 0.11/min 60�C
L. monocytogenes 22.98 min 0.1/min 60�C
L. monocytogenes 1.46–1.91 min 1.21–1.58/min 60�C
L. monocytogenes 2.04 min 1.13/min 60�C
L. monocytogenes 16.7 min 0.14/min 60�C
L. monocytogenes 8.49 min 0.27/min 60�C

Pressure L. monocytogenes 3 min 0.768/min 375 MPa
L. monocytogenes 2.17 min 1.061/min 414 MPa
L. monocytogenes 1.89–4.17 min 0.552–1.219/min 414 MPa
L. monocytogenes 0.37–0.63 min 3.656–6.224/min 414 MPa

PEF L. monocytogenes 150–200 microsec 0.012–0.015/
microsec

30 kV/cm

L. monocytogenes 540 microsec 0.0043/microsec 20 kV/cm
Thermal L. innocus 7.36 min 0.31/min 60�C

L. innocus 25.13 min 0.09/min 60�C
L. innocus 20.84 min 0.11/min 60�C
L. innocus 3.25 min 0.71/min 60�C

Pressure L. innocus 3 min 0.768/min 450 MPa
PEF L. innocus 76.9 microsec 0.03/microsec 50 kV/cm

L. innocus 26.7 microsec 0.086/microsec 50 kV/cm
L. innocus 18.8 microsec 0.1225/microsec 50 kV/cm

Thermal S. aureus 2.5 min 0.921/min 60�C
S. aureus 0.9 min 2.56 min 60�C
S. aureus 3.0 min 0.768/min 60�C
S. aureus 40.0 min 0.0576/min 60�C

Pressure S. aureus 2.5 min 0.921/min 500 MPa
S. aureus 3.0 min 0.768/min 700 MPa
S. aureus 3.0 min 0.768/min 500 MPa

PEF S. aureus 360 microsec 0.0064/microsec 20 kV/cm
S. aureus 4000–6000 microsec 0.00038–

0.000576/
microsec

16 kV/cm
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Intensity coeffi cient

Substrates
Other
information Referencez (T, P, ) EA or ΔV

5.5�C 386 kJ/mole Milk ICMSF (1996)
Meat products ICMSF (1996)

7.2�C 294.9 kJ/mole Beef Mackey et al. (1995)
5.98�C 355.1 kJ/mole Beef �7% Fat Gaze et al. (1989)
6.1�C 348.1 kJ/mole Ground beef 25% fat Juneja (2003)

Beef Juneja (2003)
Beef 4.8% Nal Juneja (2003)

4.92�C 431.6 kJ/mole Ground meat Farber (1989)
4.2–4.9�C 433.3–505.6 kJ/

mole
Minced beef Bolton et al. (2000)

5.92�C 358.7 kJ/mole Ground pork Murphy et al. (2004)
5.9�C 359.9 kJ/mole Breaded pork patties Osaili et al. (2007)
6.1�C 348.1 kJ/mole Chick-fried beef patties Osaili et al. (2006)

White grape juice conc. Enache et al. (2006)
5.08�C 418 kJ/mole Poultry meat Murphy et al. (2004)
5.29�C 401.4 kJ/mole Turkey breast Murphy et al. (2003)
5.71�C 371.9 kJ/mole Chicken breast Murphy et al. (2003)

Milk Patterson et al. (1995)
Meat T � 25�C Ananth et al. (1998)
Ground pork T � 25�C Murano et al. (1999)
Ground pork T � 50�C Murano et al. (1999)
Milk T � 10–50�C Reina et al. (1998)

Buffer Hulsherger et al. (1983)
5.66�C 375.1 kJ/mole Chicken breast Murphy et al. (2003)
4.9�C 433.3 kJ/mole Turkey breast Murphy et al. (2003)
4.86�C 436.9 kJ/mole Chicken pattie Murphy et al. (2002)
8.67�C 244.9 kJ/mole Beef pattie Murphy et al. (2002)

Eggs T � 20�C Ponce et al. (1998)
Skim milk T � 15–28�C Fernandez et al. (1999)
Skim milk T � 22–34�C Calderon-Miranda (1998b)
Liquis whole egg T � 26–36�C Calderon-Miranda (1998a)
Phosphate buffer pH � 6.5 ICMSF (1996)

9.5�C 224 kJ/mole Milk ICMSF (1996)
Pasta aw � 0.92 ICMSF (1996)
Pasta aw � 0.8 ICMSF (1996)
Milk T � 50�C Patterson & Kilpatrick (1998)
Buffer Patterson et al. (1995)
Meat T � 50�C Patterson & Kilpatrick (1998)

2.6 kV/cm Phosphate buffer Hulsherger et al. (1983)
SMUF T � 37�C Hulsherger et al. (1983)
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Table A.3.4 Kinetic parameters for clostridium spp. survivor curves

Preservation
technology

Microbial
population

Time parameters
Treatment
intensityD k n

Thermal Cl. botulinum 62A 0.61–2.48 min 0.929–3.775/min 110�C
Cl. botulinum 62A 0.88–1.9 min 1.212–2.617/min 110�C
Cl. botulinum 62A 1.79 min 1.287/min 110�C
Cl. botulinum B 0.49–12.42 min 0.186–4.7 min 110�C
Cl. botulinum B 1.19–2 min 1.152–1.935/min 110�C
Cl. botulinum E 6.8–13 min 0.1770–0.339/min 75�C
Cl. botulinum E 72–100 min 0.023–0.32/min 70�C

Pressure Cl. botulinum 62A 10.59 min 0.218/min 689 MPa
Cl. botulinum E 8.77 min 0.263/min 758 MPa
Cl. botulinum E 3.88  in 0.681/min 758 MPa
Cl. botulinum E 1.76 min 1.309/min 827 MPa

Thermal Cl. perfringens 3.15 min 0.731/min 104.1�C
Cl. perfringens 6.6 min 0.349/min 104.1�C

Thermal Cl. sporogenes 12.73 min 0.08/min 0.99 105�C
Cl. sporogenes 0.6 min 2.09/min 0.83 121�C

Pressure Cl. sporogenes 6.756 min 0.341/min 700 MPa
Cl. sporogenes 3.186 min 0.723/min 700 MPa
Cl. sporogenes 0.901 min 2.556/min 700 MPa
Cl. sporogenes 0.19 min 4.69/min 0.26 700 MPa
Cl. sporogenes 0.1 min 8.16/min 0.48 700 MPa

Thermal B. subtilis 32.8 min 0.0702/min 88�C
PEF B. subtilis 17.5–26.3 microsec 8.76–13.16/microsec 50 kV/cm

B. subtilis 11.3 microsec 20.38/microsec 33 kV/cm
Thermal B. cereas 1.5–36.2 min 0.064–1.535/min 95�C
PEF B. cereas 50–60 microsec 3.84–4.61/microsec 50 kV/cm
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Intensity coeffi cient

Substrates
Other
information Referencez (T, P, ) EA or ΔV

11.6�C 242.1 kJ/mole Vegetable products ICMSF (1996)
7.6–10�C 280.9–369.6 kJ/mole Phosphate buffer ICMSF (1996)
8.5�C 330.5 kJ/mole Distilled water ICMSF (1996)
7.4�C 380 kJ/mole Vegetable products ICMSF (1996)
7.7–11.3�C 248.6–364.8 kJ/mole Phosphate buffer ICMSF (1996)
9.78�C 237.1 kJ/mole Seafood ICMSF (1996)
6.8–7.5�C 300.4–331.3 kJ/mole Oyster homogenate ICMSF (1996)
1524 MPa 4.4 cm3/mole Buffer T � 75�C Reddy et al. (1999)

Buffer T � 35�C Reddy et al. (1999)
Crab meat T � 35�C Reddy et al. (1999)
Crab meat T � 35�C Reddy et al. (1999)
Phosphate buffer pH � 7.0 ICMSF (1996)
Beef gravy pH � 7.0 ICMSF (1996)
Water Ahn et al. (2007)
Water Ahn et al. (2007)

725 MPa 9.7 cm3/mole T � 93�C Rovere et al. (1996)
962 MPa 7.42 cm3/mole T � 100�C Rovere et al. (1996)
752 MPa 9.7 cm3/mole T � 108�C Rovere et al. (1996)

Water T � 105�C Ahn et al. (2007)
Water T � 121�C Ahn et al. (2007)

8.74�C 285.5 kJ/mole 0.1% NaCl Cho et al. (1999)
0.15% NaCl T � 25�C Marquez et al. (1997)
Pea soup T � 5.5�C Vega-Mercado et al. (1996)

6.7–10.1�C 256.7–387 kJ/mole Various ICMSF (1996)
0.15% NaCl T � 25�C Marquez et al. (1997)
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Table A.4.2 Kinetic parameters for retention of heat-sensitive vitamins in foods 

Preservation
technology

Quality
attribute

Time parameters
Treatment
intensity

Intensity coeffi cient

k EA (kJ/mole)

Thermal Ascorbic Acid 0.0967/min 150�C 117.57
Pressure Ascorbic Acid 0.010289/min 850 Mpa  84.10
Thermal Ascorbic Acid 0.002642/min 96�C  20.84

Ascorbic Acid 0.01068/min 96�C  47.28
Thermal Ascorbic Acid 0.00900/min 132.2�C 164.43
Thermal Ascorbic Acid 0.0487/min 150�C 105.44

Ascorbic Acid 0.0864/min 150�C 115.06
Pressure Ascorbic Acid 0.005744/min 850 Mpa  74.56
Thermal 5-Methyl 0.06831/min 90�C  80.00
Pressure 5-Methyl 0.02508/min 100 Mpa  79.00

5-Methyl 0.15037/min 800 Mpa  24.22
Thermal Folic Acid 0.0137/min 140�C  80.29

Folic Acid 0.01205/min 140�C  83.26
Folic Acid 0.00345/min 140�C  74.48
Folic Acid 0.0013/min 140�C  51.67
5-Methyl 0.249/min 70�C  33.05
5-Methyl 1.065/min 130�C  39.50
5-Methyl 3.18/min 150�C  76.57

Thermal Thiamine 0.1669/min 149�C 118.41
Thiamine 0.1744/min 149�C 119.66
Thiamine 0.0351/min 132�C  85.77
Thiamine 0.1659/min 149�C 117.57
Thiamine 0.0435/min 138�C  97.07
Thiamine 0.03897/min 138�C 113.39
Thiamine 0.228/min 149�C 117.99
Thiamine 0.2171/min 149�C 116.73
Thiamine 0.2326/min 149�C 119.24
Thiamine 0.03673/min 138�C 115.06
Thiamine 0.1935/min 149�C 115.90
Thiamine 0.1693/min 149�C 114.64
Thiamine 0.084/min 138�C 114.64
Thiamine 0.002511/min 98�C 113.39

Thermal Ribofl avin 0.0266/min 133�C  86.60
Ribofl avin 0.01145/min 138�C  57.74

Thermal Vitamin B6 0.4895/min 200�C 125.52
Vitamin B6 0.0083/min 133�C 119.66
Vitamin B6 0.0187/min 133�C  99.58
Vitamin B6 0.0266/min 133�C  86.60
Vitamin B6 0.01145/min 137.7�C 113.80

Thermal Vitamin B12 0.01828/min 100�C
Thermal Vitamin A 0.09738/min 126.7�C 112.55

Vitamin A 0.0011/min 80�C  49.79
Vitamin A 0.00135/min 80�C  85.77
Vitamin A 0.00116/min 80�C  43.93
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Related information Substrates Other information References

Orange juice 120–150�C Van den Broeck et al. (1998)
80�C Orange juice  65–80�C Van den Broeck et al. (1998)
11.2 Bx Grapefruit juice  61–96�C Saguy et al. (1978b)
62.5 Bx Grapefruit juice  68–96�C Saguy et al. (1978b)

Canned peas 110–132.2�C Lathrop & Leung (1980)
Tomato juice 120–150�C Van den Broeck et al. (1998)
Tomato juice 120–150�C Van den Broeck et al. (1998)

80�C Tomato juice  65–80�C Van den Broeck et al. (1998)
pH � 7.0 Phospate buffer  65–90�C Nguyen et al. (2003)
65�C Phospate buffer  50–65�C Nguyen et al. (2003)
60�C Phospate buffer 400–800 Mpa Nguyen et al. (2003)
pH � 3.4 Apple juice 100–140�C Mnkemi & Beveridge (1982)
pH � 4.3 Tomato juice 100–140�C Mnkemi & Beveridge (1982)
pH � 5.0 Citrate buffer 100–140�C Mnkemi & Beveridge (1982)
pH � 7.0 Phospate buffer 120–160�C Nguyen et al. (2003)
pH � 3.4 Apple juice  50–70�C Mnkemi & Beveridge (1982)
pH � 4.3 Tomato juice 100–130�C Mnkemi & Beveridge (1982)
pH � 7.0 Phospate buffer 110–150�C Viberg et al. (1997)

Carrots 109–149�C Feliciotti & Esselen (1957)
Green beans 109–149�C Feliciotti & Esselen (1957)
Peas 104–132�C Bendix et al. (1951)
Peas 109–149�C Feliciotti & Esselen (1957)
Peas 115–138�C Lenz & Lund (1977)
Peas 121–138�C Mulley et al. (1975)
Spinach 109–149�C Feliciotti & Esselen (1957)
Beef heart 109–149�C Feliciotti & Esselen (1957)
Beef liver 109–149�C Feliciotti & Esselen (1957)
Beef 121–138�C Mulley et al. (1975)
Lamb 109–149�C Feliciotti & Esselen (1957)
Pork 109–149�C Feliciotti & Esselen (1957)
Pork 115–138�C Lenz & Lund (1977)
Meat loaf  70–98�C Skjoldebrand et al. (1983)
Casein liquid 105–133�C Gregory & Hiner (1983)
Caulifl ower 106–138�C Navankasattusus & Lund (1982)

Pyridoxine Breakfast cereal 155–200�C Evans et al. (1981)
Pyridoxine Casein liquid 105–133�C Gregory & Hines (1983)
Pyridoximine Casein liquid 105–133�C Gregory & Hines (1983)
Pyridoxal Casein liquid 105–133�C Gregory & Hines (1983)
Total B6 Caulifl ower 105.9–137.7�C Navankasattusas & Lind (1982)

Milk Watanabe et al. (1998)
Beef liver 102.9–126.7�C Wilkinson et al. (1982)
Squash 60–80�C Stefanovich & Karel (1982)
Yellow corn 60–80�C Stefanovich & Karel (1982)
Sweet potato 60–80�C Stefanovich & Karel (1982)
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Table A.4.3 Kinetic parameters for retention of heat-sensitive vitamins in foods

Preservation
technology

Quality
attribute

Time parameters
Treatment
intensity

Intensity coeffi cient

k EA (kJ/mole)

Thermal Chlorophyll 0.01575/min 80�C  58.15
Chlorophyll 0.0943/min 120�C  69.03

Pressure Chlorophyll 0.02892/min 100 Mpa  76.27
Chlorophyll 0.10239/min 850 Mpa

Thermal Chlorophyll 0.013/min 98�C  53.97
Chlorophyll 0.12/min 115.6�C  51.46
Chlorophyll 0.07599/min 100�C  38.49
Chlorophyll 0.0032/min 90�C  43.93
Chlorophyll 0.154/min 120�C  84.93
Chlorophyll 0.0184/min 90�C  76.14
Chlorophyll a 0.2666/min 126�C 114.22
Chlorophyll a 0.1195/min 126�C 103.34

Thermal Anthocyanins 0.00056661/min 80�C  68.49
Anthocyanins 0.0009532/min 80�C  75.85
Anthocyanins 0.0016192/min 80�C  80.08
Anthocyanins 0.01925/min 108�C  92.88
Anthocyanins 0.02666/min 108�C 105.01
Anthocyanins 0.01879/min 121�C  54.81
Anthocyanins 0.0018/min 92�C 104.6
Anthocyanins 0.0204/min 108�C  88.70

Thermal Betalains 0.01419/min 116�C  36.40
Betalains 0.113/min 100�C  76.14
Betalains 0.1177/min 100�C  83.26

Thermal Carotenoids 3.47/min 100�C  94.14
Carotenoids 0.024105/min 130�C  88.28
Carotenoids 0.025783/min 150�C  29.28

Thermal Browning 0.017/min 130�C 100.41
Browning 0.01/min 130�C  82.84
Browning 0.02647/min 190�C  89.11

0.04516/min 190�C  97.90
0.02414/min 190�C  93.30
0.01476/min 190�C  93.72

Browning 0.004451/min 95�C  34.26
0.1643/min 96�C 127.19

Browning 0.0245/min 95�C  63.17
0.1481/min 96�C  99.57

Browning 0.0029/min 122.5�C 107.52
Browning 0.0301/min 98�C 102.08
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Related information Substrates Other information References

Broccoli juice 70–90�C Weemaes et al. (1999b)
Broccoli juice 80–120�C Weemaes et al. (1999b)

80�C Broccoli juice 70–80�C Weemaes et al. (1999a)
80�C Broccoli juice 50–850 Mpa Weemaes et al. (1999a)

Asparagus 70–98�C Lao et al. (2000)
Steam blanch Brussel sprouts 87.8–115.6�C Dietrich & Neumann (1965)
Steam blanch Green beans 87.8–100�C Dietrich et al. (1959)
Hunter-L Olives 70–90�C Sanchez et al. (1991)
Total Chlor Peas 100–120�C Steet & Tong (1996b)
Total Chlor Peas 70–90�C Steet & Tong (1996a)

Peas 116–126�C Schwartz & von Elbe (1983)
Peas 116–126�C Schwartz & von Elbe (1983)

15 Br Cherry juice 50–80�C Cemeroglu et al. (1994)
45 Br Cherry juice 50–80�C Cemeroglu et al. (1994)
71 Br Cherry juice 50–80�C Cemeroglu et al. (1994)

Fruit juice 78–108�C Tanchev (1983)
Citrus buffer 78–108�C Tanchev (1983)

pH � 3.4 Grape buffer 76.7–121�C Sastry & Tischer (1952)
Pomegranate juice 70–92�C Mishkon & Saguy (1982)

Bulgarian Ruby Raspberry juice 78–108�C Tanchev (1972)
Beet puree 102–116�C von Elbe et al. (1974)

pH � 4.8 Beet juice 61.5–100�C Saguy (1979)
pH � 6.2 Beet juice 61.5–100�C Saguy (1979)

Blue crab 76.6–100�C Himelbloom et al. (1983)
Lycopene Tomato juice 90–130�C Miki & Akstsu (1070)
Lycopene Tomato puree 90–150�C Shi et al. (2003)
Maillard Apple juice 40–130�C Herrmann (1970)
Nonenzymatic Apple juice 40–130�C Herrmann (1970)
 6% MC Flour dough 150–190�C Herrmann & Nour (1977)
14% MC Flour dough 150–190�C Herrmann & Nour (1977)
22% MC Flour dough 150–190�C Herrmann & Nour (1977)
30% MC Flour dough 150–190�C Herrmann & Nour (1977)
11.2 Br-Lag Grapefruit juice 61–95�C Saguy et al. (1978a)
62.5 Br-Lag Grapefruit juice 68–96�C Saguy et al. (1978a)
11.2 Br-Postlag Grapefruit juice 61–95�C Saguy et al. (1978a)
62.5 Br-Postlag Grapefruit juice 68–96�C Saguy et al. (1978a)
MinoltaL Peaches 110–135�C Avila & Silva (1981)
Macbeth-a Pear 80–98�C Ibarz et al. (1999)
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TABLE A.6.1 fh/U:g relationships when z � 12 F

Values of g when J of cooling curve is

fh /U 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

   0.50  0.024  0.026  0.028  0.030  0.032  0.034  0.036  0.038  0.040
   0.60  0.048  0.054  0.060  0.066  0.072  0.078  0.084  0.090  0.096
   0.70  0.88  0.99  0.110  0.121  0.132  0.143  0.154  0.165  0.174
   0.80  0.153  0.163  0.172  0.182  0.192  0.201  0.211  0.220  0.230
   0.90  0.202  0.218  0.234  0.250  0.266  0.282  0.298  0.314  0.330
   1.00  0.260  0.280  0.300  0.320  0.340  0.360  0.380  0.400  0.420
   1.50  0.498  0.574  0.649  0.724  0.799  0.874  0.950  1.02  1.10
   2.00  0.770  0.890  1.01  1.13  1.25  1.37  1.49  1.61  1.73
   3.00  1.24  1.45  1.66  1.87  2.08  2.29  2.50  2.71  2.92
   4.00  1.59  1.88  2.17  2.46  2.75  3.04  3.33  3.62  3.91
   5.00  1.96  2.30  2.64  2.98  3.32  3.66  4.00  4.34  4.68
   6.00  2.36  2.73  3.10  3.47  3.84  4.21  4.58  4.95  5.32
   7.00  2.67  3.08  3.49  3.90  4.31  4.72  5.13  5.54  5.95
   8.00  2.98  3.42  3.86  4.30  4.74  5.18  5.62  6.06  6.50
   9.00  3.32  3.77  4.22  4.67  5.12  5.57  6.02  6.47  6.92
  10.0  3.59  4.06  4.53  5.00  5.47  5.94  6.41  6.88  7.35
  12.5  4.35  4.84  5.33  5.82  6.31  6.80  7.29  7.78  8.27
  15.0  4.90  5.43  5.96  6.49  7.02  7.55  8.08  8.61  9.14
  20.0  5.93  6.49  7.05  7.61  8.17  8.73  9.29  9.85 10.4
  25.0  6.70  7.30  7.90  8.50  9.10  9.70 10.3 10.9 11.5
  30.0  7.39  7.99  8.59  9.19  9.80 10.4 11.0 11.6 12.2
  40.0  8.50  9.10  9.70 10.3 10.9 11.5 12.1 12.7 13.3
  50.0  9.50 10.1 10.7 11.3 11.9 12.5 13.1 13.7 14.3
  60.0  9.90 10.6 11.3 12.0 12.7 13.4 14.1 14.8 15.5
  70.0 10.4 11.1 11.8 12.5 13.2 13.9 14.6 15.3 16.0
  80.0 11.0 11.7 12.4 13.1 13.8 14.5 15.2 15.9 16.6
 100.0 11.5 12.3 13.1 13.9 14.7 15.5 16.3 17.1 17.9
 150.0 13.2 14.0 14.8 15.6 16.4 17.2 18.0 18.8 19.6
 200.0 14.1 15.0 15.9 16.8 17.7 18.6 19.5 20.4 21.3
 250.0 15.1 16.0 16.9 17.8 18.7 19.6 20.5 21.4 22.3
 300.0 15.8 16.7 17.6 18.5 19.4 20.3 21.2 22.1 23.0
 350.0 16.6 17.5 18.4 19.3 20.2 21.1 22.0 22.9 23.8
 400.0 17.2 18.1 19.0 19.9 20.8 21.7 22.6 23.5 24.4
 500.0 18.4 19.3 20.2 21.1 22.0 22.9 23.8 24.7 25.6
 750.0 20.3 21.2 22.1 23.0 23.9 24.8 25.7 26.6 27.5
1000.0 21.3 22.3 23.3 24.3 25.3 26.3 27.3 28.3 29.3

Source: From Stumbo (1965).
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Appendix 293

TABLE A.6.2 fh/U:g relationships when z � 14 F

Values of g when J of cooling curve is

fh /U  0.40  0.60  0.80  1.00  1.20  1.40  1.60  1.80  2.00

   0.50  0.018  0.022  0.026  0.030  0.034  0.038  0.042  0.046  0.050
   0.60  0.054  0.061  0.068  0.075  0.082  0.089  0.096  0.103  0.110
   0.70  0.088  0.102  0.116  0.130  0.144  0.158  0.192  0.186  0.200
   0.80  0.162  0.178  0.194  0.210  0.226  0.242  0.258  0.274  0.290
   0.90  0.196  0.224  0.252  0.280  0.308  0.336  0.364  0.392  0.420
   1.00  0.268  0.302  0.336  0.370  0.404  0.438  0.472  0.506  0.540
   1.50  0.544  0.646  0.748  0.850  0.952  1.05  1.15  1.26  1.36
   2.00  0.910  1.06  1.21  1.36  1.51  1.66  1.81  1.96  2.11
   3.00  1.53  1.78  2.03  2.28  2.53  2.78  3.03  3.28  3.53
   4.00  2.08  2.40  2.72  3.04  3.36  3.68  4.00  4.32  4.64
   5.00  2.55  2.93  3.31  3.69  4.07  4.45  4.83  5.21  5.59
   6.00  3.00  3.42  3.84  4.26  4.68  5.10  5.52  5.94  6.36
   7.00  3.39  3.85  4.31  4.77  5.23  5.69  6.15  6.61  7.07
   8.00  3.74  4.24  4.74  5.24  5.74  6.24  6.74  7.24  7.74
   9.00  4.15  4.66  5.17  5.68  6.19  6.70  7.21  7.72  8.23
  10.0  4.40  4.95  5.50  6.05  6.60  7.15  7.70  8.25  8.80
  12.5  5.29  5.86  6.43  7.00  7.57  8.14  8.71  9.28  9.85
  15.0  5.92  6.53  7.14  7.75  8.36  8.97  9.58 10.2 10.8
  20.0  7.04  7.70  8.36  9.02  9.68 10.3 11.0 11.7 12.3
  25.0  8.00  8.70  9.40 10.1 10.8 11.5 12.2 12.9 13.6
  30.0  8.80  9.50 10.2 10.9 11.6 12.3 13.0 13.7 14.4
  40.0  9.80 10.6 11.4 12.2 13.0 13.8 14.6 15.4 16.2
  50.0 10.9 11.7 12.5 13.3 14.1 14.9 15.7 16.5 17.3
  60.0 11.7 12.5 13.3 14.1 14.9 15.7 16.5 17.3 18.1
  70.0 12.1 13.0 13.9 14.8 15.7 16.6 17.5 18.4 19.3
  80.0 13.1 13.9 14.7 15.5 16.3 17.1 17.9 18.7 19.5
 100.0 13.8 14.7 15.6 16.5 17.4 18.3 19.2 20.1 21.0
 150.0 15.5 16.5 17.5 18.5 19.5 20.5 21.5 22.5 23.5
 200.0 16.6 17.7 18.8 19.9 21.0 22.1 23.2 24.3 25.4
 250.0 17.8 18.9 20.0 21.1 22.2 23.3 24.4 25.5 26.6
 300.0 18.6 19.7 20.8 21.9 23.0 24.1 25.2 26.3 27.4
 350.0 19.5 20.6 21.7 22.8 23.9 25.0 26.1 27.2 28.3
 400.0 20.2 21.3 22.4 23.5 24.6 25.7 26.8 27.9 29.0
 500.0 21.5 22.6 23.7 24.8 26.9 27.0 28.1 29.2 30.3
 750.0 23.9 25.0 26.1 27.2 28.3 29.4 30.5 31.6 32.7
1000.0 25.0 26.2 27.4 28.6 29.8 31.0 32.2 33.4 34.6

Source: From Stumbo (1965).
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294 Food Preservation Process Design

TABLE A.6.3 fh/U:g relationships when z � 16 F

fh /U

Values of g when J of cooling curve is

 0.40  0.60  0.80  1.00  1.20  1.40  1.60  1.80  2.00

   0.50  0.028  0.032  0.036  0.040  0.044  0.048  0.052  0.056  0.060
   0.60  0.053  0.062  0.071  0.080  0.089  0.098  0.107  0.116  0.126
   0.70  0.102  0.118  0.134  0.150  0.166  0.182  0.198  0.214  0.230
   0.80  0.144  0.171  0.198  0.225  0.252  0.279  0.306  0.333  0.360
   0.90  0.220  0.255  0.290  0.325  0.360  0.395  0.430  0.465  0.500
   1.00  0.270  0.320  0.370  0.420  0.470  0.520  0.570  0.620  0.670
   1.50  0.611  0.737  0.863  0.989  1.12  1.24  1.37  1.49  1.62
   2.00  1.06  1.24  1.42  1.60  1.78  1.96  2.14  2.32  2.50
   3.00  1.89  2.16  2.43  2.70  2.97  3.24  3.51  3.78  4.05
   4.00  2.58  2.93  3.28  3.63  3.98  4.33  4.68  5.03  5.38
   5.00  3.14  3.56  3.98  4.40  4.82  5.24  5.66  6.08  6.50
   6.00  3.65  4.12  4.59  5.06  5.53  6.00  6.47  6.94  7.41
   7.00  4.09  4.61  5.13  5.65  6.17  6.69  7.21  7.73  8.25
   8.00  4.50  5.06  5.62  6.18  6.74  7.30  7.86  8.42  8.98
   9.00  4.94  5.52  6.10  6.68  7.26  7.84  8.42  9.00  9.58
  10.0  5.29  5.90  6.51  7.12  7.73  8.34  8.95  9.56 10.2
  12.5  6.22  6.87  7.52  8.17  8.82  9.47 10.1 10.8 11.4
  15.0  6.90  7.60  8.30  9.00  9.70 10.4 11.1 11.8 12.5
  20.0  8.40  9.10  9.80 10.5 11.2 11.9 12.6 13.3 14.0
  25.0  9.20 10.0 10.8 11.6 12.4 13.2 14.0 14.8 15.6
  30.0 10.2 11.0 11.8 12.6 13.4 14.2 15.0 15.8 16.6
  40.0 11.4 12.3 13.2 14.1 15.0 15.9 16.8 17.7 18.6
  50.0 12.6 13.5 14.4 15.3 16.2 17.1 18.0 18.9 19.8
  60.0 13.6 14.5 15.4 16.3 17.2 18.1 19.0 19.9 20.8
  70.0 14.5 15.4 16.3 17.2 18.1 19.0 19.9 20.8 21.7
  80.0 15.3 16.2 17.1 18.0 18.9 19.8 20.7 21.6 22.5
 100.0 16.1 17.1 18.1 19.1 20.1 21.1 22.1 23.1 24.1
 150.0 17.7 18.9 20.1 21.3 22.5 23.7 24.9 26.1 27.3
 200.0 19.4 20.6 21.8 23.0 24.2 25.4 26.6 27.8 29.0
 250.0 20.7 21.9 23.1 24.3 25.5 26.7 27.9 29.1 30.3
 300.0 21.4 22.7 24.0 25.3 26.6 27.9 29.2 30.5 31.8
 350.0 22.4 23.7 25.0 26.3 27.6 28.9 30.2 31.5 32.8
 400.0 23.2 24.5 25.8 27.1 28.4 29.7 31.0 32.3 33.6
 500.0 24.7 26.0 27.3 28.6 29.9 31.2 32.5 33.8 35.1
 750.0 27.1 28.5 29.9 31.3 32.7 34.1 35.5 36.9 38.3
1000.0 28.4 29.9 31.4 32.9 34.4 35.9 37.4 38.9 40.4

