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Optimisation of Thermal Processing - A Review 
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ABSTRACT 

The mathematical methods for optimising the effects of heat processing 
food products are reviewed in relation to microbial destruction, nutrient 
destruction, cooking value and loss of quality. Some data are presented for 
the kinetics of the various thermal effects. The results obtained by various 
workers are presented with particular reference to nutrient retention. 

1. INTRODUCTION 

This review is concerned with the technique which may be used by the 
food process engineer to estimate the level of retention of heat-labile 
components, e.g. nutrients, in food products undergoing thermal 
processing. The methods involve optimizing the various factors affect- 
ing the kinetics of the destruction of microbial spores, enzymes and 
vitamins as well as the loss of quality factors, viz. colour, texture, 
flavour. This topic is of particular importance in relation to the nutri- 
tional value of processed foods, to nutritional labelling and quality 
aspects. Basically these methods seek to determine the most suitable 
processing conditions, viz. time-temperature profiles, for achieving the 
desired objective, e.g. maximum retention of a specified vitamin or best 
retention of colour or flavour consistent with microbiological stability 
and safety. A number of general reviews have already been published 
(Bauder, 1974; Michiels, 1974; Lund, 1975; Hayakawa, 1977; Lund, 
1977; Ohlsson, 1977; Herrera, 1978; Rodrigo et al., 1980) which deal 
with various parts of the subject. 

Thermal processing is one of the few production processes in 
industry which relies on a mathematical model to ensure the safety of 
the products. The theoretical basis for this is a combination of the 
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time-temperature profile (as established by heat transfer) and the 
kinetics of microbial destruction. The methods available for estimating 
the sterility of processes and for converting processes from one con- 
tainer size to another have been reviewed by Holdsworth and Overington 
(1975). 

The need to optimise processing conditions arises when the kinetic 
behaviour of the different components is considered because the rate 
of a chemical reaction generally doubles for a 1 O°C rise in temperature 
whereas rates of bacterial destruction increase ten-fold under similar 
conditions. The major constraint on optimising procedures is that the 
desired degree of sterility must be achieved. Although the effects of 
different time-temperature combinations have been recognised by 
canners for many years, especially in relation to observable differences, 
there has been little incentive until recently to consider the question of 
nutrient retention. Although the nutrient levels in canned foods have 

been known since the earliest years of this century, little attention has 
been paid to using optimised processes. It should be noted that during 
this time temperatures of processing have risen progressively, mainly 
to increase production rates, but generally with the added feeling that 
the quality would be improved. Indeed, the belief that high tempera- 
tures and short times result in better quality retention in a wide range 
of canned products and can be used in conjunction with aseptic packag- 
ing is only correct for certain types of food products, i.e. thin films of 
liquid products. Under any other conditions, notably with viscous 
liquid products and particulates, heat transfer to the centre of the 
material constitutes an important barrier to the application of the 
HTST principle. 

2. CRITERIA FOR STERILISATION 

2.1 Concept of slowest heating point 

2.1.1 Empirical representation 
The basic mathematical model which is widely used and based on the 
original work of Ball (Ball and Olson, 1957), is: 

(1) 
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where F,-, = the integrated lethality (at the slowest heating point) (mins), 
t = time of processing (mins), T = temperature (“C) at time t, TIef = 
reference temperature, 121.K (equivalent to 250”F), z = slope of the 
logarithm of the decimal reduction time, D, versus temperature for the 
specific organism (for Clostridium botulinurn z = 10°C). 

This equation can be used to estimate the F0 value of any process 
provided the relationship between the time and temperature is known 
or can be calculated using heat transfer equations with the appropriate 
boundary conditions (Overington and Holdsworth, 1974; Holdsworth 
and Overington, 1975; Holdsworth, 1979; Holdsworth, 1982). The 
calculated value, or the value obtained from heat penetration experi- 
ments, may then be compared with the minimum necessary process 
determined from the number of decimal reduction times, D, required 
on a probability basis of spore survival. If the process aims at a survival 
of not more than 1 in lo”, i.e. x decimal reductions, then it is possible 
to use xDrzl.i as the minimum F0 value, where Di2i.i is the decimal 
reduction time (in min) at 121. l°C. For low-acid foods of pH greater 
than 4.5 a value of x = 14 is used in relation to the survival of spores of 
Clostridium botulinurn. If the maximum heat resistance of these spores, 
as expressed as decimal reduction time, is 0.3 then for a probability of 
1 in 1 014 survival, FO = 4.2 (Gillespy, 1967). For variations in pack style 
the basic F,-, value may be different from this value (Gillespy, 1962). 

2.1.2 Kinetic representations 
The FO value may also be represented in terms of reaction kinetics 
constants (eqn (2); Aiba et al., 1965; Aiba and Toda, 1967). 

t 
F,, = D121.1 ln(NO/N) = A 

s 
e- EaIRT . dt (2) 

0 

where No is the initial number of organisms and N the number at time 
t > N = NOeekf , k is the reaction rate constant, A is the Arrhenius 
constant; E, is the energy of activation. 

On comparing the two models k is proportional to l/D and E, is 
proportional to l/z. 