Source: From Stumbo (1965).
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TABLE A.6.4 fh/U:g relationships when z � 18 F

Values of g when J of cooling curve is

fh /U 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

   0.114 10�8 10�8 10�8 10�8 10�8 10�8 10�8 10�8 10�8

   0.130 10�7 10�7 10�7 10�7 10�7 10�7 10�7 10�7 10�7

   0.149 10�6 10�6 10�6 10�6 10�6 10�6 10�6 10�6 10�6

   0.176 10�5 10�5 10�5 10�5 10�5 10�5 10�5 10�5 10�5

   0.213 10�4 10�4 10�4 10�4 10�4 10�4 10�4 10�4 10�4

   0.271 10�3 10�3 10�3 10�3 10�3 10�3 10�3 10�3 10�3

   0.368 10�2 10�2 10�2 10�2 10�2 10�2 10�2 10�2 10�2

   0.50  0.035  0.040  0.045  0.050  0.055  0.060  0.065  0.070  0.075
   0.60  0.063  0.077  0.091  0.105  0.119  0.133  0.147  0.161  0.175
   0.70  0.111  0.135  0.159  0.183  0.207  0.231  0.255  0.279  0.303
   0.80  0.159  0.197  0.235  0.273  0.311  0.349  0.387  0.425  0.463
   0.90  0.234  0.281  0.328  0.375  0.422  0.469  0.516  0.563  0.610
   1.00  0.288  0.352  0.416  0.480  0.544  0.608  0.672  0.736  0.800
   1.50  0.740  0.880  1.02  1.16  1.30  1.44  1.58  1.72  1.86
   2.00  1.20  1.41  1.62  1.83  2.04  2.25  2.46  2.67  2.88
   3.00  2.23  2.53  2.83  3.13  3.43  3.73  4.03  4.33  4.63
   4.00  3.04  3.43  3.82  4.21  4.60  4.99  5.38  5.77  6.16
   5.00  3.74  4.20  4.66  5.12  5.58  6 04  6.50  6.96  7.42
   6.00  4.30  4.82  5.34  5.86  6.38  6.90  7.42  7.94  8.46
   7.00  4.81  5.38  5.95  6.52  7.09  7.66  8.23  8.80  9.37
   8.00  5.30  5.91  6.52  7.13  7.74  8.35  8.96  9.57 10.2
   9.00  5.76  6.40  7.04  7.68  8.32  8.96  9.60 10.2 10.9
  10.0  6.14  6.82  7.50  8.18  8.86  9.54 10.2 10.9 11.6
  12.5  7.17  7.90  8.63  9.36 10.1 10.8 11.5 12.2 12.9
  15.0  7.94  8.72  9.50 10.3 11.1 11.9 12.7 13.5 14.3
  20.0  9.50 10.3 11.1 11.9 12.7 13.5 14.3 15.1 15.9
  25.0 10.6 11.4 12.3 13.2 14.1 15.0 15.9 16.8 17.7
  30.0 11.5 12.4 13.3 14.2 15.1 16.0 16.9 17.8 18.7
  40.0 12.9 13.9 14.9 15.9 16.9 17.9 18.9 19.9 20.9
  50.0 14.4 15.4 16.4 17.4 18.4 19 4 20.4 21.4 22.4
  60.0 15.1 16.2 17.3 18.4 19.5 20.6 21.7 22.8 23.9
  70.0 16.0 17.1 18.2 19.3 20.4 21.5 22.6 23.7 24.8
  80.0 16.6 17.8 19.0 20.2 21.4 22.6 23.8 25.0 26.2
 100.0 18.4 19.6 20.8 22.0 23.2 24.4 25.6 26.8 28.0
 150.0 20.3 21.6 22.9 24.2 25.5 26.8 28.1 29.4 30.7
 200.0 21.9 23.3 24.7 26.1 27.5 28.9 30.3 31.7 33.1
 250.0 23.4 24.8 26.2 27.6 29.0 30.4 31.8 33.2 34.6
 300.0 24.6 26.0 27.4 28.8 30.2 31.6 33.0 34.4 35.8
 350.0 25.3 26.8 28.3 29.8 31.3 32.8 34.3 35.8 37.3
 400.0 26.3 27.8 29.3 30.8 32.3 33.8 35.3 36.8 38.3
 500.0 27.8 29.3 30.8 32.3 33.8 35.3 36.8 38.3 39.8
 750.0 30.6 32.2 33.8 35.4 37.0 38.6 40.2 41.8 43.4
1000.0 32.1 33.8 35.5 37.2 38.9 40.6 42.3 44.0 45.7

Source: From Stumbo (1965).
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296 Food Preservation Process Design

TABLE A.6.5 fh/U:g relationships when z � 20 F

fh /U

Values of g when J of cooling curve is

 0.40  0.60  0.80  1.00  1.20  1.40  1.60  1.80  2.00

   0.50  0.032  0.038  0.044  0.050  0.056  0.062  0.068  0.074  0.080
   0.60  0.069  0.082  0.094  0.107  0.120  0.132  0.145  0.157  0.170
   0.70  0.108  0.132  0.156  0.180  0.204  0.228  0.252  0.276  0.300
   0.80  0.155  0.195  0.235  0.275  0.315  0.355  0.395  0.435  0.475
   0.90  0.210  0.270  0.330  0.390  0.450  0.510  0.570  0.630  0.690
   1.00  0.296  0.374  0.452  0.530  0.608  0.686  0.764  0.842  0.920
   1.50  0.738  0.912  1.09  1.26  1.43  1.61  1.78  1.96  2.13
   2.00  1.37  1.60  1.83  2.06  2.29  2.52  2.75  2.98  3.21
   3.00  2.55  2.88  3.21  3.54  3.87  4.20  4.53  4.86  5.19
   4.00  3.54  3.96  4.38  4.80  5.22  5.64  6.06  6.48  6.90
   5.00  4.33  4.83  5.33  5.83  6.33  6.83  7.33  7.83  8.33
   6.00  4.96  5.53  6.10  6.67  7.24  7.81  8.38  8.95  9.52
   7.00  5.45  6.10  6.75  7.40  8.05  8.70  9.35 10.0 10.7
   8.00  6.02  6.70  7.38  8.06  8.74  9.42 10.1 10.8 11.5
   9.00  6.60  7.30  8.00  8.70  9.40 10.1 10.8 11.5 12.2
  10.0  7.00  7.75  8.50  9.25 10.0 10.8 11.5 12.3 13.0
  12.5  8.00  8.90  9.70 10.5 11.3 12.1 12.9 13.7 14.5
  15.0  8.80  9.70 10.6 11.5 12.4 13.3 14.2 15.1 16.0
  20.0 10.6 11.5 12.4 13.3 14.2 15.1 16.0 16.9 17.8
  25.0 11.8 12.8 13.8 14.8 15.8 16.8 17.8 18.8 19.8
  30.0 12.9 13.9 14.9 15.9 16.9 17.9 18.9 19.9 20.9
  40.0 14.5 15.6 16.7 17.8 18.9 20.0 21.1 22.2 23.3
  50.0 16.1 17.2 18.3 19.4 20.5 21.6 22.7 23.8 24.9
  60.0 17.0 18.2 19.4 20.6 21.8 23.0 24.2 25.4 26.6
  70.0 18.2 19.4 20.6 21.8 23.0 24.2 25.4 26.6 27.8
  80.0 19.2 20.4 21.6 22.8 24.0 25.2 26.4 27.6 28.8
 100.0 20.5 21.8 23.1 24.4 25.7 27.0 28.3 29.6 30.9
 150.0 22.9 24.3 25.7 27.1 28.5 29.9 31.3 32.7 34.1
 200.0 24.7 26.2 27.7 29.2 30.7 32.2 33.7 35.2 36.7
 250.0 26.1 27.7 29.3 30.9 32.5 34.1 35.7 37.3 38.9
 300.0 27.4 29.0 30.6 32.2 33.8 35.4 37.0 38.6 40.2
 350.0 28.6 30.2 31.8 33.4 35.0 36.6 38.2 39.8 41.4
 400.0 29.3 31.0 32.7 34.4 36.1 37.8 39.5 41.2 42.9
 500.0 30.7 32.5 34.3 36.1 37.9 39.7 41.5 43.3 45.1
 750.0 34.2 36.0 37.8 39.6 41.4 43.2 45.0 46.8 48.6
1000.0 35.5 37.5 39.5 41.5 43.5 45.5 47.5 49.5 51.5

Source: From Stumbo (1965).
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TABLE A.6.6 fh/U:g relationships when z � 22 F

Values of g when the J of cooling curve is

fh /U  0.40  0.60  0.80  1.00  1.20  1.40  1.60  1.80  2.00

   0.50  0.042  0.048  0.054  0.060  0.066  0.072  0.078  0.084  0.090
   0.60  0.084  0.097  0.109  0.122  0.135  0.147  0.160  0.172  0.185
   0.70  0.125  0.151  0.176  0.202  0.228  0.253  0.279  0.304  0.330
   0.80  0.160  0.208  0.257  0.306  0.355  0.404  0.452  0.501  0.550
   0.90  0.229  0.297  0.364  0.432  0.500  0.567  0.635  0.702  0.770
   1.00  0.270  0.370  0.470  0.570  0.670  0.770  0.870  0.970  1.07
   1.50  0.790  0.990  1.19  1.39  1.59  1.79  1.99  2.19  2.39
   2.00  1.51  1.77  2.03  2.29  2.55  2.81  3.07  3.33  3.59
   3.00  2.87  3.23  3.59  3.95  4.31  4.67  5.03  5.39  5.75
   4.00  4.04  4.49  4.94  5.39  5.84  6.29  6.74  7.19  7.64
   5.00  5.07  5.56  6.05  6.54  7.03  7.52  8.01  8.50  8.99
   6.00  5.62  6.24  6.86  7.48  8.10  8.72  9.34  9.96 10.6
   7.00  6.24  6.92  7.60  8.28  8.96  9.64 10.3 11.0 11.7
   8.00  6.72  7.48  8.24  9.00  9.76 10.5 11.3 12.0 12.8
   9.00  7.43  8.19  8.95  9.71 10.5 11.2 12.0 12.8 13.5
  10.0  7.85  8.67  9.49 10.3 11.1 11.9 12.7 13.5 14.3
  12.5  9.08  9.96 10.8 11.7 12.6 13.5 14.4 15.3 16.2
  15.0 10.1 11.0 11.9 12.8 13.7 14.6 15.5 16.4 17.3
  20.0 11.7 12.7 13.7 14.7 15.7 16.7 17.7 18.7 19.7
  25.0 12.8 14.0 15.2 16.4 17.6 18.8 20.0 21.2 22.4
  30.0 15.0 15.2 16.4 17.6 18.8 20.0 21.2 22.4 23.6
  40.0 16.1 17.3 18.5 19.7 20.9 22.1 23.3 24.5 25.7
  50.0 17.6 18.9 20.2 21.5 22.8 24.1 25.4 26.7 28.0
  60.0 18.9 20.2 21.5 22.8 24.1 25.4 26.7 28.0 29.3
  70.0 20.2 21.5 22.8 24.1 25.4 26.7 28.0 29.3 30.6
  80.0 21.4 22.7 24.0 25.3 26.6 27.9 29.2 30.5 31.8
 100.0 22.8 24.2 25.6 27.0 28.4 29.8 31.2 32.6 34.0
 150.0 25.2 26.8 28.4 30.0 31.6 33.2 34.8 36.4 38.0
 200.0 27.5 29.1 30.7 32.3 33.9 35.5 37.1 38.7 40.3
 250.0 29.0 30.7 32.4 34.1 35.8 37.5 39.2 40.9 42.6
 300.0 30.3 32.1 33.9 35.7 37.5 39.3 41.1 42.9 44.7
 350.0 31.5 33.3 35.1 36.9 38.7 40.5 42.3 44.1 45.9
 400.0 32.4 34.3 36.2 38.1 40.0 41.9 43.8 45.7 47.6
 500.0 33.9 35.9 37.9 39.9 41.9 43.9 45.9 47.9 49.9
 750.0 37.4 39.5 41.6 43.7 45.8 47.9 50.0 52.1 54.2
1000.0 38.9 41.2 43.5 45.8 48.1 50.4 52.7 55.0 57.3

Source: From Stumbo (1965).
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Table A.6.7 Analysis of quality retention as infl uenced by location within a cylindrical container

Time 

(min)

Region 1 Region 2

t/f log(TM-T)

Temp.

(°C)

k

(1/min) Concen. log(TM-T)

Temp.

(°C)

k

(1/min) Concen. log(TM-T)

Medium Temp

Initial Temp

125°C

70°C 100 100

j – value 1.5942

Operator time 136.5 min  40 0.381898 1.942905 1.561007 88.60787 2.050957 0.001286117 99.74311 1.914713 1.532815 90.89522 1.894149 0.001504 99.40002 1.836229

Heating rate 104.74 min  42 0.400993 1.942905 1.541913 90.17328 1.943428 0.001432122 99.45783 1.51372 92.36224 1.794611 0.001662 98.74143

k – ref 0.01/min  44 0.420088 1.942905 1.522818 91.67135 1.841388 0.001585971 99.14285 1.494625 93.76616 1.700101 0.001827 98.0226

Act Energy 75 kJ/mole  46 0.439183 1.942905 1.503723 93.10499 1.74452 0.001747289 98.79699 1.475531 95.10968 1.610331 0.001998 97.24224

R – value 8.314  48 0.458278 1.942905 1.484628 94.47696 1.652526 0.001915654 98.4192 1.456436 96.39542 1.525034 0.002176 96.39946

Ref T 121°C  50 0.477373 1.942905 1.465533 95.78991 1.56513 0.002090608 98.00854 1.437341 97.62584 1.44396 0.00236 95.49377

Cmed Temp 35°C  52 0.496467 1.942905 1.446438 97.04638 1.482074 0.00227166 97.56427 1.418246 98.80334 1.366876 0.002549 94.52505

j2-value 1.494  54 0.515562 1.942905 1.427343 98.24881 1.403118 0.002458293 97.08576 1.399151 99.9302 1.293564 0.002743 93.49363

j3-value 1.247  56 0.534657 1.942905 1.408248 99.39951 1.328035 0.002649975 96.57258 1.380056 101.0086 1.223819 0.002941 92.40019

j4-value 0.721  58 0.553752 1.942905 1.389153 100.5007 1.256615 0.002846158 96.02442 1.360961 102.0406 1.15745 0.003143 91.24586

j5-value 0.2331  60 0.572847 1.942905 1.370058 101.5546 1.18866 0.003046291 95.44116 1.341866 103.0282 1.094276 0.003348 90.0321

 62 0.591942 1.942905 1.350964 102.5631 1.123986 0.003249818 94.82284 1.322771 103.9733 1.03413 0.003555 88.76078

 64 0.611037 1.942905 1.331869 103.5282 1.062418 0.003456191 94.16965 1.303676 104.8778 0.976853 0.003765 87.43408

 66 0.630132 1.942905 1.312774 104.4518 1.003793 0.003664867 93.48193 1.284582 105.7433 0.922296 0.003976 86.05451

 68 0.649227 1.942905 1.293679 105.3357 0.947958 0.003875315 92.76019 1.265487 106.5716 0.870318 0.004188 84.62487

 70 0.668322 1.942905 1.274584 106.1815 0.894769 0.004087022 92.00505 1.246392 107.3643 0.820789 0.004401 83.14822

 72 0.687416 1.942905 1.255489 106.991 0.844089 0.00429949 91.21729 1.227297 108.1229 0.773583 0.004614 81.62785

 74 0.706511 1.942905 1.236394 107.7657 0.795791 0.004512243 90.39781 1.208202 108.8489 0.728583 0.004826 80.06724

 76 0.725606 1.942905 1.217299 108.507 0.749754 0.004724829 89.5476 1.189107 109.5436 0.685678 0.005037 78.47004

 78 0.744701 1.942905 1.198204 109.2165 0.705864 0.004936816 88.66779 1.170012 110.2085 0.644765 0.005248 76.84001

 80 0.763796 1.942905 1.179109 109.8954 0.664015 0.005147802 87.75959 1.150917 110.8448 0.605745 0.005457 75.18102

 82 0.782891 1.942905 1.160015 110.5451 0.624105 0.005357407 86.82428 1.131822 111.4536 0.568524 0.005664 73.49698

 84 0.801986 1.942905 1.14092 111.1669 0.586038 0.00556528 85.86324 1.112727 112.0363 0.533014 0.005868 71.79185

 86 0.821081 1.942905 1.121825 111.7619 0.549723 0.005771094 84.87788 1.093633 112.594 0.499132 0.006071 70.06957

 88 0.840176 1.942905 1.10273 112.3314 0.515076 0.005974551 83.8697 1.074538 113.1276 0.466799 0.00627 68.33407

 90 0.859271 1.942905 1.083635 112.8763 0.482015 0.006175379 82.84022 1.055443 113.6383 0.435941 0.006467 66.58919

 92 0.878365 1.942905 1.06454 113.3978 0.450463 0.00637333 81.79099 1.036348 114.127 0.406486 0.00666 64.8387

 94 0.89746 1.942905 1.045445 113.8969 0.420348 0.006568181 80.72358 1.017253 114.5947 0.378368 0.00685 63.0863

 96 0.916555 1.942905 1.02635 114.3745 0.391601 0.006759736 79.63958 0.998158 115.0423 0.351522 0.007036 61.33551

 98 0.93565 1.942905 1.007255 114.8315 0.364157 0.00694782 78.54059 0.979063 115.4707 0.32589 0.007219 59.58975

100 0.954745 1.942905 0.98816 115.2689 0.337954 0.00713228 77.4282 0.959968 115.8806 0.301413 0.007398 57.85227

102 0.97384 1.942905 0.969066 115.6875 0.312933 0.007312986 76.30398 0.940873 116.2728 0.278037 0.007573 56.12615

104 0.992935 1.942905 0.949971 116.0881 0.289039 0.007489826 75.16949 0.921778 116.6482 0.25571 0.007744 54.41431

106 1.01203 1.942905 0.930876 116.4714 0.266219 0.007662711 74.02626 0.902683 117.0075 0.234384 0.007911 52.71947

108 1.031125 1.942905 0.911781 116.8383 0.244423 0.007831565 72.87582 0.883589 117.3513 0.214013 0.008073 51.04417

110 1.05022 1.942905 0.892686 117.1894 0.223602 0.007996332 71.71961 0.864494 117.6803 0.194551 0.008232 49.39075

112 1.069314 1.942905 0.873591 117.5253 0.203712 0.00815697 70.55907 0.845399 117.9952 0.175957 0.008387 47.76136

114 1.088409 1.942905 0.854496 117.8469 0.18471 0.008313454 69.39559 0.826304 118.2965 0.158191 0.008537 46.15797

116 1.107504 1.942905 0.835401 118.1546 0.166554 0.008465769 68.23051 0.807209 118.5848 0.141214 0.008683 44.58232

118 1.126599 1.942905 0.816306 118.449 0.149206 0.008613915 67.06511 0.788114 118.8608 0.124992 0.008825 43.03601

120 1.145694 1.942905 0.797211 118.7308 0.132629 0.008757901 65.90064 0.769019 119.1248 0.109488 0.008963 41.52043

122 1.164789 1.942905 0.778116 119.0005 0.116787 0.008897748 64.73828 0.749924 119.3776 0.094671 0.009097 40.03679

124 1.183884 1.942905 0.759022 119.2585 0.101647 0.009033486 63.57916 0.730829 119.6194 0.080509 0.009226 38.58613

126 1.202979 1.942905 0.739927 119.5055 0.087177 0.009165153 62.42435 0.711734 119.8509 0.066973 0.009352 37.16933

128 1.222074 1.942905 0.720832 119.7419 0.073346 0.009292794 61.27487 0.69264 120.0724 0.054034 0.009474 35.78712

130 1.241169 1.942905 0.701737 119.968 0.060126 0.009416463 60.13168 0.673545 120.2843 0.041665 0.009592 34.44006

132 1.260264 1.942905 0.682642 120.1845 0.047488 0.009536217 58.99569 0.65445 120.4872 0.02984 0.009706 33.12858

134 1.279358 1.942905 0.663547 120.3916 0.035408 0.00965212 57.86775 0.635355 120.6813 0.018536 0.009816 31.85298

136 1.298453 1.942905 0.644452 120.5899 0.023858 0.00976424 56.74864 0.61626 120.8671 0.007728 0.009923 30.61343

  2 0.019095 2.134965 120.8 0.011628 0.009884392 55.63781 2.108177 121 0 0.01 29.41306 2.033135

  4 0.03819 121 0 0.01 54.5361 121.2 -0.01162 0.010117 28.24656

  6 0.057285 121.2 -0.01162 0.01011684 53.44373 121.4 -0.02322 0.010235 27.1135

  8 0.07638 121.4 -0.02322 0.010234926 52.36086 121.6 -0.03481 0.010354 26.01348

 10 0.095475 121.6 -0.03481 0.010354267 51.28769 121.8 -0.04639 0.010475 24.94604

 12 0.114569 121.8 -0.04639 0.010474877 50.22441 122 -0.05796 0.010597 23.91075

 14 0.133664 122 -0.05796 0.010596768 49.17117 122.2 -0.06952 0.01072 22.90713

 16 0.152759 122.2 -0.06952 0.010719951 48.12817 122 -0.05796 0.010597 21.95646

 18 0.171854 122.4 -0.08107 0.01084444 47.09556 1.936323 121.3621 -0.02102 0.010212 21.07761

 20 0.190949 122.2 -0.06952 0.010719951 46.09659 1.917228 117.6472 0.196507 0.008216 20.39618

 22 0.210044 1.924921 119.1243 0.109523 0.008962614 45.27766 1.898133 114.0921 0.408588 0.006646 19.86112

 24 0.229139 1.905826 115.5056 0.323798 0.00723396 44.6273 1.879038 110.69 0.615226 0.005405 19.43632

 26 0.248234 1.886731 112.0427 0.532628 0.005870601 44.10638 1.859943 107.4342 0.816436 0.00442 19.0957

 28 0.267329 1.867637 108.7287 0.736023 0.004790153 43.68585 1.840849 104.3184 1.012243 0.003634 18.82013

 30 0.286424 1.848542 105.5572 0.934003 0.003929775 43.34384 1.821754 101.3367 1.202679 0.003004 18.59535

 32 0.305518 1.829447 102.5222 1.126599 0.003241339 43.06377 1.802659 98.48319 1.387787 0.002496 18.4106

 34 0.324613 1.810352 99.61775 1.313848 0.002687839 42.83289 1.783564 95.75245 1.567615 0.002085 18.25766

 36 0.343708 1.791257 96.83821 1.495796 0.002240702 42.64137 1.764469 93.13918 1.742219 0.001751 18.13021

 38 0.362803 1.772162 94.17823 1.672497 0.001877775 42.48153 1.745374 90.63832 1.911662 0.001478 18.02332

 40 0.381898 1.753067 91.63268 1.844012 0.001581815 42.34735 1.726279 88.24503 2.076014 0.001254 17.93312

 42 0.400993 1.733972 89.19662 2.010407 0.001339342 42.23406 1.707184 85.9547 2.235348 0.00107 17.85656

 44 0.420088 1.714877 86.86535 2.171753 0.001139776 42.1379 1.688089 83.76288 2.389745 0.000917 17.79121

 46 0.439183 1.695782 84.63436 2.328129 0.000974779 42.05583 1.668994 81.66534 2.539287 0.000789 17.73514

 48 0.458278 1.676687 82.49933 2.479616 0.000837753 41.98542 1.6499 79.65802 2.684062 0.000683 17.68676

 50 0.477373 1.657593 80.45614 2.626301 0.000723456 41.92472 1.630805 77.73706 2.824161 0.000594 17.64482
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Region 3 Region 4 Region 5

Temp.

(°C)

k

(1/min) Concen. log(TM-T)

Temp.

(°C)

k

(1/min) Concen. log(TM-T)

Temp.

(°C)

k

(1/min) Concen.

100 100 100

1.454331 96.53369 1.515896 0.002196 99.1254 1.598298 1.2164 108.5411 0.747639 0.004735 98.12389 1.107905 0.726007 119.6788 0.077033 0.009259 96.3643

1.435236 97.75817 1.435273 0.002381 98.18601 1.197305 109.2491 0.703849 0.004947 96.20138 0.706912 119.9077 0.06365 0.009383 92.81446

1.416141 98.92998 1.358615 0.00257 97.18176 1.17821 109.9266 0.662093 0.005158 94.237 0.687817 120.1268 0.050857 0.009504 89.3522

1.397046 100.0514 1.285706 0.002765 96.11303 1.159115 110.575 0.622272 0.005367 92.2354 0.668722 120.3364 0.038628 0.009621 85.97887

1.377952 101.1246 1.216342 0.002963 94.98057 1.14002 111.1955 0.584289 0.005575 90.2013 0.649627 120.537 0.026937 0.009734 82.69546

1.358857 102.1516 1.150333 0.003165 93.78558 1.120925 111.7893 0.548055 0.005781 88.13952 0.630532 120.729 0.015761 0.009844 79.50263

1.339762 103.1344 1.087502 0.003371 92.52962 1.101831 112.3576 0.513484 0.005984 86.05483 0.611438 120.9127 0.005075 0.009949 76.40076

1.320667 104.0749 1.027679 0.003578 91.21464 1.082736 112.9014 0.480496 0.006185 83.95203 0.592343 121.0885 -0.00514 0.010052 73.38991

1.301572 104.975 0.970709 0.003788 89.84292 1.063641 113.4218 0.449013 0.006383 81.83584 0.573248 121.2568 -0.01491 0.01015 70.46989

1.282477 105.8364 0.916443 0.003999 88.41709 1.044546 113.9198 0.418964 0.006577 79.71089 0.554153 121.4178 -0.02425 0.010245 67.64027

1.263382 106.6607 0.864742 0.004212 86.94005 1.025451 114.3965 0.39028 0.006769 77.58169 0.535058 121.5719 -0.03318 0.010337 64.90041

1.244287 107.4496 0.815474 0.004424 85.41499 1.006356 114.8526 0.362896 0.006957 75.45264 0.515963 121.7193 -0.04172 0.010426 62.24945

1.225192 108.2045 0.768517 0.004637 83.84532 0.987261 115.2891 0.33675 0.007141 73.32793 0.496868 121.8604 -0.04989 0.010512 59.68635

1.206097 108.927 0.723753 0.004849 82.23463 0.968166 115.7068 0.311783 0.007321 71.21162 0.477773 121.9955 -0.0577 0.010594 57.20992

1.187002 109.6184 0.681073 0.005061 80.58669 0.949071 116.1065 0.287941 0.007498 69.10754 0.458678 122.1247 -0.06517 0.010673 54.81882

1.167908 110.28 0.640373 0.005271 78.9054 0.929976 116.4891 0.26517 0.007671 67.01931 0.439583 122.2484 -0.07232 0.01075 52.51158

1.148813 110.9132 0.601556 0.00548 77.19474 0.910881 116.8552 0.243421 0.007839 64.95035 0.420489 122.3668 -0.07915 0.010824 50.28662

1.129718 111.5191 0.564527 0.005686 75.45875 0.891787 117.2055 0.222645 0.008004 62.90384 0.401394 122.48 -0.08568 0.010895 48.14227

1.110623 112.099 0.529201 0.005891 73.7015 0.872692 117.5408 0.202798 0.008164 60.88272 0.382299 122.5884 -0.09194 0.010963 46.07676

1.091528 112.654 0.495494 0.006093 71.92705 0.853597 117.8617 0.183836 0.008321 58.88972 0.363204 122.6922 -0.09791 0.011029 44.08828

1.072433 113.185 0.463327 0.006292 70.13942 0.834502 118.1687 0.165719 0.008473 56.92731 0.344109 122.7914 -0.10363 0.011092 42.17495

1.053338 113.6932 0.432627 0.006488 68.34257 0.815407 118.4626 0.148408 0.008621 54.99773 0.325014 122.8864 -0.1091 0.011153 40.33483

1.034243 114.1796 0.403322 0.006681 66.54038 0.796312 118.7438 0.131867 0.008765 53.10301 0.305919 122.9774 -0.11433 0.011211 38.56598

1.015148 114.645 0.375347 0.006871 64.73661 0.777217 119.0129 0.116058 0.008904 51.24493 0.286824 123.0644 -0.11934 0.011267 36.8664

0.996053 115.0905 0.348639 0.007056 62.93491 0.758122 119.2704 0.10095 0.00904 49.42506 0.267729 123.1476 -0.12412 0.011322 35.23409

0.976959 115.5167 0.323136 0.007239 61.13876 0.739027 119.5169 0.086511 0.009171 47.64476 0.248634 123.2273 -0.1287 0.011374 33.66707

0.957864 115.9246 0.298783 0.007417 59.35149 0.719932 119.7527 0.07271 0.009299 45.90517 0.229539 123.3036 -0.13308 0.011423 32.16331

0.938769 116.315 0.275525 0.007592 57.57626 0.700838 119.9785 0.059518 0.009422 44.20726 0.210445 123.3765 -0.13727 0.011471 30.72082

0.919674 116.6886 0.253312 0.007762 55.81604 0.681743 120.1945 0.046907 0.009542 42.55179 0.19135 123.4464 -0.14128 0.011518 29.33762

0.900579 117.0461 0.232093 0.007929 54.07361 0.662648 120.4012 0.034852 0.009657 40.93936 0.172255 123.5132 -0.14512 0.011562 28.01173

0.881484 117.3883 0.211824 0.008091 52.35158 0.643553 120.599 0.023327 0.009769 39.3704 0.15316 123.5771 -0.14879 0.011604 26.74122

0.862389 117.7157 0.19246 0.008249 50.65232 0.624458 120.7883 0.012309 0.009878 37.84518 0.134065 123.6384 -0.1523 0.011645 25.52418

0.843294 118.029 0.173959 0.008403 48.97802 0.605363 120.9695 0.001775 0.009982 36.36383 0.11497 123.6969 -0.15566 0.011684 24.3587

0.824199 118.3289 0.156282 0.008553 47.33069 0.586268 121.1428 -0.0083 0.010083 34.92634 0.095875 123.753 -0.15887 0.011722 23.24295

0.805104 118.6158 0.13939 0.008699 45.71212 0.567173 121.3088 -0.18975 0.012089 33.27756 0.07678 123.8066 -1.69007 0.054199 18.71279

0.78601 118.8904 0.123248 0.00884 44.1239 0.548078 121.4675 -0.28696 0.013324 31.55048 0.057685 123.8579 -1.72027 0.05586 14.96577

0.766915 119.1532 0.107822 0.008978 42.56746 0.528983 121.6195 -0.37974 0.014619 29.75843 0.03859 123.9071 -1.74915 0.057497 11.89096

0.74782 119.4047 0.093079 0.009111 41.04403 0.509889 121.7649 -0.46832 0.015973 27.91656 0.019496 123.9541 -1.77676 0.059107 9.387244

0.728725 119.6454 0.078987 0.009241 39.55465 0.490794 121.9041 -0.55289 0.017383 26.04143 0.000401 123.9991 -1.80316 0.060688 7.36397

0.70963 119.8758 0.065518 0.009366 38.10022 0.471699 122.0372 -0.63365 0.018845 24.15062 -0.01869 124.0421 -1.82841 0.06224 5.74103

0.690535 120.0962 0.052643 0.009487 36.68145 0.452604 122.1647 -0.71076 0.020355 22.26217 -0.03779 124.0833 -1.85256 0.063761 4.448616

0.67144 120.3071 0.040335 0.009605 35.29892 0.433509 122.2866 -0.78441 0.021911 20.39408 -0.05688 124.1228 -1.87566 0.065251 3.426668

0.652345 120.509 0.028569 0.009718 33.95306 0.414414 122.4033 -0.85475 0.023508 18.5638 -0.07598 124.1605 -1.89775 0.066708 2.624144

0.63325 120.7022 0.017321 0.009828 32.64416 0.395319 122.515 -0.92194 0.025142 16.78771 -0.09507 124.1966 -1.91887 0.068133 1.998155

0.614155 120.887 0.006567 0.009935 31.37238 0.376224 122.6219 -0.98612 0.026808 15.08068 -0.11417 124.2312 -1.93908 0.069523 1.513056

0.595061 121.064 -0.00372 0.010037 30.13776 0.357129 122.7242 -1.04744 0.028503 13.45567 -0.13326 124.2642 -1.9584 0.07088 1.139525

0.575966 121.2333 -0.01355 0.010136 28.94025 0.338034 122.8221 -1.10603 0.030223 11.92346 -0.15236 124.2959 -1.97689 0.072202 0.853681

0.556871 121.3953 -0.02295 0.010232 27.77968 0.31894 122.9158 -1.16201 0.031963 10.49243 -0.17145 124.3262 -1.99457 0.07349 0.636254

0.537776 121.5503 -0.03194 0.010325 26.6558 0.299845 123.0055 -1.2155 0.03372 9.168517 -0.19055 124.3552 -2.01148 0.074744 0.471832

121.7 -0.04061 0.010414 25.56819 1.802445 1.78335 95.72254 1.569599 0.002081 9.092504 1.318662 1.299567 54.93274 4.612714 9.92E-05 0.471645

121.85 -0.04929 0.010505 24.51605 1.764255 93.11056 1.744145 0.001748 9.029153 1.280472 54.07533 4.684826 9.23E-05 0.471471

122 -0.05796 0.010597 23.49861 1.74516 90.61093 1.913531 0.001476 8.976017 1.261377 53.25481 4.754191 8.62E-05 0.471308

121.8 -0.04639 0.010475 22.53437 1.726065 88.21882 2.077826 0.001252 8.931177 1.242282 52.46957 4.820899 8.06E-05 0.471156

1.937661 121.6285 -0.03646 0.010371 21.61864 1.70697 85.92961 2.237105 0.001068 8.893116 1.223187 51.71812 4.885041 7.56E-05 0.471014

1.918566 117.9022 0.181445 0.008341 20.90929 1.687875 83.73887 2.391446 0.000915 8.860628 1.204093 50.99899 4.946701 7.11E-05 0.47088

1.899471 114.3361 0.393908 0.006744 20.35277 1.668781 81.64236 2.540934 0.000788 8.832745 1.184998 50.31079 5.005967 6.7E-05 0.470754

1.880376 110.9235 0.600927 0.005483 19.91125 1.649686 79.63604 2.685657 0.000682 8.808691 1.165903 49.6522 5.062919 6.33E-05 0.470635

1.861281 107.6576 0.802517 0.004482 19.55746 1.630591 77.71601 2.825704 0.000593 8.787833 1.146808 49.02193 5.11764 5.99E-05 0.470522

1.842186 104.5322 0.998701 0.003684 19.27141 1.611496 75.87858 2.961171 0.000518 8.769658 1.127713 48.41878 5.170209 5.68E-05 0.470415

1.823091 101.5413 1.189512 0.003044 19.0382 1.592401 74.12019 3.092153 0.000454 8.753745 1.108618 47.84157 5.220701 5.4E-05 0.470313

1.803996 98.67903 1.374992 0.002528 18.84663 1.573306 72.43743 3.21875 0.0004 8.739749 1.089523 47.28919 5.269191 5.15E-05 0.470216

1.784902 95.93987 1.555187 0.002111 18.68812 1.554211 70.82706 3.341062 0.000354 8.727382 1.070428 46.76057 5.315753 4.91E-05 0.470124

1.765807 93.31854 1.730156 0.001773 18.55608 1.535116 69.28595 3.45919 0.000315 8.716408 1.051333 46.25468 5.360456 4.7E-05 0.470036

1.746712 90.80996 1.899958 0.001496 18.4454 1.516021 67.81114 3.573238 0.000281 8.706629 1.032238 45.77056 5.403369 4.5E-05 0.469951

1.727617 88.40929 2.064665 0.001269 18.35203 1.496926 66.39977 3.683308 0.000251 8.697878 1.013143 45.30727 5.444558 4.32E-05 0.46987

1.708522 86.11189 2.224348 0.001081 18.27282 1.477832 65.0491 3.789503 0.000226 8.690016 0.994049 44.8639 5.484088 4.15E-05 0.469792

1.689427 83.91331 2.379087 0.000926 18.20524 1.458737 63.75654 3.891929 0.000204 8.682926 0.974954 44.4396 5.522022 4E-05 0.469717

1.670332 81.8093 2.528967 0.000797 18.14726 1.439642 62.51957 3.990687 0.000185 8.676508 0.955859 44.03356 5.558418 3.85E-05 0.469644

1.651237 79.79579 2.674073 0.00069 18.09727 1.420547 61.33582 4.085882 0.000168 8.670676 0.936764 43.64498 5.593336 3.72E-05 0.469574

1.632142 77.8689 2.814496 0.000599 18.05393 1.401452 60.20298 4.177615 0.000153 8.665359 0.917669 43.27311 5.626833 3.6E-05 0.469507

1.613047 76.02489 2.950332 0.000523 18.01619 1.382357 59.11887 4.265989 0.00014 8.660495 0.898574 42.91724 5.658963 3.49E-05 0.469441

1.593953 74.2602 3.081675 0.000459 17.98315 1.363262 58.0814 4.351102 0.000129 8.65603 0.879479 42.57668 5.689778 3.38E-05 0.469378

1.574858 72.57142 3.208625 0.000404 17.95411 1.344167 57.08855 4.433056 0.000119 8.651918 0.860384 42.25077 5.71933 3.28E-05 0.469316

1.555763 70.95528 3.331281 0.000357 17.92845 1.325072 56.13841 4.511948 0.00011 8.64812 0.841289 41.93888 5.747668 3.19E-05 0.469256
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300 Food Preservation Process Design

Table A.6.8.a Reduction of microbial population and quality attribute during a microwave process

Heat rate Time Temp k
(C/s) (s) (°C) (1/min)

Microwave Constant 55.61 0.001575  0 20
Electric Intensitiy 12 V/cm  2 21.57493 18.18662 6.95E-09
MW frequency 2450 Hz  4 23.14986 17.34845 1.61E-08
Dielectric constant 64  6 24.72479 16.51915 3.68E-08
Loss tangent 0.219  8 26.29972 15.69858 8.37E-08
Density 900 kg/m3 10 27.87465 14.88659 1.88E-07
Specifi c Heat 3880 J/kg K 12 29.44958 14.08307 4.21E-07
Microbial 14 31.02451 13.28787 9.32E-07
Initial population 1000 16 32.59944 12.50086 2.05E-06
Rate constant 0.55/min 18 34.17437 11.72193 4.46E-06
E-constant 386 kJ/mole 20 35.7493 10.95094 9.65E-06
Vitamin 22 37.32423 10.18778 2.07E-05
Rate constant 0.068/min 24 38.89916 9.43232 4.41E-05
E-constant 80 kJ/mole 26 40.47409 8.684456 9.31E-05
Temp 90°C 28 42.04902 7.944069 0.000195
j – value 2.048 30 43.62395 7.211047 0.000406
Heating rate – f 38.2 min 32 45.19888 6.485282 0.000839
Med Temp 65.5°C 34 46.77381 5.766666 0.001722
Cool Med 20°C 36 48.34874 5.055093 0.003507
cooling rate – f 62.7 min 38 49.92367 4.350462 0.007095
cooling j 1.815 40 51.4986 3.65267 0.014257
jm-value 0.551 42 53.07353 2.961619 0.028454
jm cool 0.813 44 54.64847 2.277211 0.056413

46 56.2234 1.599351 0.111115
48 57.79833 0.927946 0.217451
50 59.37326 0.262904 0.422849
50.8 60.00323 -0.00135 0.550744
 2.5 62 -0.83237 1.264323

0.079744817 1.913425 1.83368  5 62 -0.83237 1.264323
0.159489633 1.753935 10 62 -0.83237 1.264323
0.23923445 1.674191 15 62 -0.83237 1.264323
0.318979266 1.594446 20 59.30481 0.291675 0.410856
0.398724083 1.514701 25 52.71153 3.119867 0.02429
0.4784689 1.434956 30 47.22426 5.562434 0.002112
0.558213716 1.355211 35 42.65746 7.660015 0.000259
0.637958533 1.275466 40 38.85673 9.452572 4.32E-05
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k
N (1/min) Conc.

1000 100
1000 6.157335 0.000144 99.99952
1000 5.983622 0.000171 99.99895
1000 5.811746 0.000203 99.99827
1000 5.641679 0.000241 99.99747
1000 5.473392 0.000285 99.99652
1000 5.306858 0.000337 99.99539
999.9999 5.14205 0.000398 99.99407
999.9999 4.97894 0.000468 99.99251
999.9997 4.817503 0.00055 99.99067
999.9994 4.657713 0.000645 99.98852
999.9987 4.499544 0.000756 99.986
999.9972 4.342973 0.000884 99.98306
999.9941 4.187975 0.001032 99.97962
999.9876 4.034527 0.001203 99.97561
999.9741 3.882606 0.001401 99.97094
999.9461 3.732188 0.001628 99.96552
999.8888 3.583252 0.001889 99.95922
999.7719 3.435776 0.00219 99.95193
999.5354 3.289738 0.002534 99.94348
999.0605 3.145118 0.002928 99.93373
998.1134 3.001895 0.003379 99.92247
996.2383 2.860049 0.003894 99.9095
992.5552 2.71956 0.004481 99.89458
985.3868 2.580409 0.005151 99.87743
974.338 2.442576 0.005912 99.86169
970.7672 2.387808 0.006244 99.85753
41.32611 2.215576 0.007418 98.02512
0.074265 3.555685 0.001942 98.89251 1.512186 1.432441 47.06704
0.000133 3.988297 0.00126 98.27138 1.352696 42.52662
2.4E-07 4.357949 0.000871 97.84448 1.272951 38.74784
3.07E-08 4.672494 0.000636 97.53396 1.193206 35.60294
2.72E-08 4.939205 0.000487 97.2968 1.113462 32.98558
2.69E-08 5.16468 0.000389 97.10793 1.033717 30.80729
2.69E-08 5.354812 0.000321 96.95204 0.953972 28.99439
2.69E-08 5.514799 0.000274 96.8194 0.874227 27.48561
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302 Food Preservation Process Design

Table A.6.8.b Reduction of microbial population and quality attribute during a traditional thermal process

Time Temp
(min) t/f log(TM-T) (°C)

 0 20
 5 0.130208 1.969341 1.839133 20 19.0338
10 0.260417 1.708925 20 19.0338
15 0.390625 1.578716 27.59327 15.03104

Microbial 20 0.520833 1.448508 37.41283 10.14507
Rate constant 0.55 min 25 0.651042 1.3183 44.68868 6.719609
E-constant 386 kJ/mole 30 0.78125 1.188091 50.07975 4.281006
Vitamin 35 0.911458 1.057883 54.07429 2.525961
Rate constant 0.068/min 40 1.041667 0.927675 57.03407 1.252954
E-constant 80 kj/mole 45 1.171875 0.797466 59.22713 0.324343
Temp 90°C 50 1.302083 0.667258 60.85209 �0.35585
j – value 2.048 53 1.380208 0.589133 61.61731 �0.67387
heating rate – f 38.4 min  5 61.4 �0.58371
Med Temp 65.5°C 10 61.4 �0.58371
Cool Med 20°C 15 61.4 �0.58371
cooling rate – f 62.7°C 20 0.318979 1.878151 1.559171 59.3 0.293698
cooling j 1.815 25 0.398724 1.479427 50.15967 4.24547
jm-value 0.551 30 0.478469 1.399682 45.10046 6.530427
jm cool 0.813 35 0.558214 1.319937 40.88993 8.488248

40 0.637959 1.240192 37.3857 10.15815
45 0.717703 1.160447 34.46929 11.57695
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k Time Temp. k
(1/min) N (min) t/f log(TM-T) (°C) (1/min) Concen.

1000  0 20 100
2.98E-09 1000  5 0.130208 1.399163 1.268955 46.92389 3.569136 0.001916 99.04645
2.98E-09 1000 10 0.260417 1.138746 51.73595 3.123446 0.002992 97.57557
1.63E-07 999.9992 15 0.390625 1.008538 55.30146 2.801636 0.004128 95.58209
2.16E-05 999.8912 20 0.520833 0.87833 57.94334 2.567662 0.005217 93.12126
0.000664 996.5778 25 0.651042 0.748121 59.90086 2.396694 0.006189 90.28364
0.007606 959.3904 30 0.78125 0.617913 61.35129 2.271305 0.007016 87.17137
0.04399 769.9683 35 0.911458 0.487705 62.42599 2.179097 0.007694 83.88167
0.157113 350.9997 40 1.041667 0.357496 63.2223 2.111155 0.008235 80.49811
0.397651 48.06382 45 1.171875 0.227288 63.81233 2.06102 0.008658 77.08769
0.785064 0.94858 50 1.302083 0.09708 64.24951 2.023986 0.008985 73.70128
1.079 0.037262 53 1.380208 0.018955 64.45539 2.006579 0.009142 71.70732
0.985969 0.000269  5 0.079745 1.558015 1.47827 50.07947 3.27537 0.002571 70.79156
0.985969 1.95E-06 10 0.15949 1.398525 45.03372 3.747893 0.001603 70.22658
0.985969 1.41E-08 15 0.239234 1.318781 40.83438 4.152737 0.001069 69.8522
0.410026 1.81E-09 20 0.318979 1.239036 37.33946 4.498022 0.000757 69.58834
0.007881 1.74E-09 25 0.398724 1.159291 34.43082 4.791373 0.000564 69.39222
0.000802 1.73E-09 30 0.78125 0.776765 25.98088 5.675964 0.000233 69.3114
0.000113 1.73E-09 35 0.911458 0.646557 24.43156 5.843609 0.000197 69.24313
2.13E-05 1.73E-09 40 1.041667 0.516348 23.28359 5.968957 0.000174 69.18296
5.16E-06 1.73E-09 45 1.171875 0.38614 22.43299 6.062463 0.000158 69.12821
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Table A.6.9.a Changes in temperature and microbial population during an ohmic heating process

Heat rate Time Temp k
(C/s) (s) (°C) (1/s) N

Temperature 100°C 20.94758 0  80 1000
Voltage 5000 V 0.5  90.47379 7.691567 0.00063  999.685
Elec Cond 0.32 S/m 1 100.9476 4.911014 0.010164  994.6176
T coeffi cient 0.035 1.5 111.4214 2.281976 0.140874  926.9703
Length 1.175 m 2 121.8952 �0.2076 1.698397  396.5186
Density 1000 kg/m3 2.5 121.8952 �0.20761 1.698416  169.6123
Specifi c Heat 3880 j/kg K 3 121.8952 �0.20761 1.698416   72.55228
Microbial 3.5 121.8952 �0.20761 1.698416   31.0345
Initial population 1000 4 121.8952 �0.20761 1.698416   13.27512
Rate constant 1.38/min 4.5 121.8952 �0.20761 1.698416    5.678481
E-constant 300 kJ/mole 5 121.8952 �0.20761 1.698416    2.428991

5.5 121.8952 �0.20761 1.698416    1.03901
6 121.8952 �0.20761 1.698416    0.44444
6.5 121.8952 �0.20761 1.698416    0.190111
7 121.8952 �0.20761 1.698416    0.081321
7.5 121.8952 �0.20761 1.698416    0.034785
8 121.8952 �0.20761 1.698416    0.014879
8.5 121.8952 �0.20761 1.698416    0.006365
9 121.8952 �0.20761 1.698416    0.002723
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Table A.6.9.b (Table A.6.9.a Continued)

Time 
(s)

Temp 
(°C)

k
(1/s) N

Temperature 100°C  9.5 121.8952 �0.20761 1.698416 0.001165
Voltage 5000 V 10 121.8952 �0.20761 1.698416 0.000498
Elec Cond 0.32 S/m 10.5 121.8952 �0.20761 1.698416 0.000213
T coeffi cient 0.035 11 121.8952 �0.20761 1.698416 9.12E-05
Length 1.175 m 11.5 121.8952 �0.20761 1.698416 3.9E-05
Density 1000 kg/m3 12 121.8952 �0.20761 1.698416 1.67E-05
Specifi c Heat 3880 j/kg K 12.5 121.8952 �0.20761 1.698416 7.14E-06
Microbial 13 121.8952 �0.20761 1.698416 3.05E-06
Initial population 1000 13.5 121.8952 �0.20761 1.698416 1.31E-06
Rate constant 1.38/min 14 121.8952 �0.20761 1.698416 5.59E-07
E-constant 300 kJ/mole 14.5 121.8952 �0.20761 1.698416 2.39E-07

15 121.8952 �0.20761 1.698416 1.02E-07
15.5 121.8952 �0.20761 1.698416 4.37E-08
16 121.8952 �0.20761 1.698416 1.87E-08
16.5 120.5902 0.095355 1.254489 9.99E-09
17 119.2852 0.400338 0.924729 6.29E-09
17.5 117.9802 0.707357 0.680265 4.48E-09
18 116.6752 1.016432 0.4994 3.49E-09
18.5 115.3702 1.327584 0.365861 2.9E-09
19 114.0652 1.640835 0.267469 2.54E-09
19.5 112.7602 1.956205 0.195124 2.3E-09
20 111.4552 2.273715 0.142042 2.15E-09
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Table A.6.9.c (Table A.6.9.a and A.6.9.b Continued)

Time 
(s)

Temp 
(°C)

k
(1/s) N

2.15E-09
Temperature 100°C 20.5 110.1502  2.593389 0.103177 2.04E-09
Voltage 5000 V 21 108.8452  2.915248 0.074783 1.97E-09
Elec Cond 0.32 S/m 21.5 107.5402  3.239314 0.054083 1.91E-09
T coeffi cient 0.035 22 106.2352  3.565611 0.039026 1.88E-09
Length 1.175 m 22.5 104.9302  3.894161 0.028097 1.85E-09
Density 1000 kg/m3 23 103.6252  4.224988 0.020183 1.83E-09
Specifi c Heat 3880 j/kg K 23.5 102.3202  4.558115 0.014465 1.82E-09
Microbial 24 101.0152  4.893567 0.010343 1.81E-09
Initial population 1000 24.5  99.7102  5.231369 0.007378 1.8E-09
Rate constant 1.38/min 25  98.4052  5.571544 0.00525 1.8E-09
E-constant 300 kJ/mole 25.5  97.1002  5.914118 0.003727 1.8E-09

26  95.7952  6.259116 0.00264 1.79E-09
26.5  94.4902  6.606565 0.001865 1.79E-09
27  93.1852  6.95649 0.001314 1.79E-09
27.5  91.8802  7.308918 0.000924 1.79E-09
28  91.1952  7.49492 0.000767 1.79E-09
29  88.5852  8.210086 0.000375 1.79E-09
30  85.9752  8.935652 0.000182 1.79E-09
32  80.9752 10.35551 4.39E-05 1.79E-09
34  75.5352 11.94658 8.94E-06 1.79E-09
36  70.3152 13.52072 1.85E-06 1.79E-09
38  65.0952 15.14346 3.66E-07 1.79E-09
40  59.8752 16.8171 6.86E-08 1.79E-09
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Table A.6.10.a Ouality retention during a PAPT

Time
(min)

Temp
(°C)

mid-T
(°C)

k
(1/min) N

k
(1/min)

Retention 
(%)

j – value 2.048 0   0  80 1000 100
heating rate – f 38.4 min 0.5 150  87.5 4.704134 0.009058 995.4813631 2.127622 0.001191 99.94046
Med Temp 130°C 1 300  95 3.072175 0.04632 972.6907912 1.617635 0.001984 99.84138
Cool Med 30°C 1.5 450 102.5 1.505406 0.221927 870.5304207 1.12802 0.003237 99.67993
cooling rate – f 62.5 min 2 600 110 0 1 528.0033904 0.657581 0.005181 99.42204
cooling rate 1.815 2.5 750 117.5 �1.44758 4.252812  62.97242176 0.205212 0.008145 99.01798
jm-value 0.551 3 750 117.5 �1.44758 4.252812   7.510417499 0.205212 0.008145 98.61557
jm cool 0.813 3.5 750 117.5 �1.44758 4.252812   0.895731328 0.205212 0.008145 98.21478
Density 900 kg/m3 4 750 117.5 �1.44758 4.252812   0.106829562 0.205212 0.008145 97.81563
Specifi c Heat 3500 kJ/kg K 4.5 750 117.5 �1.44758 4.252812   0.012741047 0.205212 0.008145 97.4181
Microbial 5 750 117.5 �1.44758 4.252812   0.001519563 0.205212 0.008145 97.02218
Initial population 1000 5.5 750 117.5 �1.44758 4.252812   0.000181231 0.205212 0.008145 96.62787
Rate constant 1/min 6 750 117.5 �1.44758 4.252812   2.16145E-05 0.205212 0.008145 96.23517
E-constant 240 kJ/mole 6.5 750 117.5 �1.44758 4.252812   2.57786E-06 0.205212 0.008145 95.84406
Temp 110°C 7 750 117.5 �1.44758 4.252812   3.07449E-07 0.205212 0.008145 95.45454
Vitamin 7.5 750 117.5 �1.44758 4.252812   3.6668E-08 0.205212 0.008145 95.0666
Rate constant 0.01/min 8 750 117.5 �1.44758 4.252812   4.37322E-09 0.205212 0.008145 94.68024
E-constant 75 kJ/mole 8.5 500 105 0.996967 0.368997   3.63642E-09 0.969133 0.003794 94.5008
Temp 121°C 9 250  92.5 3.608719 0.027087   3.5875E-09 1.785305 0.001677 94.42157

9.5   0  80 6.40544 0.001653   3.58454E-09 2.659281 0.0007 94.38853
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Table A.6.10.b Comparison of thermal ptocess to PATP

Time
(min) t/f log t/f - log T

k
(1/min) N log t/f - log T

k
(1/min)

Retention 
(%)

j – value 2.048 0 80 1000 80 100
heating rate 38.4 min 1 0.026042 2.0103 1.984258 80 6.40544 0.001653 998.3488 1.440122 1.41408 104.0534 1.029044 0.003573 98.22913
Med Temp 130°C 2 0.052083 2.0103 1.958217 80 6.40544 0.001653 996.7004 1.388038 105.5635 0.933607 0.003931 96.31712
Cool Med 30°C 3 0.078125 2.0103 1.932175 80 6.40544 0.001653 995.0546 1.361997 106.9858 0.844417 0.004298 94.26931
cooling rate 62.5 min 4 0.104167 2.0103 1.906133 80 6.40544 0.001653 993.4116 1.335955 108.3252 0.761027 0.004672 92.09277
cooling j 1.815 5 0.130208 2.0103 1.880092 80 6.40544 0.001653 991.7713 1.309913 109.5867 0.683025 0.005051 89.79615
jm-value 0.551 6 0.15625 2.0103 1.85405 80 6.40544 0.001653 990.1337 1.283872 110.7748 0.610031 0.005433 87.38952
jm cool 0.813 7 0.182292 2.0103 1.828008 80 6.40544 0.001653 988.4989 1.25783 111.8937 0.541697 0.005818 84.88415
Density 900 kg/m3 8 0.208333 2.0103 1.801967 80 6.40544 0.001653 986.8667 1.231788 112.9475 0.477703 0.006202 82.80423
Specifi c Heat 3500 kJ/kg K 9 0.234375 2.0103 1.775925 80 6.40544 0.001653 985.2372 1.205747 113.94 0.417752 0.006585 81.1844
Microbial 10 0.260417 2.0103 1.749883 80 6.40544 0.001653 983.6104 1.179705 114.8747 0.361571 0.006966 80.06123
Initial 
population

1000 11 0.286458 2.0103 1.723842 80 6.40544 0.001653 981.9863 1.153663 115.755 0.308906 0.007342 79.47553

Rate constant 1/min 12 0.3125 2.0103 1.6978 80.13453 6.374288 0.001705 980.3136 1.127622 116.584 0.259525 0.007714 78.8648
E-constant 240 kJ/mole 13 0.338542 2.0103 1.671758 83.03673 5.70795 0.003319 977.0648 1.10158 117.3649 0.213209 0.00808 78.23015
Temp 110°C 14 0.364583 2.0103 1.645717 85.77003 5.09025 0.006156 971.068 1.075538 118.1002 0.169758 0.008439 77.57277
Vitamin 15 0.390625 2.0103 1.619675 88.34425 4.517046 0.010921 960.5205 1.049497 118.7928 0.128985 0.00879 76.8939
Rate constant 0.01/min 16 0.416667 2.0103 1.593633 90.76865 3.984621 0.018599 942.8204 1.023455 119.4451 0.090716 0.009133 76.19485
E-constant 75 kJ/mole 17 0.442708 2.0103 1.567592 93.05194 3.489632 0.030512 914.4874 0.997413 120.0594 0.054791 0.009467 75.47693
Temp 121°C 18 0.46875 2.0103 1.54155 95.20235 2.032099 0.13106 802.1564 0.971372 120.6379 0.021059 0.009792 74.74149

19 0.494792 2.0103 1.515508 97.2276 1.60323 0.201245 655.9328 0.94533 121.1828 -0.01062 0.010107 73.9899
20 0.520833 2.0103 1.489467 99.13498 1.20359 0.300115 485.8712 0.919288 121.696 -0.04037 0.010412 73.22352
21 0.546875 2.0103 1.463425 100.9313 0.830938 0.435641 314.2859 0.893247 122.1793 -0.06832 0.010707 72.44369
22 0.572917 2.0103 1.437383 102.6232 1.4802 0.227592 250.3127 0.867205 122.6345 -0.09459 0.010992 71.65174
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23 0.598958 2.0103 1.411342 104.2165 1.155584 0.314874 182.6985 0.841163 123.0631 -0.11927 0.011267 70.84899
24 0.625 2.0103 1.3853 105.7171 0.852358 0.426408 119.2747 0.815122 123.4669 -0.14246 0.011531 70.03672
25 0.651042 2.0103 1.359258 107.1304 0.568969 0.566109 67.71585 0.78908 123.8471 -0.16426 0.011785 69.21617
26 0.677083 2.0103 1.333217 108.4614 0.303994 0.737865 32.37723 0.763038 124.2052 -0.18475 0.012029 68.38854
27 0.703125 2.0103 1.307175 109.715 0.056126 0.94542 12.57909 0.736997 124.5425 -0.20402 0.012263 67.55499
28 0.729167 2.0103 1.281133 110.8956 �0.17584 1.192242 3.818258 0.710955 124.8601 -0.22214 0.012487 65.88871
29 0.755208 2.0103 1.255092 112.0075 �0.393 1.481412 0.867953 0.684913 125.1592 -0.23917 0.012702 64.23596
1 0.026042 2.17273 2.146689 113 �0.58578 1.796396 0.14399 1.888542 1.8625 102.8618 1.104895 0.003312 63.81181
2 0.052083 2.120647 113 �0.58578 1.796396 0.023887 1.836458 98.62118 1.37877 0.002519 63.49115
3 0.078125 2.094605 113 �0.58578 1.796396 0.003963 1.810417 94.62738 1.642482 0.001935 62.87983
4 0.104167 2.068564 113 �0.58578 1.796396 0.000657 1.784375 90.86601 1.896139 0.001501 62.69129
5 0.130208 2.042522 113 �0.58578 1.796396 0.000109 1.758333 87.32356 2.139875 0.001177 62.32353
6 0.15625 2.01648 113 �0.58578 1.796396 1.81E-05 1.732292 83.98729 2.373849 0.000931 62.20757
7 0.182292 1.990439 113 �0.58578 1.796396 3E-06 1.70625 80.84519 2.59824 0.000744 62.11507
8 0.208333 1.964397 113 �0.58578 1.796396 4.98E-07 1.680208 77.88596 2.813246 0.0006 62.04056
9 0.234375 1.938355 113 �0.58578 1.796396 8.26E-08 1.654167 75.09896 3.019081 0.000488 61.88922
10 0.260417 1.912314 111.7172 �0.33642 1.399928 2.04E-08 1.628125 72.47417 3.215973 0.000401 61.76521
11 0.286458 1.886272 106.9612 0.602789 0.547283 1.18E-08 1.602083 70.00214 3.404162 0.000332 61.66266
12 0.3125 1.86023 102.482 1.509091 0.221111 9.45E-09 1.576042 67.67398 3.583894 0.000278 61.57711
13 0.338542 1.834189 98.26349 2.382643 0.092306 8.61E-09 1.55 65.48133 3.755427 0.000234 61.50513
14 0.364583 1.808147 94.29051 3.223702 0.039807 8.28E-09 1.523958 63.41629 3.919022 0.000199 61.44409
15 0.390625 1.782105 90.54875 4.03262 0.017728 8.13E-09 1.497917 61.47143 4.074942 0.00017 61.3919
16 0.416667 1.756064 87.02477 4.809833 0.008149 8.07E-09 1.471875 59.63977 4.223454 0.000146 61.34695
17 0.442708 1.730022 83.70588 5.555854 0.003865 8.04E-09 1.445833 57.91471 4.364827 0.000127 61.30796
17 0.442708 1.730022 83.70588 5.555854 0.003865 8E-09 1.445833 57.91471 4.364827 0.000127 61.26899
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       Center      Center � 1    

  Time    Temp  k Retention   Temp  k Retention  

  (min) fh/t log term  (°C)  (1/min) (%) log term  (°C)  (1/min) (%) log term 

Input Conditions

Medium Temp 145°C

Initial Temp 70°C        100      100  

j – value 1.959  2 0.020202 2.167096 2.146894 70 5.627749 0.000156 99.96871 2.154295 2.134093 70 5.627749 0.000156 99.96871 2.075884 

Heating rate 99 min  4 0.040404 2.167096 2.126692 70 5.627749 0.000156 99.93744  2.113891 70 5.627749 0.000156 99.93744  

k – ref 0.0435/min  6 0.060606 2.167096 2.10649 70 5.627749 0.000156 99.90617  2.093689 70 5.627749 0.000156 99.90617  

Act Energy 97 kJ/mole  8 0.080808 2.167096 2.086288 70 5.627749 0.000156 99.87491  2.073487 70 5.627749 0.000156 99.87491  

R – value 8.314 10 0.10101 2.167096 2.066086 70 5.627749 0.000156 99.84367  2.053285 70 5.627749 0.000156 99.84367  

Ref T 138°C 12 0.121212 2.167096 2.045884 70 5.627749 0.000156 99.81243  2.033082 70 5.627749 0.000156 99.81243  

Time Increment 2 min 14 0.141414 2.167096 2.025682 70 5.627749 0.000156 99.7812  2.01288 70 5.627749 0.000156 99.7812  

Cmed Temp 35°C 16 0.161616 2.167096 2.00548 70 5.627749 0.000156 99.74999  1.992678 70 5.627749 0.000156 99.74999  

j2-value 1.9021 18 0.181818 2.167096 1.985278 70 5.627749 0.000156 99.71878  1.972476 70 5.627749 0.000156 99.71878  

j3-value 1.5879 20 0.20202 2.167096 1.965075 70 5.627749 0.000156 99.68758  1.952274 70 5.627749 0.000156 99.68758  

j4-value 0.918 22 0.222222 2.167096 1.944873 70 5.627749 0.000156 99.65639  1.932072 70 5.627749 0.000156 99.65639  

j5-value 0.2968 24 0.242424 2.167096 1.924671 70 5.627749 0.000156 99.62521  1.91187 70 5.627749 0.000156 99.62521  

Cooling rate 100 min 26 0.262626 2.167096 1.904469 70 5.627749 0.000156 99.59404  1.891668 70 5.627749 0.000156 99.59404  

Cooling – j 1.958 28 0.282828 2.167096 1.884267 70 5.627749 0.000156 99.56288  1.871466 70.61826 5.566547 0.000166 99.56092  

  30 0.30303 2.167096 1.864065 70 5.627749 0.000156 99.53174  1.851264 73.99903 5.235742 0.000232 99.51482  

  32 0.323232 2.167096 1.843863 75.19872 5.119897 0.00026 99.48  1.831062 77.22613 4.92593 0.000316 99.45202  

  34 0.343434 2.167096 1.823661 78.3713 4.817359 0.000352 99.41002  1.81086 80.30656 4.635479 0.000422 99.36812  

  36 0.363636 2.167096 1.803459 81.39967 4.533624 0.000467 99.31716  1.790658 83.24697 4.362916 0.000554 99.25803  

  38 0.383838 2.167096 1.783257 84.29041 4.267273 0.00061 99.19609  1.770456 86.05374 4.106905 0.000716 99.116  

  40 0.40404 2.167096 1.763055 87.04975 4.017017 0.000783 99.04082  1.750254 88.73294 3.866237 0.000911 98.93563  

  42 0.424242 2.167096 1.742853 89.68368 3.781688 0.000991 98.84469  1.730052 91.29037 3.63981 0.001142 98.70988  

  44 0.444444 2.167096 1.722651 92.19789 3.560222 0.001237 98.60049  1.70985 93.73155 3.42662 0.001414 98.4312  

  46 0.464646 2.167096 1.702449 94.59783 3.351648 0.001524 98.30048  1.689648 96.06178 3.225751 0.001728 98.09159  

  48 0.484848 2.167096 1.682247 96.88869 3.155079 0.001855 97.93653  1.669446 98.2861 3.036363 0.002088 97.68274  

  50 0.505051 2.167096 1.662045 99.07542 2.969702 0.002232 97.50025  1.649244 100.4093 2.857689 0.002497 97.19614  

  52 0.525253 2.167096 1.641843 101.1628 2.794772 0.002659 96.9831  1.629042 102.436 2.689021 0.002956 96.62326  

  54 0.545455 2.167096 1.621641 103.1552 2.629604 0.003137 96.3766  1.60884 104.3706 2.529709 0.003466 95.95575  

  56 0.565657 2.167096 1.601439 105.0571 2.473567 0.003666 95.67248  1.588638 106.2173 2.379154 0.004029 95.18558  

  58 0.585859 2.167096 1.581237 106.8726 2.32608 0.004249 94.86291  1.568436 107.98 2.236804 0.004646 94.30525  

  60 0.606061 2.167096 1.561035 108.6056 2.186606 0.004885 93.94062  1.548234 109.6626 2.102147 0.005315 93.30802  

  62 0.626263 2.167096 1.540833 110.2597 2.054647 0.005574 92.89919  1.528032 111.2688 1.974711 0.006038 92.18803  

  64 0.646465 2.167096 1.520631 111.8387 1.929744 0.006316 91.73315  1.50783 112.8019 1.854056 0.006812 90.94056  

  66 0.666667 2.167096 1.500429 113.346 1.811471 0.007108 90.4382  1.487628 114.2654 1.739777 0.007637 89.56211  

  68 0.686869 2.167096 1.480227 114.7847 1.699431 0.007951 89.01139  1.467426 115.6623 1.631495 0.00851 88.05063  

  70 0.707071 2.167096 1.460025 116.158 1.593257 0.008842 87.45116  1.447224 116.9958 1.528858 0.00943 86.40554  

   2 0.02 2.201144 2.181144 117.6 1.482579 0.009877 85.74064 2.193025 2.173025 118.4 1.421527 0.010499 84.6102 2.13845 

   4 0.04 2.201144 2.161144 118.9 1.383496 0.010905 83.89081  2.153025 119.8 1.315285 0.011675 82.65739  

   6 0.06 2.201144 2.141144 120.2 1.285069 0.012033 81.89591  2.133025 121.1 1.217307 0.012877 80.55578  

   8 0.08 2.201144 2.121144 121.4 1.194789 0.01317 79.76687  2.113025 122.4 1.119974 0.014194 78.30119  

  10 0.1 2.201144 2.101144 122.5 1.112513 0.0143 77.51788  2.093025 123.6 1.030694 0.015519 75.9082  

  12 0.12 2.201144 2.081144 123.5 1.038113 0.015404 75.16607  2.073025 124.8 0.941953 0.016959 73.3767  

  14 0.14 2.201144 2.061144 124.4 0.971473 0.016466 72.73104  2.053025 125.9 0.861075 0.018388 70.72725  

  16 0.16 2.201144 2.041144 125.2 0.912491 0.017466 70.23423  2.033025 127 0.780643 0.019928 67.9638  

  18 0.18 2.201144 2.021144 125.9 0.861075 0.018388 67.69825  2.013025 128 0.707906 0.021431 65.11224  

  20 0.2 2.201144 2.001144 126.5 0.817148 0.019213 65.14616  1.993025 129 0.63553 0.02304 62.17995  

  22 0.22 2.201144 1.981144 127 0.780643 0.019928 62.60077  1.973025 128.9777 0.637142 0.023003 59.38412  

  24 0.24 2.201144 1.961144 126.4417 0.821413 0.019132 60.2507  1.953025 124.748 0.945788 0.016894 57.41114  

  26 0.26 2.201144 1.941144 122.3261 1.125488 0.014115 58.57355  1.933025 120.7087 1.246733 0.012504 55.99324  

  28 0.28 2.201144 1.921144 118.3958 1.421847 0.010495 57.35689  1.913025 116.8511 1.539955 0.009326 54.95853  

  30 0.3 2.201144 1.901144 114.6424 1.710478 0.007864 56.46185  1.893025 113.1672 1.825449 0.00701 54.19341  

  32 0.32 2.201144 1.881144 111.0579 1.991385 0.005938 55.79527  1.873025 109.6491 2.103225 0.00531 53.62095  

  34 0.34 2.201144 1.861144 107.6347 2.264587 0.004518 55.29332  1.853025 106.2894 2.373309 0.004053 53.18806  

  36 0.36 2.201144 1.837508 103.7872 2.577579 0.003304 54.92913  1.829388 102.5131 2.682639 0.002975 52.87257  

  38 0.38 2.201144 1.821144 101.2436 2.788034 0.002677 54.63582  1.813025 100.0167 2.890578 0.002416 52.61769  

  40 0.4 2.201144 1.801144 98.26218 3.038388 0.002084 54.40855  1.793025 97.09044 3.137884 0.001887 52.4195  

  42 0.42 2.201144 1.781144 95.41491 3.281257 0.001635 54.23095  1.773025 94.29591 3.377738 0.001484 52.26411  

  44 0.44 2.201144 1.761144 92.69579 3.516725 0.001292 54.09102  1.753025 91.62715 3.610228 0.001176 52.14128  

  46 0.46 2.201144 1.741144 90.09906 3.744888 0.001028 53.97989  1.733025 89.07851 3.835455 0.000939 52.04342  

  48 0.48 2.201144 1.721144 87.61919 3.965849 0.000824 53.89096  1.713025 86.64457 4.053524 0.000755 51.96488  

                 

                 

  54 0.54 2.201144 1.661144 80.8294 4.586683 0.000443 53.71341  1.653025 79.98054 4.665979 0.000409 51.8072  

  56 0.56 2.201144 1.641144 78.76674 4.780032 0.000365 53.67419  1.633025 77.95609 4.856642 0.000338 51.77216  

  58 0.58 2.201144 1.621144 76.79691 4.966807 0.000303 53.64168  1.613025 76.02274 5.040789 0.000281 51.74303  

  60 0.6 2.201144 1.601144 74.91574 5.14715 0.000253 53.61454  1.593025 74.17642 5.218562 0.000236 51.71866  

  62 0.62 2.201144 1.581144 73.11923 5.321207 0.000213 53.59175  1.573025 72.41319 5.390109 0.000198 51.69814  

  64 0.64 2.201144 1.561144 71.40359 5.489124 0.00018 53.57249  1.553025 70.72932 5.555577 0.000168 51.68075  

  66 0.66 2.201144 1.541144 69.76515 5.651054 0.000153 53.55612  1.533025 69.12123 5.715118 0.000143 51.66594  

  68 0.68 2.201144 1.521144 68.20046 5.807147 0.000131 53.54211  1.513025 67.58552 5.868886 0.000123 51.65323  

  70 0.7 2.201144 1.501144 66.7062 5.957557 0.000113 53.53007  1.493025 66.11893 6.017033 0.000106 51.64229  

  72 0.72 2.201144 1.481144 65.27918 6.102438 9.73E-05 53.51965  1.473025 64.71835 6.159713 9.19E-05 51.63279  

Table A.8.1.a Temperature and retention distribution histories for heating medium at 145˚C
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  Center � 2      Center � 3     Center � 4 

 Temp  k Retention   Temp  k    Temp  k

 (°C)  (1/min) (%) log term  (°C)  (1/min) Retention log term  (°C)  (1/min) Retention

    100      100      100

2.055682 70 5.627749 0.000156 99.96871 1.837904 1.817702 79.27934 4.73177 0.000383 99.92337 1.347525 1.327323 123.7518 1.019442 0.015695 96.90983

2.03548 70 5.627749 0.000156 99.93744  1.7975 82.26644 4.453305 0.000506 99.82224  1.307121 124.7175 0.948035 0.016856 93.6972

2.015278 70 5.627749 0.000156 99.90617  1.777298 85.11778 4.19183 0.000658 99.69102  1.286919 125.6394 0.880197 0.01804 90.37695

1.995076 70 5.627749 0.000156 99.87491  1.757096 87.83952 3.946094 0.000841 99.52351  1.266717 126.5194 0.815733 0.019241 86.96519

1.974874 70 5.627749 0.000156 99.84367  1.736894 90.43755 3.714961 0.00106 99.31285  1.246515 127.3593 0.754465 0.020456 83.479

1.954672 70 5.627749 0.000156 99.81243  1.716692 92.9175 3.497395 0.001317 99.0516  1.226313 128.1611 0.69622 0.021683 79.93617

1.93447 70 5.627749 0.000156 99.7812  1.69649 95.28473 3.292451 0.001617 98.73187  1.206111 128.9265 0.640839 0.022918 76.35493

1.914268 70 5.627749 0.000156 99.74999  1.676288 97.54437 3.099265 0.001961 98.34538  1.185909 129.657 0.588172 0.024157 72.75356

1.894066 70 5.627749 0.000156 99.71878  1.656086 99.7013 2.917044 0.002353 97.88364  1.165707 130.3544 0.538077 0.025398 69.15021

1.873864 70.20644 5.607289 0.00016 99.68693  1.635884 101.7602 2.745063 0.002795 97.33807  1.145505 131.0201 0.49042 0.026638 65.56257

1.853662 73.60592 5.273875 0.000223 99.64251  1.615682 103.7255 2.582652 0.003287 96.70019  1.125303 131.6555 0.445075 0.027874 62.00763

1.83346 76.85089 4.96166 0.000305 99.58183  1.59548 105.6015 2.429196 0.003833 95.96178  1.105101 132.262 0.401924 0.029103 58.50146

1.813258 79.94838 4.668992 0.000408 99.50059  1.575278 107.3922 2.284126 0.004431 95.11511  1.084899 132.841 0.360854 0.030323 55.05902

1.793056 82.90507 4.394377 0.000537 99.39376  1.555076 109.1016 2.146919 0.005083 94.15313  1.064697 133.3936 0.321761 0.031532 51.69401

1.772854 85.72738 4.136467 0.000695 99.25568  1.534874 110.7332 2.017088 0.005787 93.06962  1.044495 133.9211 0.284543 0.032728 48.41873

1.752652 88.42141 3.894038 0.000886 99.08  1.514672 112.2907 1.894184 0.006544 91.85943  1.024293 134.4247 0.249107 0.033908 45.24402

1.73245 90.993 3.665974 0.001113 98.85975  1.49447 113.7774 1.777789 0.007352 90.51861  1.004091 134.9054 0.215363 0.035072 42.17919

1.712248 93.4477 3.451263 0.001379 98.58744  1.474268 115.1965 1.667517 0.008209 89.04459  0.983889 135.3642 0.183227 0.036217 39.23199

1.692046 95.79083 3.248977 0.001688 98.25509  1.454066 116.5511 1.563006 0.009113 87.43628  0.963687 135.8021 0.152618 0.037343 36.40866

1.671844 98.02746 3.058268 0.002043 97.85441  1.433864 117.8441 1.463921 0.010063 85.69417  0.943485 136.2202 0.123462 0.038448 33.71394

1.651642 100.1624 2.87836 0.002446 97.3769  1.413662 119.0784 1.369949 0.011054 83.82039  0.923283 136.6193 0.095687 0.039531 31.15112

1.63144 102.2004 2.708539 0.002899 96.81402  1.39346 120.2566 1.280799 0.012085 81.81875  0.903081 137.0002 0.069225 0.040591 28.72216

1.611238 104.1457 2.548149 0.003403 96.15737  1.373257 121.3812 1.196197 0.013152 79.69467  0.882879 137.3638 0.044011 0.041627 26.42776

1.591036 106.0026 2.396585 0.00396 95.39886  1.353055 122.4547 1.11589 0.014252 77.45518  0.862677 137.7109 0.019985 0.042639 24.26746

1.570834 107.7751 2.253288 0.00457 94.53093  1.332853 123.4794 1.039639 0.015381 75.1088  0.842475 138.0422 -0.00291 0.043627 22.23978

1.550632 109.467 2.117744 0.005233 93.54669  1.312651 124.4576 0.96722 0.016536 72.66543  0.822273 138.3584 -0.02473 0.044589 20.34233

1.53043 111.082 1.989474 0.005949 92.4402  1.292449 125.3913 0.898424 0.017714 70.13615  0.802071 138.6603 -0.04553 0.045526 18.57193

1.510228 112.6237 1.868036 0.006718 91.20656  1.272247 126.2825 0.833055 0.01891 67.5331  0.781869 138.9484 -0.06536 0.046438 16.92473

1.490026 114.0952 1.753021 0.007536 89.84214  1.252045 127.1333 0.770929 0.020122 64.86921  0.761667 139.2235 -0.08425 0.047324 15.39631

1.469824 115.4999 1.644046 0.008404 88.34468  1.231843 127.9453 0.711873 0.021347 62.15803  0.741465 139.486 -0.10227 0.048184 13.98185

1.449622 116.8407 1.540756 0.009319 86.71344  1.211641 128.7205 0.655724 0.022579 59.41349  0.721263 139.7366 -0.11944 0.049019 12.67615

1.42942 118.1206 1.442822 0.010277 84.94927  1.191439 129.4604 0.602328 0.023818 56.64965  0.701061 139.9759 -0.13582 0.049828 11.4738

1.409218 119.3423 1.349935 0.011278 83.05466  1.171237 130.1667 0.551543 0.025059 53.88049  0.680858 140.2042 -0.15143 0.050612 10.36922

1.389016 120.5085 1.261808 0.012317 81.03374  1.151035 130.8409 0.503231 0.026299 51.11973  0.660656 140.4222 -0.16632 0.051371 9.356765

1.368814 121.6217 1.178173 0.013391 78.89228  1.130833 131.4845 0.457265 0.027536 48.38058  0.640454 140.6303 -0.18051 0.052106 8.430771

2.11845 122.7 1.097603 0.014515 76.63502 1.909685 1.889685 112.5684 1.872369 0.006689 47.7377 1.496252 1.476252 64.94003 6.137051 9.4E-05 8.427601

2.09845 123.8 1.015866 0.015751 74.25851  1.869685 109.0773 2.148858 0.005073 47.25581  1.456252 63.59251 6.275265 8.19E-05 8.424842

2.07845 124.8 0.941953 0.016959 71.78203  1.849685 105.7433 2.417661 0.003877 46.8908  1.436252 62.30564 6.408296 7.17E-05 8.422426

2.05845 125.8 0.86841 0.018253 69.20875  1.829685 102.5593 2.678822 0.002986 46.6116  1.416252 61.07668 6.536297 6.31E-05 8.420302

2.03845 126.7 0.802535 0.019496 66.56206  1.809685 99.51862 2.932395 0.002317 46.39608  1.396252 59.90304 6.659418 5.58E-05 8.418424

2.01845 127.6 0.736957 0.020818 63.84762  1.789685 96.6148 3.178451 0.001812 46.22826  1.376252 58.78221 6.777812 4.95E-05 8.416756

1.99845 128.4 0.678912 0.022062 61.09168  1.769685 93.84168 3.417069 0.001427 46.0965  1.356252 57.71184 6.891625 4.42E-05 8.415268

1.97845 129.2 0.621099 0.023375 58.30139  1.749685 91.19337 3.648339 0.001132 45.99221  1.336252 56.68964 7.001007 3.96E-05 8.413934

1.95845 125.8761 0.862829 0.018356 56.19989  1.729685 88.66425 3.872363 0.000905 45.90902  1.316252 55.71344 7.1061 3.57E-05 8.412733

1.93845 121.786 1.165866 0.013557 54.69657  1.709685 86.24896 4.089248 0.000729 45.84216  1.296252 54.78118 7.207048 3.22E-05 8.411648

1.91845 117.88 1.461184 0.01009 53.60382  1.689685 83.94238 4.299111 0.000591 45.78803  1.276252 53.89088 7.30399 2.93E-05 8.410664

1.89845 114.1498 1.748773 0.007568 52.79853  1.669685 81.73961 4.502077 0.000482 45.74389  1.256252 53.04065 7.397063 2.67E-05 8.409766

1.87845 110.5874 2.028641 0.005721 52.19787  1.649685 79.63598 4.698275 0.000396 45.70765  1.236252 52.22869 7.486401 2.44E-05 8.408946

1.85845 107.1854 2.300808 0.004358 51.74492  1.629685 77.62703 4.887841 0.000328 45.67768  1.216252 51.45327 7.572136 2.24E-05 8.408193

1.83845 103.9366 2.565311 0.003345 51.3999  1.609685 75.7085 5.070913 0.000273 45.65275  1.196252 50.71275 7.654395 2.06E-05 8.4075

1.81845 100.8339 2.822202 0.002587 51.13463  1.589685 73.87631 5.247636 0.000229 45.63186  1.176252 50.00556 7.733304 1.91E-05 8.406859

1.79845 97.87089 3.071543 0.002016 50.92885  1.569685 72.12659 5.418157 0.000193 45.61425    

1.774813 94.54061 3.356589 0.001516 50.77465  1.546049 70.15999 5.61189 0.000159 45.59976    

1.75845 92.33894 3.547888 0.001252 50.64766  1.529685 68.85985 5.741192 0.00014 45.58702    

1.73845 89.75826 3.775075 0.000998 50.5467  1.509685 67.33591 5.89401 0.00012 45.57609    

1.71845 87.29373 3.995074 0.000801 50.46582  1.489685 65.88055 6.041234 0.000103 45.56666    

1.69845 84.94013 4.208 0.000647 50.40055  1.469685 64.4907 6.183016 8.98E-05 45.55848    

1.67845 82.69245 4.413973 0.000527 50.34749  1.449685 63.1634 6.319512 7.83E-05 45.55134    

1.65845 80.54594 4.61312 0.000432 50.30405  1.429685 61.89584 6.450874 6.87E-05 45.54508    

1.63845 78.49603 4.805575 0.000356 50.26825  1.409685 60.68533 6.577256 6.05E-05 45.53957    

1.61845 76.53839 4.991476 0.000296 50.23854  1.389685 59.5293 6.698808 5.36E-05 45.53469    

1.59845 74.66885 5.170963 0.000247 50.21372       

1.57845 72.88346 5.344184 0.000208 50.19286       

1.55845 71.17842 5.511286 0.000176 50.17522       

1.53845 69.55013 5.67242 0.00015 50.16021       

1.51845 67.99511 5.827739 0.000128 50.14736       

1.49845 66.51009 5.977395 0.00011 50.1363       

1.47845 65.0919 6.121543 9.55E-05 50.12672       

1.45845 63.73754 6.260336 8.31E-05 50.11839       

1.43845 62.44414 6.393929 7.27E-05 50.1111       

1.41845 61.20895 6.522475 6.39E-05 50.1047       
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       Center      Center � 1    

  Time (t)     Temp  k Retention   Temp  k Retention  

  (min) fh/t log term  (°C)  (1/min) (%) log term  (°C)  (1/min) (%) log term 

Input values      

Medium Temp 135°C        100      100  

Initial Temp 70°C  2 0.020202 2.104948 2.084746 70 5.627749 0.000156 99.96871 2.092147 2.071945 70 5.627749 0.000156 99.96871 2.013737 

j – value 1.959  4 0.040404  2.064544 70 5.627749 0.000156 99.93744  2.051743 70 5.627749 0.000156 99.93744  

Heating rate 99 min  6 0.060606  2.044342 70 5.627749 0.000156 99.90617  2.031541 70 5.627749 0.000156 99.90617  

k – ref 0.0435/min  8 0.080808  2.02414 70 5.627749 0.000156 99.87491  2.011339 70 5.627749 0.000156 99.87491  

Act Energy 97 kJ/mole 10 0.10101  2.003938 70 5.627749 0.000156 99.84367  1.991137 70 5.627749 0.000156 99.84367  

R – value 8.314 12 0.121212  1.983736 70 5.627749 0.000156 99.81243  1.970935 70 5.627749 0.000156 99.81243  

Ref T 138°C 14 0.141414  1.963534 70 5.627749 0.000156 99.7812  1.950733 70 5.627749 0.000156 99.7812  

Time Increment 2 min 16 0.161616  1.943332 70 5.627749 0.000156 99.74999  1.930531 70 5.627749 0.000156 99.74999  

Cmed Temp 35°C 18 0.181818  1.92313 70 5.627749 0.000156 99.71878  1.910329 70 5.627749 0.000156 99.71878  

j2-value 1.9021 20 0.20202  1.902928 70 5.627749 0.000156 99.68758  1.890127 70 5.627749 0.000156 99.68758  

j3-value 1.5879 22 0.222222  1.882726 70 5.627749 0.000156 99.65639  1.869924 70 5.627749 0.000156 99.65639  

j4-value 0.918 24 0.242424  1.862524 70 5.627749 0.000156 99.62521  1.849722 70 5.627749 0.000156 99.62521  

j5-value 0.2968 26 0.262626  1.842322 70 5.627749 0.000156 99.59404  1.82952 70 5.627749 0.000156 99.59404  

Cooling rate 100 min 28 0.282828  1.82212 70 5.627749 0.000156 99.56288  1.809318 70.53583 5.574694 0.000165 99.56119  

Cooling – j 1.958 30 0.30303  1.801917 70 5.627749 0.000156 99.53174  1.789116 73.46582 5.287486 0.00022 99.51742  

  32 0.323232  1.781715 74.50556 5.186732 0.000243 99.48334  1.768914 76.26265 5.017828 0.000288 99.46013  

  34 0.343434  1.761513 77.25512 4.923172 0.000317 99.42039  1.748712 78.93235 4.764424 0.000371 99.38636  

  36 0.363636  1.741311 79.87972 4.675423 0.000405 99.33979  1.72851 81.48071 4.526098 0.000471 99.29283  

  38 0.383838  1.721109 82.38502 4.442348 0.000512 99.23813  1.708308 83.91324 4.30178 0.000589 99.17589  

  40 0.40404  1.700907 84.77645 4.222911 0.000638 99.11168  1.688106 86.23522 4.09049 0.000728 99.03164  

  42 0.424242  1.680705 87.05919 4.016168 0.000784 98.9564  1.667904 88.45165 3.891337 0.000888 98.85588  

  44 0.444444  1.660503 89.23817 3.821252 0.000953 98.76804  1.647702 90.56735 3.703501 0.001072 98.64421  

  46 0.464646  1.640301 91.31812 3.63737 0.001145 98.54212  1.6275 92.58688 3.52623 0.00128 98.39209  

  48 0.484848  1.620099 93.30353 3.463794 0.001362 98.27405  1.607298 94.51462 3.358834 0.001513 98.09485  

  50 0.505051  1.599897 95.1987 3.299853 0.001605 97.95917  1.587096 96.35474 3.200676 0.001772 97.74783  

  52 0.525253  1.579695 97.00773 3.144931 0.001874 97.59279  1.566894 98.11123 3.05117 0.002058 97.34638  

  54 0.545455  1.559493 98.73454 2.998456 0.002169 97.17034  1.546692 99.78788 2.909774 0.00237 96.88601  

  56 0.565657  1.539291 100.3829 2.859903 0.002491 96.68736  1.52649 101.3883 2.775985 0.00271 96.3624  

  58 0.585859  1.519089 101.9563 2.728784 0.00284 96.13963  1.506288 102.916 2.649341 0.003075 95.77152  

  60 0.606061  1.498887 103.4581 2.604647 0.003216 95.52326  1.486086 104.3743 2.529409 0.003467 95.1097  

  62 0.626263  1.478685 104.8918 2.487072 0.003617 94.83471  1.465884 105.7663 2.415789 0.003884 94.37367  

  64 0.646465  1.458483 106.2602 2.375671 0.004043 94.07089  1.445682 107.095 2.30811 0.004326 93.56066  

  66 0.666667  1.438281 107.5665 2.27008 0.004494 93.22922  1.42548 108.3633 2.206025 0.004791 92.66845  

  68 0.686869  1.418079 108.8134 2.169962 0.004967 92.30768  1.405278 109.574 2.109212 0.005278 91.69538  

  70 0.707071  1.397877 110.0036 2.075004 0.005462 91.30486  1.385076 110.7297 2.017368 0.005786 90.64045  

  72 0.727273  1.377675 111.1397 1.98491 0.005977 90.21997  1.364874 111.8328 1.930214 0.006313 89.50329  

  74 0.747475  1.357473 112.2242 1.899407 0.00651 89.0529  1.344672 112.8858 1.847486 0.006857 88.28422  

  76 0.767677  1.337271 113.2594 1.818237 0.007061 87.80422  1.32447 113.8909 1.768938 0.007417 86.98421  

  78 0.787879  1.317069 114.2476 1.741162 0.007626 86.47514  1.304268 114.8503 1.69434 0.007992 85.60494  

  80 0.808081  1.296867 115.1908 1.667957 0.008205 85.06758  1.284066 115.7662 1.623476 0.008579 84.1487  

  82 0.828283  1.276665 116.0912 1.598409 0.008796 83.58408  1.263864 116.6404 1.556143 0.009176 82.61845  

   2 0.02 2.200786 2.180786 117 1.528532 0.009433 82.02194 2.191138 2.171138 117.5 1.490228 0.009801 81.01465 2.128569 

   4 0.04  2.160786 117.9 1.459655 0.010106 80.38079  2.151138 118.4 1.421527 0.010499 79.33132  

   6 0.06  2.140786 118.7 1.398697 0.010741 78.67247  2.131138 119.2 1.360724 0.011157 77.58078  

   8 0.08  2.120786 119.5 1.337987 0.011413 76.897  2.111138 120 1.300169 0.011853 75.76326  

  10 0.1  2.100786 120.2 1.285069 0.012033 75.06842  2.091138 120.7 1.247385 0.012496 73.89331  

  12 0.12  2.080786 120.9 1.232339 0.012685 73.18788  2.071138 121.4 1.194789 0.01317 71.97231  

  14 0.14  2.060786 121.5 1.18729 0.01327 71.27109  2.051138 122 1.149854 0.013776 70.01644  

  16 0.16  2.040786 122 1.149854 0.013776 69.33427  2.031138 122.6 1.105056 0.014407 68.02779  

  18 0.18  2.020786 122.4 1.119974 0.014194 67.39375  2.011138 123.1 1.067828 0.014953 66.02343  

  20 0.2  2.000786 122.7 1.097603 0.014515 65.46548  1.991138 123.6 1.030694 0.015519 64.00567  

  22 0.22  1.980786 122.9 1.082708 0.014732 63.56469  1.971138 124 1.001054 0.015986 61.99166  

  24 0.24  1.960786 123 1.075266 0.014843 61.7055  1.951138 124.359 0.974502 0.016416 59.98939  

  26 0.26  1.940786 122.2542 1.130861 0.01404 59.99693  1.931138 120.3372 1.27472 0.012159 58.54821  

  28 0.28  1.920786 118.3271 1.427081 0.01044 58.75714  1.911138 116.4964 1.567213 0.009075 57.49512  

  30 0.3  1.900786 114.5767 1.715574 0.007824 57.84487  1.891138 112.8284 1.851978 0.006826 56.71549  

  32 0.32  1.880786 110.9952 1.996342 0.005909 57.16532  1.871138 109.3256 2.129027 0.005174 56.13158  

  34 0.34  1.860786 107.5749 2.269407 0.004497 56.65351  1.851138 105.9804 2.398387 0.003953 55.68959  

  36 0.36  1.840786 104.3084 2.534804 0.003449 56.26411  1.831138 102.7857 2.660101 0.003042 55.35176  

  38 0.38  1.820786 101.1891 2.792581 0.002665 55.96503  1.811138 99.73488 2.914224 0.00236 55.09115  

  40 0.4  1.800786 98.21006 3.0428 0.002075 55.73325  1.791138 96.82133 3.160824 0.001844 54.88834  

  42 0.42  1.780786 95.36514 3.285536 0.001628 55.5521  1.771138 94.03891 3.399979 0.001452 54.7292  

  44 0.44  1.760786 92.64826 3.520873 0.001286 55.40936  1.751138 91.38172 3.63178 0.001151 54.60332  

  46 0.46  1.740786 90.05366 3.748906 0.001024 55.29598  1.731138 88.84412 3.856327 0.00092 54.50296  

  48 0.48  1.720786 87.57584 3.969739 0.000821 55.20523  1.711138 86.42074 4.073726 0.00074 54.42234  

  50 0.5  1.700786 85.20953 4.183485 0.000663 55.13206  1.691138 84.10643 4.284096 0.0006 54.35711  

  52 0.52  1.680786 82.94973 4.390264 0.000539 55.07263  1.671138 81.89627 4.487559 0.000489 54.30394  

  54 0.54  1.660786 80.79164 4.590202 0.000442 55.02402  1.651138 79.78559 4.684244 0.000402 54.26031  

  56 0.56  1.640786 78.73068 4.783432 0.000364 54.98398  1.631138 77.76991 4.874287 0.000332 54.22425  

  58 0.58  1.620786 76.76247 4.970091 0.000302 54.95078  1.611138 75.84495 5.057826 0.000277 54.19426  

  60 0.6  1.600786 74.88285 5.15032 0.000252 54.92307  1.591138 74.00662 5.235006 0.000232 54.16915  

  58 0.58  1.620786 76.76247 4.970091 0.000302 54.8899  1.611138 75.84495 5.057826 0.000277 54.13919  

  60 0.6  1.600786 74.88285 5.15032 0.000252 54.86222  1.591138 74.00662 5.235006 0.000232 54.1141  

  62 0.62  1.580786 73.08783 5.324266 0.000212 54.83897  1.571138 72.25103 5.405973 0.000195 54.09297  

  64 0.64  1.560786 71.37359 5.492075 0.000179 54.81933  1.551138 70.57446 5.570875 0.000166 54.07506  

  66 0.66  1.540786 69.73651 5.653899 0.000152 54.80262  1.531138 68.97335 5.729866 0.000141 54.05978  

  68 0.68  1.520786 68.17311 5.809889 0.00013 54.78833  1.511138 67.44429 5.883097 0.000121 54.04668  

  70 0.7  1.500786 66.68007 5.960198 0.000112 54.77603  1.491138 65.98406 6.030721 0.000105 54.03538  

  72 0.72  1.480786 65.25424 6.104982 9.71E-05 54.7654  1.471138 64.58955 6.172894 9.07E-05 54.02558  

  74 0.74  1.460786 63.89257 6.244393 8.44E-05 54.75615  1.451138 63.2578 6.309768 7.91E-05 54.01703  

  76 0.76  1.440786 62.59219 6.378585 7.38E-05 54.74806  1.431138 61.98599 6.441498 6.93E-05 54.00954  

  78 0.78  1.420786 61.35034 6.507713 6.49E-05 54.74096  1.411138 60.77142 6.568237 6.11E-05 54.00294  

  80 0.8  1.400786 60.16438 6.631927 5.73E-05 54.73468  1.391138 59.61151 6.690135 5.41E-05 53.9971  

Table A.8.1.b Temperature and retention distribution histories for heating medium at 135˚C
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  Center � 2      Center � 3     Center � 4 

 Temp  k Retention   Temp  k Retention   Temp  k Retention

 (°C)  (1/min) (%) log term  (°C)  (1/min) (%) log term  (°C)  (1/min) (%)

    100      100      100

1.993534 70 5.627749 0.000156 99.96871 1.775756 1.755554 78.04209 4.848497 0.000341 99.93181 1.285377 1.265175 116.5849 1.560411 0.009137 98.18916

1.973332 70 5.627749 0.000156 99.93744  1.735352 80.63092 4.60519 0.000435 99.84491  1.244973 117.4218 1.496209 0.009743 96.29436

1.95313 70 5.627749 0.000156 99.90617  1.71515 83.10208 4.376242 0.000547 99.73576  1.224771 118.2208 1.435181 0.010356 94.3204

1.932928 70 5.627749 0.000156 99.87491  1.694948 85.46092 4.160644 0.000678 99.60051  1.204569 118.9834 1.377159 0.010975 92.27266

1.912726 70 5.627749 0.000156 99.84367  1.674746 87.71255 3.957476 0.000831 99.43505  1.184367 119.7114 1.321984 0.011597 90.15705

1.892524 70 5.627749 0.000156 99.81243  1.654544 89.86183 3.765894 0.001007 99.23501  1.164165 120.4063 1.269508 0.012222 87.97994

1.872322 70 5.627749 0.000156 99.7812  1.634342 91.91343 3.585126 0.001206 98.99586  1.143963 121.0696 1.21959 0.012848 85.74804

1.85212 70 5.627749 0.000156 99.74999  1.61414 93.87178 3.414459 0.001431 98.71296  1.123761 121.7028 1.172097 0.013473 83.46838

1.831918 70 5.627749 0.000156 99.71878  1.593938 95.74112 3.253241 0.001681 98.3816  1.103559 122.3072 1.126904 0.014096 81.14818

1.811716 70.17891 5.610015 0.000159 99.68702  1.573736 97.5255 3.100868 0.001958 97.99711  1.083357 122.8841 1.083894 0.014715 78.79479

1.791514 73.12513 5.320632 0.000213 99.64462  1.553534 99.22877 2.956783 0.002261 97.55489  1.063155 123.4347 1.042956 0.01533 76.41562

1.771312 75.93744 5.048961 0.000279 99.58902  1.533332 100.8546 2.820472 0.002592 97.05054  1.042953 123.9604 1.003985 0.015939 74.01804

1.75111 78.62193 4.793691 0.00036 99.51729  1.51313 102.4066 2.691458 0.002949 96.47992  1.022751 124.4622 0.966881 0.016542 71.60935

1.730908 81.1844 4.553634 0.000458 99.42617  1.492928 103.888 2.569299 0.003332 95.83918  1.002549 124.9411 0.931551 0.017136 69.19666

1.710706 83.6304 4.327705 0.000574 99.31207  1.472726 105.3021 2.453584 0.00374 95.12492  0.982347 125.3983 0.897905 0.017723 66.7869

1.690504 85.96523 4.114918 0.00071 99.1711  1.452524 106.6519 2.343934 0.004174 94.33416  0.962145 125.8347 0.865861 0.0183 64.38669

1.670302 88.19393 3.914368 0.000868 98.9991  1.432322 107.9404 2.239991 0.004631 93.46447  0.941943 126.2513 0.835339 0.018867 62.00238

1.6501 90.32134 3.725229 0.001049 98.79168  1.41212 109.1703 2.141428 0.005111 92.514  0.921741 126.649 0.806264 0.019424 59.63992

1.629898 92.35205 3.546742 0.001254 98.5443  1.391918 110.3443 2.047933 0.005612 91.48151  0.901539 127.0285 0.778564 0.019969 57.30492

1.609696 94.29047 3.378208 0.001484 98.25231  1.371716 111.4649 1.959221 0.006132 90.36641  0.881337 127.3908 0.752171 0.020503 55.00256

1.589494 96.14078 3.218985 0.00174 97.91102  1.351514 112.5346 1.875023 0.006671 89.16879  0.861135 127.7367 0.727023 0.021026 52.7376

1.569292 97.90699 3.068482 0.002022 97.5158  1.331312 113.5557 1.795086 0.007226 87.8894  0.840933 128.0668 0.703059 0.021535 50.51436

1.54909 99.59293 2.92615 0.002332 97.06209  1.31111 114.5304 1.719175 0.007796 86.52969  0.820731 128.3819 0.68022 0.022033 48.33673

1.528888 101.2022 2.791483 0.002668 96.54557  1.290908 115.4608 1.647069 0.008379 85.09176  0.800529 128.6827 0.658453 0.022518 46.20815

1.508686 102.7384 2.664014 0.003031 95.96217  1.270706 116.3489 1.578563 0.008973 83.57836  0.780327 128.9699 0.637706 0.02299 44.13161

1.488484 104.2047 2.543306 0.003419 95.30815  1.250504 117.1966 1.513461 0.009576 81.99283  0.760125 129.2439 0.617929 0.023449 42.1097

1.468282 105.6044 2.428957 0.003834 94.5802  1.230301 118.0058 1.451581 0.010188 80.33911  0.739923 129.5056 0.599076 0.023895 40.14458

1.44808 106.9405 2.320592 0.004272 93.77548  1.210099 118.7782 1.392753 0.010805 78.6216  0.719721 129.7553 0.581104 0.024329 38.23801

1.427878 108.2158 2.21786 0.004735 92.89169  1.189897 119.5155 1.336814 0.011427 76.84522  0.699519 129.9937 0.563968 0.024749 36.39137

1.407676 109.4332 2.120437 0.005219 91.92711  1.169695 120.2193 1.283614 0.012051 75.01524  0.679317 130.2212 0.547631 0.025157 34.60568

1.387474 110.5953 2.028019 0.005724 90.88065  1.149493 120.8911 1.233008 0.012677 73.13728  0.659115 130.4384 0.532053 0.025552 32.88163

1.367272 111.7045 1.940322 0.006249 89.75187  1.129291 121.5324 1.184864 0.013302 71.21722  0.638913 130.6458 0.517199 0.025934 31.21959

1.34707 112.7633 1.857082 0.006792 88.54101  1.109089 122.1445 1.139054 0.013925 69.26114  0.618711 130.8437 0.503034 0.026304 29.61964

1.326868 113.774 1.77805 0.00735 87.24896  1.088887 122.7288 1.095458 0.014546 67.27525  0.598509 131.0326 0.489526 0.026662 28.08158

1.306666 114.7388 1.702995 0.007923 85.87732  1.068685 123.2865 1.053963 0.015162 65.26581  0.578307 131.2129 0.476644 0.027008 26.60499

1.286464 115.6597 1.631698 0.008508 84.42831  1.048483 123.8189 1.014464 0.015773 63.23907  0.558105 131.385 0.464358 0.027341 25.18921

1.266262 116.5387 1.563957 0.009105 82.90481  1.028281 124.3271 0.976858 0.016377 61.20124  0.537903 131.5493 0.45264 0.027664 23.83341

1.24606 117.3778 1.499579 0.00971 81.3103  1.008079 124.8122 0.941051 0.016974 59.1584  0.5177 131.7062 0.441463 0.027975 22.53657

1.225858 118.1788 1.438385 0.010323 79.64877  0.987877 125.2753 0.906953 0.017563 57.11645  0.497498 131.8559 0.430803 0.028274 21.29751

1.205656 118.9433 1.380206 0.010941 77.92476  0.967675 125.7173 0.874479 0.018143 55.08108  0.477296 131.9988 0.420635 0.028563 20.11495

1.185454 119.6731 1.324882 0.011564 76.14323  0.947473 126.1392 0.843548 0.018713 53.05772  0.457094 132.1352 0.410935 0.028842 18.98748

2.108569 120.5 1.262447 0.012309 74.29165 1.922548 1.902548 114.9002 1.690472 0.008023 52.21317 1.459841 1.439841 62.53218 6.384804 7.34E-05 18.98469

2.088569 121.3 1.202291 0.013072 72.37455  1.882548 111.3041 1.971921 0.006055 51.58471  1.419841 61.29302 6.513695 6.45E-05 18.98225

2.068569 122 1.149854 0.013776 70.40774  1.862548 107.8698 2.245663 0.004605 51.11182  1.399841 60.10964 6.637681 5.7E-05 18.98008

2.048569 122.7 1.097603 0.014515 68.39324  1.842548 104.5902 2.511733 0.003529 50.75234  1.379841 58.97952 6.756912 5.06E-05 18.97816

2.028569 123.3 1.052963 0.015177 66.34839  1.822548 101.4581 2.770179 0.002725 50.47646  1.359841 57.90027 6.871536 4.51E-05 18.97645

2.008569 123.9 1.008458 0.015868 64.27582  1.802548 98.46698 3.021062 0.002121 50.26283  1.339841 56.86958 6.981702 4.04E-05 18.97492

1.988569 124.4 0.971473 0.016466 62.19359  1.782548 95.6105 3.264453 0.001662 50.09599  1.319841 55.88529 7.087554 3.63E-05 18.97354

1.968569 124.9 0.934582 0.017085 60.10437  1.762548 92.88258 3.500438 0.001313 49.96461  1.299841 54.9453 7.189235 3.28E-05 18.97229

1.948569 123.8319 1.013506 0.015788 58.23616  1.742548 90.27743 3.729111 0.001045 49.86033  1.279841 54.04761 7.286886 2.98E-05 18.97116

1.928569 119.8338 1.312732 0.011705 56.88867  1.722548 87.78954 3.950574 0.000837 49.77692  1.259841 53.19033 7.380643 2.71E-05 18.97013

1.908569 116.0156 1.604232 0.008745 55.90229  1.702548 85.41362 4.164939 0.000676 49.70971  1.239841 52.37163 7.470642 2.48E-05 18.96919

1.888569 112.3693 1.888005 0.006585 55.17091  1.682548 83.14463 4.372327 0.000549 49.65515  1.219841 51.58978 7.557013 2.27E-05 18.96833

1.868569 108.8871 2.164064 0.004996 54.62236  1.662548 80.97777 4.572862 0.000449 49.61056  1.199841 50.84311 7.639887 2.09E-05 18.96754

1.848569 105.5616 2.432439 0.00382 54.2066  1.642548 78.90843 4.766678 0.00037 49.57385  1.179841 50.13006 7.719388 1.93E-05 18.96681

1.828569 102.3859 2.693175 0.002943 53.88843  1.622548 76.93222 4.95391 0.000307 49.54342  1.159841 49.44909 7.79564 1.79E-05 18.96613

1.808569 99.35299 2.946327 0.002285 53.6427  1.602548 75.04496 5.1347 0.000256 49.51805  1.139841 48.79877 7.86876 1.66E-05 18.96549

1.788569 96.45663 3.191965 0.001787 53.45128  1.582548 73.24264 5.309193 0.000215 49.49674  1.119841 48.17773 7.938867 1.55E-05 18.96491

1.768569 93.69062 3.430171 0.001409 53.30091  1.562548 71.52144 5.477536 0.000182 49.47875  1.099841 47.58463 8.006071 1.45E-05 18.96436

1.748569 91.04911 3.661034 0.001118 53.18184  1.542548 69.8777 5.639881 0.000155 49.46346  1.079841 47.01823 8.070483 1.36E-05 18.96384

1.728569 88.52649 3.884656 0.000894 53.08682  1.522548 68.30795 5.796379 0.000132 49.45038  1.059841 46.47732 8.13221 1.28E-05 18.96336

1.708569 86.1174 4.101146 0.00072 53.01042  1.502548 66.80884 5.947183 0.000114 49.43914  1.039841 45.96076 8.191354 1.21E-05 18.9629

1.688569 83.81673 4.310621 0.000584 52.94854  1.482548 65.37721 6.092447 9.83E-05 49.42942  1.019841 45.46744 8.248015 1.14E-05 18.96247

1.668569 81.61962 4.513206 0.000477 52.89806  1.462548 64.01001 6.232325 8.55E-05 49.42097  0.999841 44.99633 8.30229 1.08E-05 18.96206

1.648569 79.52139 4.70903 0.000392 52.8566  1.442548 62.70434 6.366971 7.47E-05 49.41359  0.979841 44.54642 8.354272 1.02E-05 18.96167

1.628569 77.5176 4.898229 0.000325 52.8223  1.422548 61.45744 6.496538 6.56E-05 49.4071  0.959841 44.11676 8.404053 9.74E-06 18.9613

1.608569 75.60399 5.080943 0.00027 52.79376  1.402548 60.26666 6.621179 5.79E-05 49.40138  0.939841 43.70644 8.451719 9.29E-06 18.96095

1.588569 73.77651 5.257316 0.000227 52.76983  1.382548 59.12947 6.741045 5.14E-05 49.3963  0.919841 43.31458 8.497355 8.87E-06 18.96061

1.568569 72.03128 5.427496 0.000191 52.74966       

1.548569 70.3646 5.59163 0.000162 52.73255       

1.528569 68.77293 5.749872 0.000138 52.71795       

1.548569 70.3646 5.59163 0.000162 52.70085       

1.528569 68.77293 5.749872 0.000138 52.68626       

1.508569 67.2529 5.902374 0.000119 52.67373       

1.488569 65.80128 6.049289 0.000103 52.66292       

1.468569 64.41499 6.190773 8.91E-05 52.65354       

1.448569 63.0911 6.326978 7.78E-05 52.64535       

1.428569 61.82679 6.458058 6.82E-05 52.63817       

1.408569 60.61939 6.584166 6.01E-05 52.63184       

1.388569 59.46632 6.705454 5.33E-05 52.62624       
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314 Food Preservation Process Design

Table A.8.1.c Temperature and retention distribution histories for heating medium at 125˚C

Center Center � 1

Time

(t) fh/t log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Input Values 100 100

Medium Temp 125°C  2 0.020202 2.032397 2.012195 70 5.627749 0.000156 99.96871 2.019596 1.999394 70 5.627749 0.000156 99.96871 1.941186

Initial Temp 70°C  4 0.040404 2.388944 1.991993 70 5.627749 0.000156 99.93744 1.979192 70 5.627749 0.000156 99.93744

j – value 1.959  6 0.060606 2.388944 1.971791 70 5.627749 0.000156 99.90617 1.95899 70 5.627749 0.000156 99.90617

Heating rate 99 min  8 0.080808 2.388944 1.951589 70 5.627749 0.000156 99.87491 1.938788 70 5.627749 0.000156 99.87491

k – ref 0.0435/min 10 0.10101 2.388944 1.931387 70 5.627749 0.000156 99.84367 1.918586 70 5.627749 0.000156 99.84367

Act Energy 97 kJ/mole 12 0.121212 2.388944 1.911185 70 5.627749 0.000156 99.81243 1.898384 70 5.627749 0.000156 99.81243

R – value 8.314 14 0.141414 2.388944 1.890983 70 5.627749 0.000156 99.7812 1.878182 70 5.627749 0.000156 99.7812

Ref T 138°C 16 0.161616 2.388944 1.870781 70 5.627749 0.000156 99.74999 1.85798 70 5.627749 0.000156 99.74999

Time Increment 2 min 18 0.181818 2.388944 1.850579 70 5.627749 0.000156 99.71878 1.837778 70 5.627749 0.000156 99.71878

Cmed Temp 35°C 20 0.20202 2.388944 1.830377 70 5.627749 0.000156 99.68758 1.817576 70 5.627749 0.000156 99.68758

j2-value 1.9021 22 0.222222 2.388944 1.810175 70 5.627749 0.000156 99.65639 1.797374 70 5.627749 0.000156 99.65639

j3-value 1.5879 24 0.242424 2.388944 1.789973 70 5.627749 0.000156 99.62521 1.777172 70 5.627749 0.000156 99.62521

j4-value 0.918 26 0.262626 2.388944 1.769771 70 5.627749 0.000156 99.59404 1.75697 70 5.627749 0.000156 99.59404

j5-value 0.2968 28 0.282828 2.388944 1.749569 70 5.627749 0.000156 99.56288 1.736768 70.45339 5.582846 0.000164 99.56145

Cooling rate – f 100 30 0.30303 2.388944 1.729367 70 5.627749 0.000156 99.53174 1.716566 72.93262 5.339391 0.000209 99.5199

Cooling – j 1.958 32 0.323232 2.388944 1.709165 73.8124 5.253835 0.000227 99.48648 1.696364 75.29916 5.110234 0.000263 99.46766

34 0.343434 2.388944 1.688963 76.13895 5.029663 0.000285 99.42988 1.676162 77.55814 4.89438 0.000326 99.40288

36 0.363636 2.388944 1.668761 78.35976 4.818449 0.000351 99.36002 1.65596 79.71445 4.690915 0.000399 99.32354

38 0.383838 2.388944 1.648559 80.47963 4.61931 0.000429 99.27482 1.635758 81.77275 4.499005 0.000484 99.22749

40 0.40404 2.388944 1.628357 82.50315 4.431439 0.000518 99.17212 1.615556 83.73749 4.317884 0.00058 99.1125

42 0.424242 2.388944 1.608155 84.4347 4.254091 0.000618 99.04963 1.595354 85.61294 4.146847 0.000688 98.97623

44 0.444444 2.388944 1.587953 86.27845 4.086582 0.000731 98.90499 1.575152 87.40314 3.985244 0.000809 98.8163

46 0.464646 2.388944 1.567751 88.03841 3.928283 0.000856 98.73582 1.55495 89.11197 3.832477 0.000942 98.6303

48 0.484848 2.388944 1.547549 89.71837 3.778612 0.000994 98.53969 1.534748 90.74314 3.687992 0.001088 98.41582

50 0.505051 2.388944 1.527347 91.32197 3.637031 0.001145 98.31422 1.514546 92.30017 3.551278 0.001248 98.1705

52 0.525253 2.388944 1.507145 92.85269 3.503043 0.00131 98.05706 1.494344 93.78643 3.42186 0.00142 97.89202

54 0.545455 2.388944 1.486943 94.31384 3.376187 0.001487 97.76592 1.474141 95.20513 3.2993 0.001606 97.57819

56 0.565657 2.388944 1.466741 95.70857 3.256035 0.001677 97.43865 1.453939 96.55935 3.183187 0.001803 97.22691

58 0.585859 2.388944 1.446539 97.03991 3.142188 0.001879 97.07323 1.433737 97.85202 3.073144 0.002013 96.83626

60 0.606061 2.388944 1.426337 98.31074 3.034278 0.002093 96.66778 1.413535 99.08594 2.968815 0.002234 96.4045

62 0.626263 2.388944 1.406134 99.52381 2.931959 0.002318 96.22062 1.393333 100.2638 2.869872 0.002467 95.93007

64 0.646465 2.388944 1.385932 100.6817 2.834911 0.002554 95.73028 1.373131 101.3881 2.776006 0.002709 95.41163

66 0.666667 2.388944 1.36573 101.787 2.742833 0.002801 95.19553 1.352929 102.4613 2.686932 0.002962 94.8481

68 0.686869 2.388944 1.345528 102.8421 2.655445 0.003057 94.61535 1.332727 103.4857 2.602379 0.003223 94.23864

70 0.707071 2.388944 1.325326 103.8492 2.572485 0.003321 93.98899 1.312525 104.4636 2.522098 0.003493 93.58264

72 0.727273 2.388944 1.305124 104.8106 2.493709 0.003593 93.31596 1.292323 105.397 2.445853 0.003769 92.8798

74 0.747475 2.388944 1.284922 105.7282 2.418887 0.003872 92.59604 1.272121 106.288 2.373423 0.004053 92.13005

76 0.767677 2.388944 1.26472 106.6041 2.347802 0.004158 91.82926 1.251919 107.1384 2.304602 0.004341 91.3336

78 0.787879 2.388944 1.244518 107.4402 2.280254 0.004448 91.01593 1.231717 107.9503 2.239196 0.004635 90.4909

80 0.808081 2.388944 1.224316 108.2384 2.216052 0.004743 90.1566 1.211515 108.7252 2.177022 0.004932 89.60269

82 0.828283 2.388944 1.204114 109.0002 2.155019 0.005042 89.25208 1.191313 109.4649 2.117909 0.005232 88.66993

84 0.848485 2.388944 1.183912 109.7274 2.096987 0.005343 88.30343 1.171111 110.171 2.061695 0.005535 87.69379

86 0.868687 2.388944 1.16371 110.4216 2.041797 0.005646 87.3119 1.150909 110.845 2.00823 0.005839 86.67569

88 0.888889 2.388944 1.143508 111.0842 1.989302 0.00595 86.27897 1.130707 111.4884 1.957369 0.006143 85.61722

90 0.909091 2.388944 1.123306 111.7167 1.939362 0.006255 85.20633 1.110505 112.1025 1.908979 0.006448 84.52018

92 0.929293 2.388944 1.103104 112.3204 1.891844 0.00656 84.0958 1.090303 112.6887 1.862932 0.006752 83.3865

94 0.949495 2.388944 1.082902 112.8967 1.846625 0.006863 82.9494 1.070101 113.2483 1.819108 0.007054 82.21827

96 0.969697 2.388944 1.0627 113.4469 1.803587 0.007165 81.76925 1.049899 113.7824 1.777395 0.007355 81.01771

98 0.989899 2.388944 1.042498 113.972 1.76262 0.007464 80.55761 1.029697 114.2923 1.737684 0.007653 79.78712

100 1.010101 2.388944 1.022296 114.4732 1.723618 0.007761 79.31681 1.009495 114.779 1.699876 0.007948 78.5289

102 1.030303 2.388944 1.002094 114.9517 1.686482 0.008055 78.04927 0.989293 115.2435 1.663875 0.008239 77.24549

 2 0.02 2.19464 2.17464 115.5 1.644036 0.008404 76.74836 2.183643 2.163643 115.7 1.628584 0.008535 75.9381 2.113869

 4 0.04 2.15464 116 1.605436 0.008735 75.41923 2.143643 116.2 1.590024 0.008871 74.60276

 6 0.06 2.13464 116.5 1.566935 0.009078 74.06231 2.123643 116.7 1.551562 0.009218 73.23992

 8 0.08 2.11464 116.9 1.536205 0.009361 72.68861 2.103643 117.1 1.520863 0.009506 71.86068

10 0.1 2.09464 117.3 1.505538 0.009653 71.2988 2.083643 117.5 1.490228 0.009801 70.46571

12 0.12 2.07464 117.6 1.482579 0.009877 69.90422 2.063643 117.8 1.467293 0.010029 69.06641

14 0.14 2.05464 117.9 1.459655 0.010106 68.50554 2.043643 118.1 1.444392 0.010261 67.66345

16 0.16 2.03464 118.1 1.444392 0.010261 67.11397 2.023643 118.3 1.429145 0.010419 66.26809

18 0.18 2.01464 118.3 1.429145 0.010419 65.72994 2.003643 118.5 1.413913 0.010579 64.88075

20 0.2 1.99464 118.4 1.421527 0.010499 64.36419 1.983643 118.6 1.406303 0.01066 63.51218

22 0.22 1.97464 118.5 1.413913 0.010579 63.01671 1.963643 118.7 1.398697 0.010741 62.16237
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Appendix 315

Center � 2 Center � 3 Center � 4

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%)

100 100 100

1.920984 70 5.627749 0.000156 99.96871 1.703205 1.683003 76.80485 4.96605 0.000303 99.93937 1.212827 1.192625 109.418 2.121656 0.005213 98.96287

1.900782 70 5.627749 0.000156 99.93744 1.662801 78.99539 4.758486 0.000373 99.86481 1.172423 110.1262 2.065259 0.005515 97.87727

1.88058 70 5.627749 0.000156 99.90617 1.642599 81.08637 4.562753 0.000454 99.77421 1.152221 110.8022 2.01162 0.005819 96.74477

1.860378 70 5.627749 0.000156 99.87491 1.622397 83.08231 4.37806 0.000546 99.66533 1.132019 111.4475 1.960594 0.006124 95.56712

1.840176 70 5.627749 0.000156 99.84367 1.602195 84.98754 4.203683 0.00065 99.53587 1.111816 112.0635 1.912048 0.006428 94.34631

1.819974 70 5.627749 0.000156 99.81243 1.581993 86.80617 4.038954 0.000766 99.38344 1.091614 112.6515 1.865852 0.006732 93.0845

1.799772 70 5.627749 0.000156 99.7812 1.561791 88.54214 3.883259 0.000895 99.20562 1.071412 113.2128 1.821888 0.007035 91.78401

1.77957 70 5.627749 0.000156 99.74999 1.541589 90.1992 3.736028 0.001037 99 1.05121 113.7485 1.78004 0.007335 90.44728

1.759368 70 5.627749 0.000156 99.71878 1.521387 91.78095 3.596737 0.001192 98.76418 1.031008 114.2599 1.740203 0.007634 89.07689

1.739166 70.15139 5.612742 0.000159 99.68711 1.501185 93.29081 3.4649 0.001361 98.4958 1.010806 114.7481 1.702275 0.007929 87.67551

1.718964 72.64434 5.367519 0.000203 99.64665 1.480983 94.73204 3.340064 0.001541 98.19262 0.990604 115.214 1.666159 0.00822 86.24586

1.698762 75.02399 5.13672 0.000256 99.59572 1.460781 96.10777 3.221812 0.001735 97.85251 0.970402 115.6588 1.631765 0.008508 84.79073

1.67856 77.29548 4.919335 0.000318 99.53245 1.440579 97.42096 3.109754 0.001941 97.47345 0.9502 116.0834 1.599009 0.008791 83.31294

1.658358 79.46372 4.714445 0.00039 99.45485 1.420377 98.67447 3.003528 0.002158 97.05364 0.929998 116.4887 1.567807 0.00907 81.81529

1.638156 81.53341 4.521206 0.000473 99.36079 1.400175 99.87101 2.902797 0.002387 96.59145 0.909796 116.8755 1.538085 0.009343 80.30061

1.617954 83.50904 4.338842 0.000568 99.24803 1.379973 101.0132 2.807245 0.002626 96.08545 0.889594 117.2448 1.509768 0.009612 78.77169

1.597751 85.39487 4.166643 0.000674 99.11425 1.359771 102.1034 2.716578 0.002875 95.53447 0.869392 117.5973 1.482788 0.009875 77.23126

1.577549 87.19498 4.003952 0.000794 98.95706 1.339569 103.1441 2.630523 0.003134 94.93758 0.84919 117.9337 1.45708 0.010132 75.68202

1.557347 88.91328 3.850166 0.000926 98.77406 1.319367 104.1375 2.548823 0.003401 94.29409 0.828988 118.2549 1.432582 0.010383 74.1266

1.537145 90.55347 3.704725 0.00107 98.56283 1.299165 105.0857 2.471236 0.003675 93.60359 0.808786 118.5615 1.409234 0.010628 72.56754

1.516943 92.11912 3.567114 0.001228 98.32099 1.278963 105.9908 2.397538 0.003956 92.86593 0.788584 118.8541 1.386982 0.010868 71.0073

1.496741 93.61361 3.436855 0.001399 98.04623 1.258761 106.8548 2.327517 0.004243 92.08122 0.768382 119.1335 1.365772 0.0111 69.44824

1.476539 95.04017 3.313502 0.001583 97.73633 1.238559 107.6796 2.260975 0.004535 91.24985 0.74818 119.4001 1.345555 0.011327 67.89262

1.456337 96.40189 3.196645 0.001779 97.38918 1.218357 108.4668 2.197726 0.004831 90.37246 0.727978 119.6546 1.326282 0.011548 66.34259

1.436135 97.70172 3.0859 0.001987 97.00283 1.198155 109.2183 2.137595 0.00513 89.44992 0.707776 119.8976 1.307908 0.011762 64.80019

1.415933 98.94247 2.980911 0.002207 96.57551 1.177953 109.9356 2.080417 0.005432 88.48336 0.687574 120.1295 1.29039 0.01197 63.26735

1.395731 100.1268 2.881344 0.002439 96.10564 1.157751 110.6203 2.026038 0.005736 87.47412 0.667372 120.3509 1.273688 0.012171 61.74586

1.375529 101.2573 2.786892 0.00268 95.59187 1.137549 111.2738 1.974311 0.00604 86.42374 0.64717 120.5622 1.257763 0.012367 60.23742

1.355327 102.3365 2.697263 0.002931 95.03306 1.117347 111.8977 1.925098 0.006345 85.33396 0.626968 120.7639 1.242577 0.012556 58.7436

1.335125 103.3666 2.612187 0.003192 94.42835 1.097145 112.4932 1.878272 0.006649 84.20668 0.606766 120.9564 1.228097 0.012739 57.26584

1.314923 104.3498 2.531411 0.00346 93.77711 1.076943 113.0617 1.833708 0.006952 83.04394 0.586564 121.1402 1.214287 0.012916 55.80548

1.294721 105.2884 2.454699 0.003736 93.07898 1.056741 113.6043 1.791292 0.007253 81.84794 0.566362 121.3156 1.201117 0.013087 54.36374

1.274519 106.1844 2.381827 0.004019 92.33389 1.036539 114.1223 1.750915 0.007552 80.62095 0.54616 121.4831 1.188557 0.013253 52.94174

1.254317 107.0396 2.312588 0.004307 91.54199 1.016337 114.6167 1.712473 0.007848 79.36537 0.525958 121.6429 1.176578 0.013412 51.54046

1.234115 107.8559 2.246786 0.0046 90.70374 0.996135 115.0886 1.675871 0.008141 78.08364 0.505756 121.7955 1.165152 0.013567 50.1608

1.213913 108.6351 2.184238 0.004897 89.81981 0.975933 115.5391 1.641014 0.00843 76.77825 0.485554 121.9412 1.154253 0.013715 48.80357

1.193711 109.3789 2.12477 0.005197 88.89114 0.955731 115.9691 1.607818 0.008714 75.45173 0.465352 122.0802 1.143858 0.013859 47.46945

1.173509 110.0889 2.068221 0.005499 87.9189 0.935529 116.3796 1.576199 0.008994 74.10663 0.44515 122.2129 1.133941 0.013997 46.15905

1.153307 110.7667 2.014437 0.005803 86.90446 0.915327 116.7714 1.546078 0.009269 72.74549 0.424948 122.3396 1.124482 0.01413 44.87288

1.133105 111.4136 1.963275 0.006107 85.84941 0.895125 117.1454 1.517384 0.009539 71.37082 0.404746 122.4605 1.115458 0.014258 43.61138

1.112903 112.0311 1.914598 0.006412 84.75552 0.874923 117.5024 1.490045 0.009803 69.98512 0.384544 122.5759 1.10685 0.014381 42.37489

1.092701 112.6206 1.868279 0.006716 83.62471 0.854721 117.8432 1.463995 0.010062 68.59081 0.364342 122.6861 1.098638 0.0145 41.1637

1.072499 113.1832 1.824197 0.007019 82.45905 0.834519 118.1685 1.439171 0.010315 67.19029 0.34414 122.7913 1.090803 0.014614 39.978

1.052297 113.7203 1.782239 0.007319 81.26075 0.814316 118.479 1.415514 0.010562 65.78587 0.323938 122.8917 1.083328 0.014723 38.81795

1.032095 114.233 1.742296 0.007618 80.0321 0.794114 118.7754 1.392968 0.010803 64.37979 0.303736 122.9875 1.076196 0.014829 37.68361

1.011893 114.7224 1.704267 0.007913 78.7755 0.773912 119.0583 1.371478 0.011037 62.9742 0.283534 123.079 1.069392 0.01493 36.57501

0.991691 115.1895 1.668057 0.008205 77.4934 0.75371 119.3283 1.350993 0.011266 61.57116 0.263332 123.1663 1.0629 0.015027 35.49213

0.971489 115.6354 1.633573 0.008493 76.18828 0.733508 119.5861 1.331466 0.011488 60.17264 0.24313 123.2496 1.056705 0.015121 34.43487

0.951287 116.061 1.60073 0.008776 74.86268 0.713306 119.8322 1.312851 0.011704 58.78051 0.222928 123.3292 1.050795 0.01521 33.40312

0.931085 116.4673 1.569447 0.009055 73.51912 0.693104 120.0671 1.295103 0.011913 57.39652 0.202726 123.4051 1.045155 0.015296 32.39671

0.910883 116.8552 1.539647 0.009329 72.16014 0.672902 120.2913 1.278182 0.012117 56.02233 0.182524 123.4776 1.039774 0.015379 31.41544

2.093869 117.3 1.505538 0.009653 70.78044 1.893747 1.873747 109.7734 2.093322 0.005363 55.4247 1.419297 1.399297 60.07826 6.640982 5.68E-05 31.41187

2.073869 117.7 1.474934 0.009953 69.38548 1.853747 106.4081 2.363684 0.004092 54.97293 1.379297 58.94955 6.760085 5.04E-05 31.4087

2.053869 118.1 1.444392 0.010261 67.97603 1.833747 103.1942 2.626392 0.003147 54.62805 1.359297 57.87164 6.874587 4.5E-05 31.40588

2.033869 118.4 1.421527 0.010499 66.56362 1.813747 100.1249 2.881502 0.002438 54.36231 1.339297 56.84225 6.984634 4.03E-05 31.40335

2.013869 118.7 1.398697 0.010741 65.14896 1.793747 97.19384 3.129079 0.001903 54.15575 1.319297 55.85918 7.09037 3.62E-05 31.40107

1.993869 118.9 1.383496 0.010905 63.74338 1.773747 94.39465 3.3692 0.001497 53.99383 1.299297 54.92037 7.19194 3.27E-05 31.39902

1.973869 119.1 1.368311 0.011072 62.34732 1.753747 91.72145 3.601955 0.001186 53.86588 1.279297 54.0238 7.289483 2.97E-05 31.39715

1.953869 119.2 1.360724 0.011157 60.97155 1.733747 89.16857 3.827442 0.000947 53.76398 1.259297 53.16759 7.383136 2.7E-05 31.39546

1.933869 119.2 1.360724 0.011157 59.62614 1.713747 86.73058 4.045768 0.000761 53.6822 1.239297 52.34991 7.473035 2.47E-05 31.3939

1.913869 117.0104 1.527731 0.009441 58.51087 1.693747 84.40232 4.257048 0.000616 53.61609 1.219297 51.56904 7.55931 2.27E-05 31.39248

1.893869 113.3194 1.81355 0.007094 57.68661 1.673747 82.17885 4.461404 0.000502 53.56226 1.199297 50.82331 7.64209 2.09E-05 31.39117

(Continued)
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316 Food Preservation Process Design

Table A.8.1.c Temperature and retention distribution histories for heating medium at 125˚C (Continued)

Center Center � 1

Time

(t) fh/t log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

24 0.24 1.95464 118.5 1.413913 0.010579 61.69744 1.943643 118.7 1.398697 0.010741 60.84125

26 0.26 1.93464 118.5 1.413913 0.010579 60.40579 1.923643 118.7 1.398697 0.010741 59.5482

28 0.28 1.91464 117.1562 1.516557 0.009547 59.26337 1.903643 118.7 1.398697 0.010741 58.28263

30 0.3 1.89464 113.4585 1.802675 0.007171 58.41944 1.883643 111.4968 1.956705 0.006148 57.57043

32 0.32 1.87464 109.9273 2.081073 0.005429 57.7886 1.863643 108.0539 2.230868 0.004673 57.03483

34 0.34 1.85464 106.555 2.351778 0.004141 57.31195 1.843643 104.7659 2.497358 0.00358 56.6279

36 0.36 1.83464 103.3345 2.614827 0.003183 56.94822 1.823643 101.6259 2.75622 0.002764 56.31577

38 0.38 1.81464 100.259 2.870274 0.002466 56.66807 1.803643 98.62728 3.007515 0.00215 56.07419

40 0.4 1.79464 97.32183 3.118186 0.001924 56.4504 1.783643 95.76358 3.251315 0.001684 55.88559

42 0.42 1.77464 94.51689 3.358638 0.001513 56.27983 1.763643 93.02877 3.487703 0.00133 55.73715

44 0.44 1.75464 91.83818 3.59172 0.001198 56.14509 1.743643 90.41704 3.716773 0.001058 55.61939

46 0.46 1.73464 89.28005 3.817529 0.000956 56.03782 1.723643 87.92286 3.938628 0.000847 55.52523

48 0.48 1.71464 86.83704 4.036172 0.000768 55.95177 1.703643 85.54094 4.15338 0.000683 55.44938

50 0.5 1.69464 84.50399 4.247764 0.000622 55.88222 1.683643 83.26623 4.361146 0.000555 55.38784

52 0.52 1.67464 82.27594 4.452427 0.000507 55.82561 1.663643 81.09389 4.562054 0.000454 55.33756

54 0.54 1.65464 80.14818 4.650289 0.000416 55.7792 1.643643 79.01932 4.756233 0.000374 55.29618

56 0.56 1.63464 78.11617 4.841485 0.000343 55.7409 1.623643 77.03812 4.943822 0.00031 55.2619

58 0.58 1.61464 76.17563 5.026153 0.000286 55.70908 1.603643 75.1461 5.124962 0.000259 55.23332

60 0.6 1.59464 74.32242 5.204436 0.000239 55.68247 1.583643 73.33923 5.299796 0.000217 55.20933

62 0.62 1.57464 72.55262 5.37648 0.000201 55.66007 1.563643 71.61368 5.468472 0.000183 55.18908

64 0.64 1.55464 70.86247 5.542433 0.00017 55.6411 1.543643 69.96579 5.631142 0.000156 55.17187

66 0.66 1.53464 69.24839 5.702448 0.000145 55.62495 1.523643 68.39207 5.787956 0.000133 55.15716

68 0.68 1.51464 67.70696 5.856676 0.000124 55.61111 1.503643 66.88918 5.939067 0.000115 55.14452

70 0.7 1.49464 66.23491 6.005271 0.000107 55.59918 1.483643 65.45393 6.084631 9.91E-05 55.1336
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Appendix 317

Center � 2 Center � 3 Center � 4

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%) log term

Temp.

(°C)

Rate 

Const

Retention

(%)

1.873869 109.7944 2.091652 0.005372 57.0702 1.653747 80.05545 4.658966 0.000412 53.51812 1.179297 50.11114 7.721502 1.93E-05 31.38996

1.853869 106.4281 2.36206 0.004099 56.60427 1.633747 78.02762 4.849867 0.000341 53.48168 1.159297 49.43103 7.797667 1.79E-05 31.38884

1.833869 103.2133 2.624815 0.003152 56.24859 1.613747 76.09106 5.034247 0.000283 53.45139 1.139297 48.78153 7.870704 1.66E-05 31.38779

1.813869 100.1432 2.879971 0.002442 55.97455 1.593747 74.24166 5.212248 0.000237 53.42606 1.119297 48.16126 7.94073 1.55E-05 31.38682

1.793869 97.21129 3.127593 0.001906 55.76155 1.573747 72.47549 5.384017 0.0002 53.40473 1.099297 47.5689 8.007857 1.45E-05 31.38591

1.773869 94.41132 3.36776 0.001499 55.59459 1.553747 70.78882 5.549702 0.000169 53.38666 1.079297 47.00321 8.072195 1.36E-05 31.38506

1.753869 91.73737 3.600559 0.001188 55.46267 1.533747 69.17805 5.709455 0.000144 53.37127 1.059297 46.46297 8.13385 1.28E-05 31.38426

1.733869 89.18377 3.82609 0.000948 55.3576 1.513747 67.63979 5.863429 0.000124 53.35808 1.039297 45.94706 8.192925 1.2E-05 31.38351

1.713869 86.74509 4.044459 0.000762 55.27329

1.693869 84.41618 4.255782 0.000617 55.20514

1.673869 82.19209 4.46018 0.000503 55.14964

1.653869 80.06809 4.657783 0.000413 55.10414

1.633869 78.0397 4.848724 0.000341 55.06657

1.613869 76.10259 5.033143 0.000284 55.03536

1.593869 74.25267 5.211183 0.000237 55.00924

1.573869 72.48601 5.382989 0.0002 54.98726

1.553869 70.79886 5.548711 0.000169 54.96864

1.533869 69.18764 5.7085 0.000144 54.95278

1.513869 67.64895 5.862508 0.000124 54.93918
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318 Food Preservation Process Design

Table A.8.1.d Temperature and retention distribution histories for heating medium at 120˚C

Center Center � 1

Time

(t) fh/t log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Input Values 100 100

Medium Temp 120°C  2 0.020202 1.991004 1.970802 70 5.627749 0.000156 99.96871 1.978203 1.958001 70 5.627749 0.000156 99.96871 1.899793

Initial Temp 70°C  4 0.040404 1.991004 1.9506 70 5.627749 0.000156 99.93744 1.937799 70 5.627749 0.000156 99.93744

j - value 1.959  6 0.060606 1.991004 1.930398 70 5.627749 0.000156 99.90617 1.917597 70 5.627749 0.000156 99.90617

Heating rate 99 min  8 0.080808 1.991004 1.910196 70 5.627749 0.000156 99.87491 1.897395 70 5.627749 0.000156 99.87491

k - ref 0.0435/min 10 0.10101 1.991004 1.889994 70 5.627749 0.000156 99.84367 1.877193 70 5.627749 0.000156 99.84367

Act Energy 97 kJ/mole 12 0.121212 1.991004 1.869792 70 5.627749 0.000156 99.81243 1.856991 70 5.627749 0.000156 99.81243

R - value 8.314 14 0.141414 1.991004 1.84959 70 5.627749 0.000156 99.7812 1.836789 70 5.627749 0.000156 99.7812

Ref T 138°C 16 0.161616 1.991004 1.829388 70 5.627749 0.000156 99.74999 1.816587 70 5.627749 0.000156 99.74999

Time Increment 2 min 18 0.181818 1.991004 1.809186 70 5.627749 0.000156 99.71878 1.796385 70 5.627749 0.000156 99.71878

Cmed Temp 35°C 20 0.20202 1.991004 1.788984 70 5.627749 0.000156 99.68758 1.776183 70 5.627749 0.000156 99.68758

j2-value 1.9021 22 0.222222 1.991004 1.768782 70 5.627749 0.000156 99.65639 1.755981 70 5.627749 0.000156 99.65639

j3-value 1.5879 24 0.242424 1.991004 1.74858 70 5.627749 0.000156 99.62521 1.735779 70 5.627749 0.000156 99.62521

j4-value 0.918 26 0.262626 1.991004 1.728378 70 5.627749 0.000156 99.59404 1.715577 70 5.627749 0.000156 99.59404

j5-value 0.2968 28 0.282828 1.991004 1.708176 70 5.627749 0.000156 99.56288 1.695375 70.41217 5.586923 0.000163 99.56159

Cooling rate - f 100 30 0.30303 1.991004 1.687974 70 5.627749 0.000156 99.53174 1.675173 72.66602 5.365403 0.000203 99.5211

Cooling - j 1.958 32 0.323232 1.991004 1.667772 70 5.627749 0.000156 99.5006 1.654971 74.81742 5.156629 0.000251 99.47123

34 0.343434 1.991004 1.64757 70 5.627749 0.000156 99.46947 1.634769 76.87104 4.95974 0.000305 99.41054

36 0.363636 1.991004 1.627368 77.59978 4.890427 0.000327 99.40443 1.614567 78.83132 4.773944 0.000367 99.33751

38 0.383838 1.991004 1.607166 79.52694 4.708509 0.000392 99.32646 1.594365 80.7025 4.598514 0.000438 99.25055

40 0.40404 1.991004 1.586964 81.3665 4.536706 0.000466 99.23397 1.574163 82.48863 4.43278 0.000517 99.14801

42 0.424242 1.991004 1.566762 83.12245 4.374367 0.000548 99.12528 1.553961 84.19358 4.276125 0.000604 99.02821

44 0.444444 1.991004 1.54656 84.7986 4.220893 0.000639 98.99872 1.533759 85.82104 4.127979 0.000701 98.88947

46 0.464646 1.991004 1.526358 86.39855 4.07573 0.000739 98.85258 1.513557 87.37452 3.987815 0.000806 98.73009

48 0.484848 1.991004 1.506156 87.92579 3.938366 0.000847 98.68519 1.493355 88.8574 3.855144 0.000921 98.54841

50 0.505051 1.991004 1.485954 89.38361 3.808325 0.000965 98.4949 1.473153 90.27288 3.729513 0.001044 98.34282

52 0.525253 1.991004 1.465752 90.77518 3.685167 0.001092 98.28011 1.452951 91.62402 3.610503 0.001176 98.11175

54 0.545455 1.991004 1.44555 92.10349 3.568483 0.001227 98.0393 1.432749 92.91375 3.497721 0.001317 97.85375

56 0.565657 1.991004 1.425348 93.37143 3.457891 0.00137 97.77102 1.412547 94.14487 3.390805 0.001465 97.56743

58 0.585859 1.991004 1.405146 94.58174 3.353037 0.001522 97.47395 1.392345 95.32002 3.289416 0.001621 97.25153

60 0.606061 1.991004 1.384944 95.73704 3.253592 0.001681 97.14686 1.372143 96.44177 3.193236 0.001785 96.90493

62 0.626263 1.991004 1.364742 96.83983 3.159246 0.001847 96.78868 1.351941 97.51252 3.101971 0.001956 96.52662

64 0.646465 1.991004 1.34454 97.89249 3.069711 0.00202 96.39846 1.331739 98.53461 3.015345 0.002133 96.11576

66 0.666667 1.991004 1.324338 98.89731 2.984719 0.002199 95.97542 1.311537 99.51025 2.933099 0.002316 95.67166

68 0.686869 1.991004 1.304136 99.85646 2.904017 0.002384 95.51891 1.291335 100.4415 2.854993 0.002504 95.19379

70 0.707071 1.991004 1.283934 100.772 2.82737 0.002574 95.02848 1.271133 101.3305 2.780799 0.002697 94.68179

72 0.727273 1.991004 1.263732 101.646 2.754556 0.002768 94.50381 1.250931 102.1791 2.710306 0.002893 94.13545

74 0.747475 1.991004 1.24353 102.4802 2.685367 0.002967 93.94478 1.230729 102.989 2.643313 0.003094 93.55475

76 0.767677 1.991004 1.223328 103.2765 2.619609 0.003168 93.35139 1.210527 103.7622 2.579634 0.003297 92.93981

78 0.787879 1.991004 1.203126 104.0366 2.5571 0.003373 92.72385 1.190325 104.5003 2.519093 0.003503 92.29092

80 0.808081 1.991004 1.182924 104.7622 2.497666 0.003579 92.0625 1.170123 105.2047 2.461523 0.003711 91.60852

82 0.828283 1.991004 1.162722 105.4547 2.441146 0.003787 91.36782 1.149921 105.8772 2.40677 0.00392 90.89318

84 0.848485 1.991004 1.14252 106.1158 2.387388 0.003996 90.64046 1.129719 106.5191 2.354687 0.004129 90.14565

86 0.868687 1.991004 1.122318 106.7469 2.336247 0.004206 89.88119 1.109516 107.1318 2.305135 0.004339 89.36677

88 0.888889 1.991004 1.102116 107.3493 2.28759 0.004416 89.09091 1.089314 107.7167 2.257984 0.004548 88.5575

90 0.909091 1.991004 1.081914 107.9243 2.241287 0.004625 88.27062 1.069112 108.275 2.213111 0.004757 87.71893

92 0.929293 1.991004 1.061712 108.4731 2.197219 0.004833 87.42144 1.04891 108.8079 2.1704 0.004965 86.85224

94 0.949495 1.991004 1.041509 108.997 2.155273 0.00504 86.54459 1.028708 109.3166 2.129742 0.005171 85.95868

96 0.969697 1.991004 1.021307 109.4971 2.11534 0.005246 85.64135 1.008506 109.8022 2.091032 0.005375 85.0396

98 0.989899 1.991004 1.001105 109.9745 2.077319 0.005449 84.71309 0.988304 110.2657 2.054173 0.005577 84.0964

100 1.010101 1.991004 0.980903 110.4302 2.041115 0.00565 83.76123 0.968102 110.7081 2.019072 0.005776 83.13053

102 1.030303 1.991004 0.960701 110.8652 2.006636 0.005848 82.78724 0.9479 111.1305 1.985643 0.005972 82.14349

104 1.050505 1.991004 0.940499 111.2803 1.973798 0.006043 81.79263 0.927698 111.5336 1.953801 0.006165 81.13681

106 1.070707 1.991004 0.920297 111.6767 1.942518 0.006235 80.77894 0.907496 111.9184 1.923469 0.006355 80.11203

108 1.090909 1.991004 0.900095 112.055 1.912719 0.006424 79.74773 0.887294 112.2857 1.894571 0.006542 79.07073

110 1.111111 1.991004 0.879893 112.4161 1.88433 0.006609 78.70057 0.867092 112.6364 1.867039 0.006724 78.01446

112 1.131313 1.991004 0.859691 112.7608 1.857281 0.00679 77.63901 0.84689 112.9711 1.840805 0.006903 76.9448

114 1.151515 1.991004 0.839489 113.0898 1.831506 0.006967 76.56461 0.826688 113.2905 1.815805 0.007078 75.86328

2 0.02 2.184407 2.164407 113.3 1.815065 0.007083 75.48765 2.172943 2.152943 113.6 1.791628 0.007251 74.77106 2.100637

4 0.04 2.184407 2.144407 113.6 1.791628 0.007251 74.40083 2.132943 113.9 1.768228 0.007423 73.66926

6 0.06 2.184407 2.124407 113.9 1.768228 0.007423 73.30449 2.112943 114.2 1.744864 0.007598 72.55823

8 0.08 2.184407 2.104407 114.1 1.752648 0.007539 72.20747 2.092943 114.4 1.729308 0.007717 71.44693

10 0.1 2.184407 2.084407 114.3 1.737084 0.007657 71.11005 2.072943 114.6 1.713768 0.007838 70.33565

12 0.12 2.184407 2.064407 114.5 1.721536 0.007777 70.0125 2.052943 114.7 1.706004 0.007899 69.2332

14 0.14 2.184407 2.044407 114.7 1.706004 0.007899 68.91511 2.032943 114.8 1.698244 0.007961 68.13964

16 0.16 2.184407 2.024407 114.9 1.690488 0.008023 67.81816 2.012943 114.8 1.698244 0.007961 67.06335

18 0.18 2.184407 2.004407 115.1 1.674988 0.008148 66.72196 1.992943 114.8 1.698244 0.007961 66.00406
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Appendix 319

Center � 2 Center � 3 Center � 4

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%)

100 100 100

1.879591 70 5.627749 0.000156 99.96871 1.661813 1.641611 76.18623 5.025139 0.000286 99.94285 1.171434 1.151232 105.8345 2.410242 0.003906 99.22184

1.859389 70 5.627749 0.000156 99.93744 1.621409 78.17763 4.83567 0.000345 99.87382 1.13103 106.4783 2.35799 0.004116 98.40849

1.839187 70 5.627749 0.000156 99.90617 1.601207 80.07852 4.656807 0.000413 99.79134 1.110828 107.0929 2.308277 0.004325 97.56087

1.818985 70 5.627749 0.000156 99.87491 1.581005 81.89301 4.487861 0.000489 99.69376 1.090626 107.6796 2.260974 0.004535 96.68002

1.798783 70 5.627749 0.000156 99.84367 1.560803 83.62503 4.328197 0.000574 99.57942 1.070424 108.2396 2.215957 0.004744 95.76713

1.778581 70 5.627749 0.000156 99.81243 1.540601 85.27833 4.177231 0.000667 99.4466 1.050222 108.7741 2.173109 0.004951 94.82347

1.758379 70 5.627749 0.000156 99.7812 1.520399 86.85649 4.03442 0.00077 99.29362 1.03002 109.2843 2.132321 0.005157 93.8504

1.738177 70 5.627749 0.000156 99.74999 1.500197 88.36291 3.899264 0.000881 99.11878 1.009818 109.7714 2.093487 0.005362 92.84939

1.717975 70 5.627749 0.000156 99.71878 1.479995 89.80086 3.771298 0.001001 98.92045 0.989616 110.2363 2.056511 0.005564 91.82196

1.697773 70.13763 5.614106 0.000159 99.68715 1.459792 91.17346 3.650091 0.001131 98.69704 0.969414 110.68 2.021299 0.005763 90.76969

1.677571 72.40395 5.391012 0.000198 99.64763 1.43959 92.48367 3.535242 0.001268 98.44705 0.949212 111.1037 1.987764 0.00596 89.69422

1.657369 74.56726 5.180772 0.000245 99.59889 1.419388 93.73433 3.426379 0.001414 98.16904 0.92901 111.508 1.955821 0.006153 88.5972

1.637167 76.63225 4.982515 0.000298 99.53949 1.399186 94.92815 3.323154 0.001568 97.86172 0.908808 111.894 1.925393 0.006343 87.48034

1.616965 78.60338 4.795441 0.00036 99.46793 1.378984 96.0677 3.225244 0.001729 97.52391 0.888606 112.2624 1.896405 0.00653 86.34533

1.596763 80.48492 4.618817 0.000429 99.3826 1.358782 97.15546 3.132346 0.001897 97.15456 0.868404 112.6141 1.868786 0.006713 85.19389

1.576561 82.28094 4.451965 0.000507 99.28187 1.33858 98.19378 3.044179 0.002072 96.75275 0.848202 112.9498 1.84247 0.006892 84.02771

1.556359 83.99533 4.294263 0.000594 99.16407 1.318378 99.18491 2.960477 0.002253 96.31776 0.828 113.2702 1.817392 0.007067 82.8485

1.536157 85.6318 4.145136 0.000689 99.0275 1.298176 100.131 2.880995 0.002439 95.84898 0.807798 113.5761 1.793492 0.007237 81.65791

1.515955 87.19389 4.00405 0.000794 98.87046 1.277974 101.0341 2.805501 0.002631 95.346 0.787596 113.8681 1.770715 0.007404 80.4576

1.495753 88.68498 3.870514 0.000907 98.6913 1.257772 101.8961 2.733777 0.002826 94.80856 0.767393 114.1468 1.749004 0.007567 79.24917

1.475551 90.10829 3.744071 0.001029 98.48838 1.23757 102.7189 2.665621 0.003026 94.23657 0.747191 114.4128 1.72831 0.007725 78.03419

1.455349 91.46692 3.624296 0.00116 98.26014 1.217368 103.5044 2.60084 0.003228 93.6301 0.726989 114.6668 1.708583 0.007879 76.8142

1.435147 92.76379 3.510794 0.001299 98.0051 1.197166 104.2541 2.539255 0.003433 92.98939 0.706787 114.9092 1.689776 0.008028 75.59066

1.414945 94.00172 3.4032 0.001447 97.72186 1.176964 104.9698 2.480697 0.00364 92.31483 0.686585 115.1406 1.671846 0.008174 74.365

1.394743 95.18338 3.301172 0.001603 97.40916 1.156762 105.653 2.425007 0.003849 91.60697 0.666383 115.3614 1.654751 0.008315 73.1386

1.374541 96.31133 3.204389 0.001765 97.06583 1.13656 106.3051 2.372036 0.004058 90.86647 0.646181 115.5723 1.638451 0.008451 71.91277

1.354339 97.38802 3.112556 0.001935 96.69088 1.116358 106.9275 2.321641 0.004268 90.09415 0.625979 115.7735 1.622908 0.008584 70.68876

1.334137 98.41577 3.025393 0.002111 96.28343 1.096156 107.5217 2.273691 0.004478 89.29096 0.605777 115.9656 1.608087 0.008712 69.46778

1.313935 99.39681 2.94264 0.002294 95.84277 1.075954 108.0888 2.22806 0.004687 88.45793 0.585575 116.149 1.593953 0.008836 68.25097

1.293733 100.3333 2.864055 0.002481 95.36835 1.055752 108.6302 2.18463 0.004895 87.59622 0.565373 116.324 1.580474 0.008956 67.03938

1.273531 101.2271 2.789408 0.002673 94.8598 1.03555 109.147 2.143288 0.005101 86.70708 0.545171 116.4911 1.567619 0.009072 65.83405

1.253329 102.0804 2.718486 0.00287 94.31688 1.015348 109.6403 2.103929 0.005306 85.79181 0.524969 116.6506 1.555359 0.009183 64.63592

1.233126 102.8949 2.651088 0.00307 93.73955 0.995146 110.1111 2.066454 0.005509 84.85182 0.504767 116.8028 1.543665 0.009291 63.44589

1.212924 103.6723 2.587025 0.003273 93.12792 0.974944 110.5606 2.030768 0.005709 83.88854 0.484565 116.9481 1.532511 0.009396 62.26478

1.192722 104.4144 2.52612 0.003479 92.48225 0.954742 110.9896 1.996782 0.005906 82.90347 0.464363 117.0868 1.521872 0.009496 61.09339

1.17252 105.1228 2.468206 0.003686 91.80297 0.93454 111.3992 1.964412 0.0061 81.89813 0.444161 117.2193 1.511723 0.009593 59.93242

1.152318 105.799 2.413127 0.003895 91.09065 0.914338 111.7901 1.933577 0.006291 80.87408 0.423959 117.3456 1.502042 0.009686 58.78254

1.132116 106.4445 2.360734 0.004104 90.34599 0.894136 112.1633 1.904202 0.006479 79.83288 0.403757 117.4663 1.492807 0.009776 57.64436

1.111914 107.0606 2.310889 0.004314 89.56983 0.873934 112.5194 1.876215 0.006663 78.77611 0.383555 117.5814 1.483998 0.009863 56.51844

1.091712 107.6487 2.263459 0.004524 88.76313 0.853732 112.8594 1.849548 0.006843 77.70534 0.363353 117.6914 1.475593 0.009946 55.40529

1.07151 108.2101 2.218322 0.004732 87.92697 0.83353 113.184 1.824137 0.007019 76.62213 0.343151 117.7963 1.467575 0.010026 54.30536

1.051308 108.746 2.17536 0.00494 87.06249 0.813328 113.4938 1.799921 0.007191 75.52802 0.322949 117.8965 1.459925 0.010103 53.21907

1.031106 109.2575 2.134464 0.005146 86.17097 0.793126 113.7895 1.776842 0.007359 74.42455 0.302747 117.9921 1.452626 0.010177 52.1468

1.010904 109.7457 2.095528 0.005351 85.25373 0.772924 114.0718 1.754845 0.007523 73.31319 0.282545 118.0833 1.445663 0.010248 51.08886

0.990702 110.2118 2.058454 0.005553 84.31217 0.752722 114.3412 1.733877 0.007682 72.19541 0.262343 118.1705 1.439019 0.010316 50.04554

0.9705 110.6567 2.02315 0.005752 83.34774 0.73252 114.5984 1.713889 0.007837 71.07262 0.242141 118.2536 1.43268 0.010382 49.01711

0.950298 111.0814 1.989526 0.005949 82.36194 0.712318 114.8439 1.694835 0.007988 69.94621 0.221939 118.333 1.426632 0.010445 48.00375

0.930096 111.4867 1.9575 0.006143 81.35628 0.692116 115.0783 1.67667 0.008134 68.81748 0.201737 118.4088 1.42086 0.010506 47.00567

0.909894 111.8737 1.926992 0.006333 80.33233 0.671914 115.302 1.65935 0.008276 67.68774 0.181535 118.4811 1.415353 0.010564 46.02299

0.889692 112.243 1.897929 0.00652 79.29164 0.651712 115.5155 1.642836 0.008414 66.55819 0.161333 118.5501 1.410099 0.010619 45.05585

0.86949 112.5956 1.870238 0.006703 78.23578 0.63151 115.7194 1.62709 0.008548 65.43001 0.141131 118.616 1.405085 0.010673 44.10431

0.849288 112.9321 1.843853 0.006882 77.16632 0.611308 115.9139 1.612075 0.008677 64.30432 0.120929 118.6789 1.4003 0.010724 43.16846

0.829086 113.2534 1.81871 0.007057 76.08481 0.591106 116.0996 1.597756 0.008802 63.18218 0.100727 118.739 1.395734 0.010773 42.24831

0.808884 113.56 1.794749 0.007228 74.99279 0.570904 116.2769 1.584101 0.008923 62.0646 0.080525 118.7963 1.391377 0.01082 41.34389

0.788682 113.8527 1.771912 0.007395 73.89176 0.550702 116.4461 1.571078 0.00904 60.95253 0.060323 118.851 1.38722 0.010865 40.45519

0.76848 114.1321 1.750146 0.007558 72.7832 0.5305 116.6077 1.558658 0.009153 59.84686 0.040121 118.9032 1.383252 0.010908 39.58216

0.748278 114.3988 1.729398 0.007717 71.66856 0.510298 116.7618 1.546811 0.009262 58.74843 0.019919 118.9531 1.379466 0.01095 38.72477

2.080637 114.7 1.706004 0.007899 70.54521 1.875393 1.855393 106.6792 2.341722 0.004183 58.25899 1.3965 1.3765 58.79581 6.776371 4.96E-05 38.72093

2.060637 115 1.682736 0.008085 69.41365 1.835393 103.4531 2.605059 0.003215 57.88563 1.3565 57.72482 6.890241 4.43E-05 38.7175

2.040637 115.2 1.667244 0.008211 68.283 1.815393 100.3722 2.860792 0.002489 57.59817 1.3365 56.70204 6.999676 3.97E-05 38.71443

2.020637 115.4 1.651768 0.008339 67.15357 1.795393 97.43 3.108985 0.001942 57.37488 1.3165 55.72528 7.104822 3.57E-05 38.71167

2.000637 115.5 1.644036 0.008404 66.03426 1.775393 94.62019 3.349717 0.001527 57.19997 1.2965 54.79249 7.20582 3.23E-05 38.70917

1.980637 115.6 1.636308 0.008469 64.92515 1.755393 91.93684 3.583075 0.001209 57.06184 1.2765 53.90168 7.302811 2.93E-05 38.7069

1.960637 115.6 1.636308 0.008469 63.83467 1.735393 89.37426 3.809156 0.000964 56.9519 1.2565 53.05097 7.395931 2.67E-05 38.70483

1.940637 115.6 1.636308 0.008469 62.7625 1.715393 86.92702 4.028067 0.000775 56.86373 1.2365 52.23854 7.485315 2.44E-05 38.70294

1.920637 115.6 1.636308 0.008469 61.70834 1.695393 84.58992 4.239922 0.000627 56.79249 1.2165 51.46268 7.571093 2.24E-05 38.70121

(Continued)
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320 Food Preservation Process Design

Table A.8.1.d Temperature and retention distribution histories for heating medium at 120˚C (Continued)

Center Center � 1

Time

(t) fh/t log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

20 0.2 2.184407 1.984407 115.2 1.667244 0.008211 65.63515 1.972943 114.8 1.698244 0.007961 64.96151

22 0.22 2.184407 1.964407 115.3 1.659504 0.008275 64.55781 1.952943 114.8 1.698244 0.007961 63.93542

24 0.24 2.184407 1.944407 115.4 1.651768 0.008339 63.48999 1.932943 114.8 1.698244 0.007961 62.92554

26 0.26 2.184407 1.924407 115.4 1.651768 0.008339 62.43983 1.912943 114.8 1.698244 0.007961 61.93161

28 0.28 2.184407 1.904407 115.243 1.663916 0.008239 61.41942 1.892943 113.1524 1.826605 0.007002 61.0704

30 0.3 2.184407 1.884407 111.6315 1.946082 0.006213 60.66091 1.872943 109.635 2.104349 0.005304 60.42602

32 0.32 2.184407 1.864407 108.1825 2.220539 0.004722 60.09073 1.852943 106.2759 2.374402 0.004049 59.93872

34 0.34 2.184407 1.844407 104.8887 2.487321 0.003616 59.6577 1.832943 103.0679 2.636804 0.003114 59.56656

36 0.36 2.184407 1.824407 101.7432 2.746474 0.002791 59.32565 1.812943 100.0044 2.891609 0.002414 59.27971

38 0.38 2.184407 1.804407 98.73927 2.998056 0.00217 59.06874 1.792943 97.0787 3.138884 0.001885 59.05665

40 0.4 2.184407 1.784407 95.87053 3.242141 0.0017 58.86825 1.772943 94.28469 3.378707 0.001483 58.88175

42 0.42 2.184407 1.764407 93.13091 3.47881 0.001342 58.71049 1.752943 91.61644 3.611168 0.001175 58.7435

44 0.44 2.184407 1.744407 90.51459 3.708158 0.001067 58.58537 1.732943 89.06828 3.836364 0.000938 58.63336

46 0.46 2.184407 1.724407 88.01602 3.930287 0.000854 58.48536 1.712943 86.63481 4.054404 0.000755 58.54494

48 0.48 2.184407 1.704407 85.62991 4.145307 0.000689 58.40483 1.692943 84.31086 4.265403 0.000611 58.47344

50 0.5 2.184407 1.684407 83.35118 4.353339 0.00056 58.3395 1.672943 82.09151 4.469484 0.000498 58.4152

52 0.52 2.184407 1.664407 81.17502 4.554506 0.000458 58.28613 1.652943 79.97204 4.666775 0.000409 58.36744

54 0.54 2.184407 1.644407 79.0968 4.74894 0.000377 58.24223 1.632943 77.94796 4.857412 0.000338 58.32799

56 0.56 2.184407 1.624407 77.11212 4.936778 0.000312 58.20587 1.612943 76.01499 5.041532 0.000281 58.2952

58 0.58 2.184407 1.604407 75.21676 5.118161 0.00026 58.17556 1.592943 74.16901 5.219279 0.000235 58.26776

60 0.6 2.184407 1.584407 73.40671 5.293233 0.000219 58.15013 1.572943 72.40611 5.3908 0.000198 58.24466

62 0.62 2.184407 1.564407 71.67812 5.462142 0.000185 58.12866 1.552943 70.72256 5.556244 0.000168 58.22509

64 0.64 2.184407 1.544407 70.02734 5.625038 0.000157 58.11043 1.532943 69.11478 5.715762 0.000143 58.20841

66 0.66 2.184407 1.524407 68.45085 5.782073 0.000134 58.09485 1.512943 67.57936 5.869506 0.000123 58.19411

68 0.68 2.184407 1.504407 66.94531 5.933399 0.000115 58.08146 1.492943 66.11305 6.01763 0.000106 58.18178

70 0.7 2.184407 1.484407 65.50753 6.079172 9.96E-05 58.06988 1.472943 64.71273 6.160288 9.19E-05 58.17109
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Appendix 321

Center � 2 Center � 3 Center � 4

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%) log term

Temp 

(°C)

Rate 

Const

Retention

(%)

1.900637 114.5495 1.717692 0.007807 60.75226 1.675393 82.358 4.444844 0.000511 56.73452 1.1965 50.72173 7.653395 2.06E-05 38.69961

1.880637 110.9692 1.998403 0.005896 60.04002 1.655393 80.22654 4.64296 0.000419 56.68701 1.1765 50.01414 7.732345 1.91E-05 38.69813

1.860637 107.55 2.271411 0.004488 59.50354 1.635393 78.19101 4.834404 0.000346 56.64781 1.1565 49.33839 7.808066 1.77E-05 38.69676

1.840637 104.2847 2.536751 0.003442 59.09534 1.615393 76.2471 5.019315 0.000287 56.61525 1.1365 48.69306 7.880675 1.64E-05 38.69549

1.820637 101.1664 2.794471 0.00266 58.7818 1.595393 74.39067 5.197836 0.00024 56.58803 1.1165 48.07677 7.950289 1.53E-05 38.69431

1.800637 98.18839 3.044635 0.002071 58.53881 1.575393 72.6178 5.370112 0.000202 56.56512 1.0965 47.48822 8.01702 1.43E-05 38.69319

1.780637 95.34445 3.287315 0.001625 58.34888 1.555393 70.92472 5.536292 0.000171 56.54573 1.0765 46.92616 8.080976 1.35E-05 38.69215

1.760637 92.6285 3.522597 0.001284 58.1992 1.535393 69.30784 5.696528 0.000146 56.52921 1.0565 46.38939 8.142264 1.27E-05 38.69117

1.740637 90.03479 3.750576 0.001022 58.08031 1.515393 67.76373 5.850971 0.000125 56.51507 1.0365 45.87678 8.200986 1.19E-05 38.69025

1.720637 87.55782 3.971356 0.00082 57.98515 1.495393 66.28912 5.999776 0.000108 56.50288 1.0165 45.38725 8.257242 1.13E-05 38.68938

1.700637 85.19232 4.18505 0.000662 57.90842 1.475393 64.88088 6.143095 9.34E-05 56.49232 0.9965 44.91974 8.311128 1.07E-05 38.68855

1.680637 82.9333 4.391778 0.000538 57.84609 1.455393 63.53602 6.281084 8.14E-05 56.48312 0.9765 44.47328 8.362736 1.02E-05 38.68776

1.660637 80.77594 4.591665 0.000441 57.7951 1.435393 62.25169 6.413896 7.13E-05 56.47507 0.9565 44.04691 8.412158 9.66E-06 38.68702

1.640637 78.71569 4.784846 0.000363 57.7531

1.620637 76.74816 4.971456 0.000302 57.71828

1.600637 74.86918 5.151638 0.000252 57.68921

1.580637 73.07477 5.325537 0.000212 57.66479

1.560637 71.36112 5.493301 0.000179 57.64416

1.540637 69.7246 5.655081 0.000152 57.62661

1.520637 68.16174 5.811028 0.00013 57.6116
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322 Food Preservation Process Design

       Center      Center � 1   

 Time     Temp  Rate Retention   Temp  Rate  Retention 

 (t) fh/t  log term  (°C)  Const (%) log term  (°C)  Const (%) 

Input Values

Medium Temp 115°C

Initial Temp 70°C        100      100 

j - value 1.959  2 0.020202 1.945247 1.925045 70 5.627749 0.000156 99.96871 1.932446 1.912244 70 5.627749 0.000156 99.96871 

Heating rate 99  4 0.040404 1.945247 1.904843 70 5.627749 0.000156 99.93744  1.892042 70 5.627749 0.000156 99.93744 

k - ref 0.0435/min  6 0.060606 1.945247 1.884641 70 5.627749 0.000156 99.90617  1.87184 70 5.627749 0.000156 99.90617 

Act Energy 97 kJ/mole  8 0.080808 1.945247 1.864439 70 5.627749 0.000156 99.87491  1.851638 70 5.627749 0.000156 99.87491 

R - value 8.314 10 0.10101 1.945247 1.844237 70 5.627749 0.000156 99.84367  1.831436 70 5.627749 0.000156 99.84367 

Ref T 138°C 12 0.121212 1.945247 1.824035 70 5.627749 0.000156 99.81243  1.811234 70 5.627749 0.000156 99.81243 

Time Increment 2 min 14 0.141414 1.945247 1.803833 70 5.627749 0.000156 99.7812  1.791032 70 5.627749 0.000156 99.7812 

Cmed Temp 35°C 16 0.161616 1.945247 1.783631 70 5.627749 0.000156 99.74999  1.77083 70 5.627749 0.000156 99.74999 

j2-value 1.9021 18 0.181818 1.945247 1.763429 70 5.627749 0.000156 99.71878  1.750628 70 5.627749 0.000156 99.71878 

j3-value 1.5879 20 0.20202 1.945247 1.743227 70 5.627749 0.000156 99.68758  1.730426 70 5.627749 0.000156 99.68758 

j4-value 0.918 22 0.222222 1.945247 1.723025 70 5.627749 0.000156 99.65639  1.710224 70 5.627749 0.000156 99.65639 

j5-value 0.2968 24 0.242424 1.945247 1.702823 70 5.627749 0.000156 99.62521  1.690022 70 5.627749 0.000156 99.62521 

Cooling rate - f 100 26 0.262626 1.945247 1.682621 70 5.627749 0.000156 99.59404  1.66982 70 5.627749 0.000156 99.59404 

Cooling - j 1.958 28 0.282828 1.945247 1.662419 70 5.627749 0.000156 99.56288  1.649618 70.37096 5.591001 0.000162 99.56172 

  30 0.30303 1.945247 1.642217 70 5.627749 0.000156 99.53174  1.629416 72.39942 5.391455 0.000198 99.52227 

  32 0.323232 1.945247 1.622015 73.11923 5.321207 0.000213 99.48943  1.609214 74.33568 5.203153 0.000239 99.47467 

  34 0.343434 1.945247 1.601813 75.02278 5.136836 0.000256 99.43858  1.589012 76.18393 5.025358 0.000286 99.41783 

  36 0.363636 1.945247 1.581611 76.8398 4.962717 0.000304 99.37809  1.568809 77.94818 4.857391 0.000338 99.35064 

  38 0.383838 1.945247 1.561409 78.57424 4.798191 0.000359 99.30683  1.548607 79.63225 4.698626 0.000396 99.27195 

  40 0.40404 1.945247 1.541207 80.22985 4.64265 0.000419 99.22365  1.528405 81.23977 4.548485 0.00046 99.18059 

  42 0.424242 1.945247 1.521005 81.81021 4.495533 0.000485 99.12737  1.508203 82.77422 4.406434 0.000531 99.07538 

  44 0.444444 1.945247 1.500803 83.31874 4.35632 0.000558 99.01682  1.488001 84.23893 4.271978 0.000607 98.95518 

  46 0.464646 1.945247 1.4806 84.7587 4.22453 0.000637 98.89086  1.467799 85.63707 4.144658 0.000689 98.81883 

  48 0.484848 1.945247 1.460398 86.13321 4.099715 0.000721 98.74833  1.447597 86.97166 4.024047 0.000778 98.66523 

  50 0.505051 1.945247 1.440196 87.44525 3.981462 0.000812 98.58817  1.427395 88.24559 3.909749 0.000872 98.49331 

  52 0.525253 1.945247 1.419994 88.69766 3.869383 0.000908 98.40931  1.407193 89.46162 3.801396 0.000972 98.30207 

  54 0.545455 1.945247 1.399792 89.89314 3.763121 0.00101 98.21079  1.386991 90.62238 3.698644 0.001077 98.09057 

  56 0.565657 1.945247 1.37959 91.03429 3.662339 0.001117 97.99168  1.366789 91.73038 3.601172 0.001187 97.85794 

  58 0.585859 1.945247 1.359388 92.12356 3.566726 0.001229 97.75115  1.346587 92.78802 3.508681 0.001302 97.6034 

  60 0.606061 1.945247 1.339186 93.16333 3.475989 0.001346 97.48846  1.326385 93.79759 3.420892 0.001422 97.32627 

  62 0.626263 1.945247 1.318984 94.15584 3.389855 0.001467 97.20293  1.306183 94.76127 3.337543 0.001545 97.02593 

  64 0.646465 1.945247 1.298782 95.10324 3.30807 0.001592 96.89403  1.285981 95.68115 3.258388 0.001673 96.70191 

  66 0.666667 1.945247 1.27858 96.00758 3.230394 0.00172 96.56127  1.265779 96.55922 3.183199 0.001803 96.35379 

  68 0.686869 1.945247 1.258378 96.87082 3.156603 0.001852 96.20431  1.245577 97.39739 3.111759 0.001937 95.98129 

  70 0.707071 1.945247 1.238176 97.69482 3.086486 0.001986 95.82288  1.225375 98.19745 3.043868 0.002073 95.58421 

  72 0.727273 1.945247 1.217974 98.48136 3.019846 0.002123 95.41685  1.205173 98.96115 2.979335 0.002211 95.16248 

  74 0.747475 1.945247 1.197772 99.23216 2.956498 0.002262 94.98615  1.184971 99.69014 2.917981 0.002351 94.71611 

  76 0.767677 1.945247 1.17757 99.94883 2.896267 0.002402 94.53084  1.164769 100.386 2.85964 0.002492 94.2452 

  78 0.787879 1.945247 1.157368 100.6329 2.838989 0.002544 94.05108  1.144567 101.0502 2.804153 0.002634 93.74997 

  80 0.808081 1.945247 1.137166 101.2859 2.78451 0.002687 93.54709  1.124365 101.6843 2.751372 0.002777 93.23072 

  82 0.828283 1.945247 1.116964 101.9093 2.732684 0.002829 93.01921  1.104163 102.2895 2.701155 0.00292 92.68782 

  84 0.848485 1.945247 1.096762 102.5043 2.683375 0.002972 92.46786  1.083961 102.8672 2.653372 0.003063 92.12176 

  86 0.868687 1.945247 1.07656 103.0722 2.636452 0.003115 91.89353  1.063759 103.4187 2.607898 0.003205 91.53306 

  88 0.888889 1.945247 1.056358 103.6143 2.591793 0.003258 91.29679  1.043557 103.945 2.564615 0.003347 90.92233 

  90 0.909091 1.945247 1.036156 104.1318 2.549284 0.003399 90.67826  1.023355 104.4475 2.523412 0.003488 90.29025 

  92 0.929293 1.945247 1.015954 104.6258 2.508816 0.003539 90.03864  1.003153 104.9271 2.484183 0.003628 89.63754 

  94 0.949495 1.945247 0.995752 105.0973 2.470286 0.003678 89.37868  0.982951 105.385 2.44683 0.003766 88.96498 

  96 0.969697 1.945247 0.97555 105.5474 2.433597 0.003816 88.69916  0.962749 105.822 2.41126 0.003902 88.2734 

  98 0.989899 1.945247 0.955348 105.9771 2.398657 0.003952 88.00093  0.942547 106.2391 2.377382 0.004037 87.56363 

  100 1.010101 1.945247 0.935146 106.3872 2.365379 0.004085 87.28485  0.922345 106.6373 2.345114 0.004169 86.83658 

  102 1.030303 1.945247 0.914944 106.7786 2.33368 0.004217 86.55182  0.902143 107.0174 2.314376 0.004299 86.09316 

  104 1.050505 1.945247 0.894742 107.1523 2.303483 0.004346 85.80275  0.881941 107.3802 2.285092 0.004427 85.3343 

  106 1.070707 1.945247 0.87454 107.509 2.274713 0.004473 85.03859  0.861739 107.7266 2.25719 0.004552 84.56094 

  108 1.090909 1.945247 0.854338 107.8495 2.247302 0.004597 84.26029  0.841537 108.0572 2.230605 0.004675 83.77403 

  110 1.111111 1.945247 0.834136 108.1745 2.221182 0.004719 83.46879  0.821335 108.3727 2.205271 0.004795 82.97455 

  112 1.131313 1.945247 0.813934 108.4847 2.196291 0.004838 82.66507  0.801133 108.6739 2.181127 0.004912 82.16343 

  114 1.151515 1.945247 0.793732 108.7808 2.172569 0.004954 81.85007  0.780931 108.9615 2.158116 0.005026 81.34165 

  116 1.171717 1.945247 0.77353 109.0635 2.149959 0.005067 81.02475  0.760729 109.2359 2.136184 0.005138 80.51013 

  118 1.191919 1.945247 0.753328 109.3333 2.128408 0.005178 80.19004  0.740527 109.4979 2.115277 0.005246 79.66982 

  120 1.212121 1.945247 0.733126 109.5909 2.107865 0.005285 79.34687  0.720325 109.748 2.095348 0.005352 78.82163 

  122 1.232323 1.945247 0.712924 109.8367 2.088282 0.00539 78.49617  0.700123 109.9867 2.076349 0.005454 77.96646 

  124 1.252525 1.945247 0.692722 110.0714 2.069612 0.005491 77.6388  0.679921 110.2146 2.058235 0.005554 77.1052 

  126 1.272727 1.945247 0.67252 110.2954 2.051812 0.00559 76.77566  0.659719 110.4321 2.040965 0.005651 76.23869 

  128 1.292929 1.945247 0.652318 110.5093 2.034841 0.005686 75.90759  0.639517 110.6397 2.024497 0.005745 75.36778 

  130 1.313131 1.945247 0.632116 110.7134 2.018658 0.005778 75.03541  0.619315 110.8379 2.008795 0.005836 74.49327 

  132 1.333333 1.945247 0.611914 110.9082 2.003227 0.005868 74.15993  0.599113 111.0271 1.993822 0.005924 73.61595 

  134 1.353535 1.945247 0.591712 111.0942 1.988512 0.005955 73.28191  0.578911 111.2076 1.979543 0.006009 72.73656 

  136 1.373737 1.945247 0.57151 111.2717 1.97448 0.006039 72.40209  0.558708 111.38 1.965926 0.006091 71.85584 

  138 1.393939 1.945247 0.551308 111.4412 1.961097 0.006121 71.5212  0.538506 111.5445 1.952939 0.006171 70.97448 

  140 1.414141 1.945247 0.531106 111.6029 1.948333 0.006199 70.63992  0.518304 111.7016 1.940552 0.006248 70.09315 

  142 1.434343 1.945247 0.510904 111.7573 1.936159 0.006275 69.75891  0.498102 111.8515 1.928738 0.006322 69.21248 

Table A.8.1.e Temperature and retention distribution histories for heating medium at 115˚C
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Appendix 323

   Center � 2      Center � 3      Center � 4

  Temp  Rate  Retention   Temp  Rate  Retention   Temp  Rate  Retention

log term  (°C)  Const (%) log term  (°C)  Const (%) log term  (°C)  Const (%)

C � 2     100 C � 3     100 C � 4     100

1.854036 1.833834 70 5.627749 0.000156 99.96871 1.616055 1.595853 75.5676 5.084437 0.000269 99.94614 1.125676 1.105474 102.2511 2.70434 0.002911 99.41954

 1.813632 70 5.627749 0.000156 99.93744  1.575651 77.35987 4.913214 0.00032 99.88226  1.085272 102.8305 2.656403 0.003054 98.81419

 1.79343 70 5.627749 0.000156 99.90617  1.555449 79.07067 4.7514 0.000376 99.80721  1.06507 103.3836 2.610782 0.003196 98.18453

 1.773228 70 5.627749 0.000156 99.87491  1.535247 80.70371 4.5984 0.000438 99.71983  1.044868 103.9116 2.56736 0.003338 97.53122

 1.753026 70 5.627749 0.000156 99.84367  1.515045 82.26253 4.453667 0.000506 99.61893  1.024666 104.4156 2.526025 0.003479 96.85496

 1.732824 70 5.627749 0.000156 99.81243  1.494843 83.7505 4.316692 0.00058 99.50335  1.004464 104.8967 2.486672 0.003619 96.15653

 1.712622 70 5.627749 0.000156 99.7812  1.474641 85.17084 4.187004 0.000661 99.37192  0.984262 105.3559 2.4492 0.003757 95.43676

 1.69242 70 5.627749 0.000156 99.74999  1.454439 86.52662 4.064167 0.000747 99.22353  0.96406 105.7942 2.413516 0.003893 94.69652

 1.672217 70 5.627749 0.000156 99.71878  1.434237 87.82078 3.947774 0.000839 99.05709  0.943858 106.2126 2.379532 0.004028 93.93674

 1.652015 70.12386 5.61547 0.000158 99.68719  1.414035 89.05612 3.837447 0.000937 98.87156  0.923656 106.612 2.347161 0.00416 93.15837

 1.631813 72.16355 5.414537 0.000194 99.6486  1.393833 90.23531 3.732835 0.001041 98.66597  0.903454 106.9933 2.316326 0.004291 92.36237

 1.611611 74.11054 5.22494 0.000234 99.60196  1.373631 91.3609 3.63361 0.001149 98.43944  0.883252 107.3572 2.28695 0.004419 91.54975

 1.591409 75.96903 5.045935 0.00028 99.54621  1.353429 92.43533 3.539464 0.001263 98.19114  0.86305 107.7046 2.258961 0.004544 90.72152

 1.571207 77.74304 4.876835 0.000332 99.48023  1.333227 93.46093 3.450113 0.001381 97.92036  0.842848 108.0362 2.232292 0.004667 89.87871

 1.551005 79.43643 4.717008 0.000389 99.40287  1.313025 94.43992 3.365288 0.001503 97.62645  0.822646 108.3527 2.206878 0.004787 89.02233

 1.530803 81.05285 4.565873 0.000452 99.31296  1.292823 95.3744 3.284739 0.001629 97.30888  0.802444 108.6548 2.182659 0.004904 88.15343

 1.510601 82.5958 4.422888 0.000522 99.20934  1.272621 96.26642 3.208232 0.001759 96.96722  0.782242 108.9432 2.159577 0.005019 87.27301

 1.490399 84.06862 4.287555 0.000598 99.09083  1.252419 97.11789 3.135546 0.001891 96.60114  0.76204 109.2185 2.137576 0.00513 86.3821

 1.470197 85.4745 4.159411 0.000679 98.95629  1.232217 97.93066 3.066475 0.002026 96.21042  0.741838 109.4813 2.116604 0.005239 85.48169

 1.449995 86.81648 4.038025 0.000767 98.80461  1.212015 98.70648 3.000825 0.002164 95.79493  0.721636 109.7321 2.096613 0.005345 84.57277

 1.429793 88.09746 3.922998 0.000861 98.63471  1.191813 99.44705 2.938414 0.002303 95.35466  0.701434 109.9716 2.077555 0.005448 83.6563

 1.409591 89.32022 3.813958 0.00096 98.44558  1.171611 100.154 2.879071 0.002444 94.88968  0.681232 110.2001 2.059385 0.005548 82.73324

 1.389389 90.48741 3.710558 0.001064 98.23628  1.151409 100.8287 2.822634 0.002586 94.40017  0.66103 110.4183 2.042061 0.005645 81.8045

 1.369187 91.60155 3.612475 0.001174 98.00592  1.131207 101.4728 2.768953 0.002729 93.8864  0.640828 110.6265 2.025543 0.005739 80.87098

 1.348985 92.66504 3.519408 0.001288 97.75372  1.111005 102.0877 2.717883 0.002872 93.34873  0.620626 110.8253 2.009792 0.00583 79.93354

 1.328783 93.6802 3.431075 0.001407 97.47896  1.090803 102.6746 2.66929 0.003015 92.7876  0.600424 111.015 1.994773 0.005918 78.99304

 1.308581 94.64922 3.347212 0.00153 97.18105  1.070601 103.2348 2.623047 0.003157 92.20354  0.580222 111.1962 1.98045 0.006003 78.05027

 1.288379 95.57419 3.267571 0.001657 96.85947  1.050399 103.7695 2.579035 0.003299 91.59711  0.56002 111.3691 1.96679 0.006086 77.10602

 1.268177 96.45712 3.191923 0.001788 96.5138  1.030197 104.28 2.537139 0.003441 90.969  0.539818 111.5341 1.953763 0.006166 76.16103

 1.247975 97.29993 3.120049 0.001921 96.14376  1.009995 104.7672 2.497253 0.003581 90.31989  0.519616 111.6916 1.941339 0.006243 75.21604

 1.227773 98.10442 3.051747 0.002057 95.74913  0.989793 105.2323 2.459276 0.003719 89.65056  0.499414 111.842 1.929488 0.006317 74.27171

 1.207571 98.87235 2.986825 0.002194 95.32981  0.969591 105.6763 2.423112 0.003856 88.96182  0.479212 111.9855 1.918185 0.006389 73.3287

 1.187369 99.60538 2.925103 0.002334 94.88582  0.949389 106.1 2.388671 0.003991 88.25452  0.45901 112.1225 1.907404 0.006458 72.38764

 1.167167 100.3051 2.866413 0.002475 94.41724  0.929187 106.5045 2.355867 0.004124 87.52954  0.438808 112.2533 1.89712 0.006525 71.44912

 1.146965 100.973 2.810595 0.002617 93.92429  0.908984 106.8907 2.324619 0.004255 86.78779  0.418606 112.3782 1.887309 0.006589 70.5137

 1.126763 101.6105 2.7575 0.00276 93.40724  0.888782 107.2593 2.294851 0.004384 86.0302  0.398404 112.4973 1.877951 0.006651 69.58189

 1.106561 102.2191 2.706986 0.002903 92.86647  0.86858 107.6111 2.266489 0.00451 85.25772  0.378202 112.6111 1.869023 0.006711 68.65421

 1.086359 102.8 2.658921 0.003046 92.30244  0.848378 107.9469 2.239465 0.004633 84.4713  0.358 112.7197 1.860506 0.006768 67.73113

 1.066157 103.3545 2.613179 0.003189 91.71568  0.828176 108.2675 2.213714 0.004754 83.6719  0.337798 112.8233 1.85238 0.006824 66.81307

 1.045955 103.8838 2.569642 0.00333 91.1068  0.807974 108.5735 2.189174 0.004872 82.8605  0.317596 112.9222 1.844628 0.006877 65.90046

 1.025753 104.3891 2.528197 0.003471 90.47645  0.787772 108.8656 2.165786 0.004988 82.03804  0.297394 113.0167 1.837232 0.006928 64.99368

 1.005551 104.8714 2.488739 0.003611 89.82536  0.76757 109.1444 2.143494 0.0051 81.20548  0.277192 113.1068 1.830176 0.006977 64.09309

 0.985349 105.3317 2.451169 0.003749 89.1543  0.747368 109.4106 2.122246 0.00521 80.36377  0.25699 113.1929 1.823443 0.007024 63.19901

 0.965147 105.7712 2.415392 0.003886 88.46408  0.727166 109.6646 2.101991 0.005316 79.51382  0.236788 113.275 1.817019 0.007069 62.31177

 0.944945 106.1906 2.381318 0.004021 87.75557  0.706964 109.9071 2.082682 0.00542 78.65656  0.216586 113.3534 1.81089 0.007113 61.43165

 0.924743 106.591 2.348863 0.004153 87.02964  0.686762 110.1386 2.064273 0.005521 77.79288  0.196383 113.4282 1.805041 0.007154 60.5589

 0.904541 106.9732 2.317947 0.004284 86.28721  0.66656 110.3595 2.046721 0.005618 76.92363  0.176181 113.4997 1.799461 0.007194 59.69377

 0.884339 107.3381 2.288494 0.004412 85.52921  0.646358 110.5705 2.029987 0.005713 76.04968  0.155979 113.5679 1.794136 0.007233 58.83648

 0.864137 107.6863 2.260432 0.004537 84.75658  0.626156 110.7718 2.01403 0.005805 75.17184  0.135777 113.633 1.789054 0.00727 57.98723

 0.843935 108.0187 2.233694 0.00466 83.97028  0.605954 110.964 1.998814 0.005894 74.2909  0.115575 113.6951 1.784206 0.007305 57.1462

 0.823733 108.336 2.208214 0.004781 83.17126  0.585752 111.1474 1.984303 0.00598 73.40764  0.095373 113.7544 1.779579 0.007339 56.31355

 0.803531 108.6389 2.183932 0.004898 82.36049  0.56555 111.3225 1.970466 0.006064 72.5228  0.075171 113.811 1.775164 0.007371 55.48943

 0.783329 108.928 2.16079 0.005013 81.53892  0.545348 111.4897 1.957268 0.006144 71.63708  0.054969 113.8651 1.770951 0.007402 54.67397

 0.763127 109.204 2.138732 0.005124 80.7075  0.525146 111.6492 1.944682 0.006222 70.75116  0.034767 113.9167 1.76693 0.007432 53.86727

 0.742925 109.4675 2.117707 0.005233 79.86716  0.504944 111.8015 1.932677 0.006297 69.8657  0.014565 113.9659 1.763093 0.007461 53.06945

 0.722723 109.7189 2.097664 0.005339 79.01883  0.484742 111.9469 1.921227 0.00637 68.98131  -0.00564 114.0129 1.759431 0.007488 52.28058

 0.702521 109.959 2.078557 0.005442 78.1634  0.46454 112.0857 1.910305 0.00644 68.09859  -0.02584 114.0578 1.755937 0.007514 51.50074

 0.682318 110.1881 2.06034 0.005542 77.30177  0.444338 112.2181 1.899887 0.006507 67.2181  -0.04604 114.1006 1.752602 0.00754 50.72998

 0.662116 110.4068 2.042972 0.005639 76.43479  0.424136 112.3446 1.889949 0.006572 66.34038  -0.06624 114.1415 1.749419 0.007564 49.96836

 0.641914 110.6156 2.026411 0.005734 75.56329  0.403934 112.4653 1.880469 0.006635 65.46591  -0.08644 114.1805 1.746382 0.007587 49.21591

 0.621712 110.8148 2.01062 0.005825 74.6881  0.383732 112.5805 1.871425 0.006695 64.59519  -0.10665 114.2177 1.743483 0.007609 48.47265

 0.60151 111.0051 1.995563 0.005913 73.81001  0.36353 112.6904 1.862798 0.006753 63.72865  -0.12685 114.2533 1.740717 0.00763 47.7386

 0.581308 111.1866 1.981203 0.005999 72.92976  0.343328 112.7954 1.854567 0.006809 62.86672  -0.14705 114.2872 1.738077 0.00765 47.01378

 0.561106 111.36 1.967509 0.006082 72.04808  0.323126 112.8956 1.846714 0.006862 62.00979  -0.16725 114.3196 1.735557 0.007669 46.29817

 0.540904 111.5254 1.954448 0.006161 71.16569  0.302924 112.9913 1.839222 0.006914 61.15823  -0.18745 114.3506 1.733152 0.007688 45.59177

 0.520702 111.6833 1.941992 0.006239 70.28325  0.282722 113.0826 1.832075 0.006964 60.31238  -0.20766 114.3801 1.730857 0.007705 44.89456

 0.5005 111.8341 1.930112 0.006313 69.40139  0.26252 113.1697 1.825255 0.007011 59.47256  -0.22786 114.4082 1.728667 0.007722 44.20652

 0.480298 111.978 1.91878 0.006385 68.52075  0.242318 113.2529 1.818748 0.007057 58.63906  -0.24806 114.4351 1.726576 0.007738 43.52762

 0.460096 112.1153 1.907971 0.006455 67.64189  0.222116 113.3323 1.812539 0.007101 57.81217  -0.26826 114.4608 1.724581 0.007754 42.85782

 0.439894 112.2464 1.89766 0.006521 66.76537  0.201914 113.4081 1.806615 0.007143 56.99212  -0.28847 114.4853 1.722676 0.007769 42.19708

 0.419692 112.3716 1.887825 0.006586 65.89171  0.181712 113.4805 1.800962 0.007184 56.17916  -0.30867 114.5087 1.720859 0.007783 41.54535

(Continued)
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  144 1.454545 1.945247 0.490701 111.9047 1.924548 0.006348 68.87878  0.4779 111.9946 1.91747 0.006394 68.33309 

   2 0.02 2.177766 2.157766 112.05 1.913111 0.006421 67.99983 2.165186 2.145186 112.15 1.905244 0.006472 67.45426 

   4 0.04 2.177766 2.137766 112.2 1.901312 0.006498 67.12186  2.125186 112.3 1.893451 0.006549 66.5765 

   6 0.06 2.177766 2.117766 112.35 1.889522 0.006575 66.24502  2.105186 112.4 1.885594 0.006601 65.70338 

   8 0.08 2.177766 2.097766 112.45 1.881667 0.006627 65.37285  2.085186 112.5 1.877741 0.006653 64.83497 

  10 0.1 2.177766 2.077766 112.55 1.873816 0.006679 64.50543  2.065186 112.55 1.873816 0.006679 63.97468 

  12 0.12  2.057766 112.65 1.865969 0.006731 63.64281  2.045186 112.6 1.869892 0.006705 63.12249 

  14 0.14  2.037766 112.7 1.862048 0.006758 62.78842  2.025186 112.6 1.869892 0.006705 62.28166 

  16 0.16  2.017766 112.75 1.858127 0.006784 61.9422  2.005186 112.6 1.869892 0.006705 61.45202 

  18 0.18  1.997766 112.8 1.854207 0.006811 61.10413  1.985186 112.6 1.869892 0.006705 60.63344 

  20 0.2  1.977766 112.8 1.854207 0.006811 60.2774  1.965186 112.6 1.869892 0.006705 59.82576 

  22 0.22  1.957766 112.8 1.854207 0.006811 59.46186  1.945186 112.6 1.869892 0.006705 59.02884 

  24 0.24  1.937766 112.8 1.854207 0.006811 58.65735  1.925186 112.6 1.869892 0.006705 58.24254 

  26 0.26  1.917766 112.8 1.854207 0.006811 57.86373  1.905186 112.6 1.869892 0.006705 57.4667 

  28 0.28  1.897766 112.8 1.854207 0.006811 57.08084  1.885186 112.6 1.869892 0.006705 56.70121 

  30 0.3  1.877766 110.4685 2.038076 0.005667 56.43752  1.865186 112.6 1.869892 0.006705 55.94591 

  32 0.32  1.857766 107.0718 2.30998 0.004318 55.95223  1.845186 105.0142 2.477071 0.003654 55.5386 

  34 0.34  1.837766 103.8281 2.574223 0.003315 55.58246  1.825186 101.8631 2.73652 0.002819 55.2264 

  36 0.36  1.817766 100.7303 2.830854 0.002565 55.29807  1.805186 98.85373 2.988396 0.002191 54.98493 

  38 0.38  1.797766 97.77195 3.079938 0.001999 55.07739  1.785186 95.97984 3.232771 0.001716 54.79654 

  40 0.4  1.777766 94.94675 3.321551 0.00157 54.9047  1.765186 93.23529 3.469728 0.001354 54.64836 

  42 0.42  1.757766 92.2487 3.555778 0.001242 54.76845  1.745186 90.61427 3.699359 0.001076 54.53086 

  44 0.44  1.737766 89.67208 3.782717 0.00099 54.6601  1.725186 88.11122 3.921767 0.000862 54.43698 

  46 0.46  1.717766 87.21143 4.002472 0.000795 54.57329  1.705186 85.72082 4.137062 0.000695 54.3614 

  48 0.48  1.697766 84.86153 4.215158 0.000642 54.50321  1.685186 83.43801 4.345363 0.000564 54.30011 

  50 0.5  1.677766 82.61739 4.420896 0.000523 54.44622  1.665186 81.25794 4.546795 0.000461 54.25005 

  52 0.52  1.657766 80.47426 4.619812 0.000429 54.39956  1.645186 79.17599 4.741489 0.00038 54.20888 

  54 0.54  1.637766 78.42758 4.812041 0.000354 54.36109  1.625186 77.18774 4.929582 0.000314 54.1748 

  56 0.56  1.617766 76.47302 4.997719 0.000294 54.32917  1.605186 75.28898 5.111213 0.000262 54.14639 

  58 0.58  1.597766 74.60642 5.17699 0.000246 54.30249  1.585186 73.47568 5.286529 0.00022 54.12256 

  60 0.6  1.577766 72.82384 5.349999 0.000207 54.28006  1.565186 71.74399 5.455675 0.000186 54.10245 

  62 0.62  1.557766 71.12149 5.516895 0.000175 54.26109  1.545186 70.09024 5.618802 0.000158 54.08537 

  64 0.64  1.537766 69.49575 5.677828 0.000149 54.24494  1.525186 68.51091 5.776063 0.000135 54.07078 

  66 0.66  1.517766 67.94319 5.83295 0.000127 54.23112  1.505186 67.00267 5.927609 0.000116 54.05825 

  68 0.68  1.497766 66.4605 5.982415 0.00011 54.21922  1.485186 65.56232 6.073595 0.0001 54.04742 

  70 0.7  1.477766 65.04454 6.126377 9.5E-05 54.20892  1.465186 64.18679 6.214175 8.7E-05 54.03801 

Table A.8.1.e Temperature and retention distribution histories for heating medium at 115˚C (Continued)
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 0.39949 112.4911 1.878443 0.006648 65.02141  0.16151 113.5495 1.795569 0.007222 55.3735  -0.32887 114.531 1.719124 0.007796 40.90259

2.090075 2.070075 112.62 1.868323 0.006716 64.15393 1.857986 1.837986 103.863 2.571349 0.003325 55.0065 1.373001 1.353001 57.54242 6.909707 4.34E-05 40.89903

 2.050075 112.72 1.860479 0.006769 63.29133  1.817986 100.7637 2.828064 0.002572 54.72427  1.333001 56.52785 7.018381 3.89E-05 40.89585

 2.030075 112.82 1.852639 0.006822 62.43367  1.797986 97.80385 3.077231 0.002005 54.50529  1.313001 55.55893 7.122791 3.51E-05 40.89298

 2.010075 112.87 1.848721 0.006849 61.58434  1.777986 94.97721 3.318926 0.001574 54.33394  1.293001 54.63363 7.223078 3.17E-05 40.89038

 1.990075 112.92 1.844804 0.006875 60.74329  1.757986 92.27779 3.553234 0.001245 54.19877  1.273001 53.74997 7.319382 2.88E-05 40.88803

 1.970075 112.92 1.844804 0.006875 59.91373  1.737986 89.69986 3.780253 0.000993 54.09129  1.253001 52.90608 7.411838 2.63E-05 40.88588

 1.950075 112.92 1.844804 0.006875 59.0955  1.717986 87.23797 4.000087 0.000797 54.00517  1.233001 52.10018 7.500582 2.4E-05 40.88391

 1.930075 112.92 1.844804 0.006875 58.28845  1.697986 84.88687 4.21285 0.000644 53.93566  1.213001 51.33054 7.585743 2.21E-05 40.88211

 1.910075 112.92 1.844804 0.006875 57.49242  1.677986 82.64159 4.418664 0.000524 53.87914  1.193001 50.59555 7.667449 2.03E-05 40.88044

 1.890075 112.6381 1.866905 0.006725 56.7243  1.657986 80.49737 4.617655 0.00043 53.83287  1.173001 49.89363 7.745826 1.88E-05 40.8789

 1.870075 109.1438 2.143544 0.0051 56.14867  1.637986 78.44965 4.809956 0.000354 53.79472  1.153001 49.22331 7.820993 1.75E-05 40.87748

 1.850075 105.8068 2.412497 0.003897 55.71272  1.617986 76.49409 4.995706 0.000294 53.76306  1.133001 48.58315 7.89307 1.62E-05 40.87615

 1.830075 102.6199 2.673806 0.003001 55.37933  1.597986 74.62655 5.175047 0.000246 53.73661  1.113001 47.97181 7.962171 1.52E-05 40.87491

 1.810075 99.57654 2.927527 0.002329 55.12203  1.577986 72.84306 5.348124 0.000207 53.71438  1.093001 47.38798 8.028409 1.42E-05 40.87375

 1.790075 96.67011 3.173728 0.00182 54.92171  1.557986 71.13984 5.515087 0.000175 53.69557  1.073001 46.83043 8.091891 1.33E-05 40.87266

 1.770075 93.8945 3.41249 0.001434 54.76445  1.537986 69.51328 5.676084 0.000149 53.67956  1.053001 46.29797 8.152722 1.25E-05 40.87164

 1.750075 91.24381 3.643903 0.001138 54.64  1.517986 67.95993 5.83127 0.000128 53.66586  1.033001 45.78948 8.211006 1.18E-05 40.87067

 1.730075 88.71242 3.868066 0.000909 54.54074  1.497986 66.47649 5.980797 0.00011 53.65406  1.013001 45.30388 8.26684 1.12E-05 40.86976

 1.710075 86.29497 4.08509 0.000732 54.46098  1.477986 65.05981 6.124819 9.52E-05 53.64385  0.993001 44.84012 8.320321 1.06E-05 40.86889

 1.690075 83.98631 4.295089 0.000593 54.39642  1.457986 63.7069 6.26349 8.28E-05 53.63496  0.973001 44.39725 8.37154 1.01E-05 40.86807

 1.670075 81.78157 4.498188 0.000484 54.34377  1.437986 62.41487 6.396964 7.25E-05 53.62719  0.953001 43.9743 8.420588 9.58E-06 40.86729

 1.650075 79.67605 4.694516 0.000398 54.30055  1.417986 61.181 6.525395 6.38E-05 53.62035  0.933001 43.57039 8.467551 9.14E-06 40.86654

 1.630075 77.66529 4.88421 0.000329 54.26483  1.397986 60.00266 6.648933 5.64E-05 53.61431  0.913001 43.18466 8.512511 8.74E-06 40.86583

 1.610075 75.74504 5.067407 0.000274 54.2351

 1.590075 73.91121 5.244253 0.00023 54.2102

 1.570075 72.15992 5.414893 0.000194 54.18922

 1.550075 70.48745 5.579478 0.000164 54.17143

 1.530075 68.89025 5.738158 0.00014 54.15625

 1.510075 67.36494 5.891087 0.00012 54.14323

 1.490075 65.90827 6.038418 0.000104 54.13199

 1.470075 64.51717 6.180305 9E-05 54.12225

 1.450075 63.18868 6.316902 7.85E-05 54.11374

 1.430075 61.91998 6.448363 6.89E-05 54.10629

 1.410075 60.70838 6.57484 6.07E-05 54.09973

 1.390075 59.55131 6.696485 5.37E-05 54.09391
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Table A.8.2 Comparison of quality retention for PATP and traditional thermal process

Pressure
(MPa)

Time
(min)

Temp
(°C)

k
(1/min) N

  0   0 40 1000
 50  30 42.5 10.15118 9.76E-05  999.9024
100  60 45  999.9024

Density 900 kg/m3 150  90 47.5 7.772188 0.001053  998.8499
Specifi c Heat 3880 kJ/kg K 200 120 50  998.8499
Microbial 250 150 52.5 3.329017 0.089571  913.272
Initial population 1000 300 180 55  913.272
Rate constant 2.5/min 350 210 57.5 1.092885 0.83812  395.011
E-constant 400 kJ/mole 400 240 60  395.011
Temp 65°C 400 270 60 0 2.5  32.42448
Vitamin 400 300 60 32.42448
Rate constant 0.25/min 400 330 60 0 2.5  2.661563
E-constant 80 kJ/mole 400 360 60  2.661563
Temp 95°C 400 390 60 0 2.5  0.218474
j-value 2.048 400 420 60  0.218474
Heating rate 38.4 min 400 450 60 0 2.5  0.017933
Med Temp 65.5°C 400 480 60  0.017933
Cool Med 20°C 400 510 60 0 2.5  0.001472
cooling rate-f 62.7 min 400 540 60  0.001472
cooling j 1.815 400 570 60 0 2.5  0.000121
jm-value 0.551 400 600 60  0.000121
jm cool 0.813 400 630 60 0 2.5  9.92E-06

400 660 60  9.92E-06
400 690 60 0 2.5  8.14E-07
400 720 60  8.14E-07
300 750 55 2.202429 0.276336  8.08E-07
200 780 50  8.08E-07
100 810 45 6.815063 0.002743  8.06E-07
  0 840 40  8.06E-07

App1-8.2.indd   326App1-8.2.indd   326 2/1/2011   3:31:49 PM2/1/2011   3:31:49 PM



Appendix 327

k
(1/min)

Retention
(%)

Time
(min)

Temp
(°C)

k
(1/min)

k
(1/min)

Retention
(%)

4.59463 0.002526 100 0 40 1000 100
4.35103 0.003223 99.67818 30 42.5 10.15118 9.76E-05 999.9024 4.35103 0.003223 99.67818

99.67818 60 45 999.9024 99.67818
3.875232 0.005187 99.16245 90 47.5 7.772188 0.001053 998.8499 3.875232 0.005187 99.16245

99.16245 120 50 998.8499 99.16245
3.414052 0.008227 98.35 150 52.5 3.329017 0.089571 913.272 3.414052 0.008227 98.35

98.35 180 55 913.272 98.35
2.966825 0.012867 97.09267 210 57.5 1.092885 0.83812 395.011 2.966825 0.012867 97.09267

97.09267 240 60 395.011 97.09267
2.748248 0.01601 95.5506 270 60 0 2.5 32.42448 2.748248 0.01601 94.03301

95.5506 300 60 32.42448 94.03301
2.748248 0.01601 94.03301 330 60 0 2.5 2.661563 2.748248 0.01601 91.06977

94.03301 360 60 2.661563 91.06977
2.748248 0.01601 92.53953 390 60 0 2.5 0.218474 2.748248 0.01601 88.19991

92.53953 420 60 0.218474 88.19991
2.748248 0.01601 91.06977 450 60 0 2.5 0.017933 2.748248 0.01601 85.42049

91.06977 480 60 0.017933 85.42049
2.748248 0.01601 89.62336 510 60 0 2.5 0.001472 2.748248 0.01601 82.72866

89.62336 540 60 0.001472 82.72866
2.748248 0.01601 88.19991 570 60 0 2.5 0.000121 2.748248 0.01601 80.12165

88.19991 600 60 0.000121 80.12165
2.748248 0.01601 86.79908 630 60 0 2.5 9.92E-06 2.748248 0.01601 77.59679

86.79908 660 60 9.92E-06 77.59679
2.748248 0.01601 85.42049 690 60 0 2.5 8.14E-07 2.748248 0.01601 76.36436

85.42049 720 60 8.14E-07 76.36436
3.188734 0.010306 84.54467 750 57.5 1.092885 0.83812 3.52E-07 2.966825 0.012867 75.38811

84.54467 780 55 3.52E-07 75.38811
4.111261 0.004097 84.19902 810 52.5 3.329017 0.089571 3.22E-07 3.414052 0.008227 74.77044

84.19902 840 50 3.22E-07 74.77044
900 45 3.19E-07 74.38358
930 42.5 8.013909 0.000827 3.19E-07 4.35103 0.003223 74.1442
960 3.19E-07
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