There is little to choose between the empirical D-z model and the 
k-E, kinetic model. The former is based on log,,D being proportional 
to T and the latter is based on log,, k being proportional to the recipro- 
cal of T (Gillespy, 1947; Aiba et al., 1965). Jones (1968) made a 
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comparison of the two approaches and found the results were signifi- 
cantly different; however, the data which he used were not entirely 
consistent (Cowell, 1968). Jonsson et al. (1977) tested the two using 
data for the inactivation of Bacillus stearothemophilus spores and 
found that both models gave good linear regressions but both had a 
significant lack of fit, measured by the ‘chi-squared’ test. It was con- 
cluded that the use of these models for the prediction of behaviour 
outside the range of the experiments might be unreliable. Perkin et al. 
(1977) showed for the same microorganism that the Arrhenius relation- 
ship was satisfactory over a temperature range 120-l 50°C. 

2.2 Concept of total integrated sterilising value 

The concept of F0 value at the centre of a pack or particle may be 
extended to the idea of the total integrated sterilising value, F,, for the 
whole container or food particle (Gillespy, 195 1; Hicks, 195 1; Stumbo, 
1953,1973). 

F, = Fo + D log [(D + A (F* - F,))/D] (3) 

where: D is the decimal reduction time, FA is the value of F at the point 
where the value of the lag factor, j*, is equal to half its value at the 
centre; A is a constant depending upon the geometry (A = 10.73 for a 
cylindrical particle, 11.74 for a cubical particle and 9.28 for a spherical 
particle; Brown and Ayres, 1982; Newman, 1984). This form of the 
lethality eqn (3) is particularly useful for determining rates of degrada- 
tion of chemical substances uniformly distributed throughout the 
particles. 

3. KINETIC FACTORS 

3.1 z-values for microbial inactivation 

The use of the concepts outlined above requires a knowledge of the z 
value and the associated D value at 12 l- 1°C. Clostridium botulinurn is 

*The lag factor j denotes the time for the rate of heating at a point to become 
logarithmic. It varies with position in the pack or particle and with the initial 
temperature distribution. 
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by far the most important spore-forming microorganism in relation to 
the safety of heat-processed foods and consequently there is a consider- 
able amount of data available for this organism. The bulk of evidence 
from commercial operations would indicate that a z value of 10°C and 

a b21.1 value of O-3 is entirely adequate for producing safe, low-acid 
foods heat processed in the temperature range 11 O-l 30°C. 

Perkins et al. (1975) examined the evidence for lower values of z for 
Clostridium botulinurn in food substrates and came to the conclusion 
that a value of 8°C would be a better figure. However, these experi- 
mental results were associated with much lower D,21.1 values which 
would compensate for a reduced z value. Stumbo et al. (1975) examined 
the minimum processes required for 41 can sizes, five different heating 
rates, eleven different initial food temperatures, three different D,,,., 
values and six different z values and presented tables of differing 
degrees of safety in relation to these variables. Pflug and Odlaug (1978) 
have reviewed in detail the z and f values used to ensure the safety of 
low-acid canned foods and have come to the conclusion that z = 10°C 
and Di2i.r = 0.2 is adequate in conjunction with a process equivalent to 
F0 = 3 min. 

Ito and Chen (1978) have reviewed the data on the effect of pH on 
growth of Clostridium botulinum in foods and have come to the con- 
clusion that although a pH of 4.6 will inhibit growth the minimum pH 
may be higher for some foods. 

3.2 z-value for destruction of heat-labile chemical constituents 

The thermal resistance factors for nutrients are in the range z = 25-30°C; 
E, = 20-30 kcal mol-’ and Di2i.r = 100-1000 min. Compared with 
vegetative cells and spores for which z = 5-12’C, the rates of destruc- 
tion of nutrients are very much less temperature sensitive. Some typical 
data are given in Table 1. 

3.3 C-value concept 

Mansfield (1962) used the concept of a ‘lethality-like’ value for degra- 
dation of sensory value based on a temperature sensitivity z,. 

c 1oo = 1 O(T-loO)/zc (in minutes) (4) 
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This gives a measure of the destruction of a particular sensory attribute 
and can be used to compare different effects, e.g. microbial destruction, 
enzyme inactivation, ‘degree of cookedness’ and consequently to 
optimise processes. Ball and Olson (1957) expressed the same concept 
in terms of an E value, the corresponding z value being designated as i; 
however, these terms are no longer in use. 

For different reference temperatures the following conversion is used 

C 100 = ClWl 
x 1($121~1 - loo)/zc 

(5) 

and from eqns (1) and (4) it can be shown that 

log,, c = 5 log,,F + 
(121.1- 100) 

z, zc 

The possibility of an optimum condition arises primarily from the 
very different effect of temperature on the rates of destruction of 
microbes and chemical substances. 

Some examples of kinetic data are given in Table 1. Further data are 
given by Lund (1975) Kessler (1981) and Burton (1983), including 
activation energies and DiZ1.i values. Care should be taken to examine 
the order of a particular reaction, since it is usually assumed that the 
reactions are kinetically first-order but this is not always so. 

4. COMBINED GRAPHICAL REPRESENTATION 

Figure 1 shows the relationship between time and temperature for the 
destruction of microbial spores (line FF) and for the cooking of a food 
product to a specified degree (line CC). From this it can be seen that 
the only acceptable combinations of time and temperature fall within 
the area ‘cooked sterile’, all other combinations of time and tempera- 
ture being unacceptable. Greenwood et al. (1944) were the first to 
publish this technique which they used to study the destruction of 

thiamin in cured pork luncheon meat at three levels, 50%, 20% and 10%~ 
compared with microbial destruction. Since then many publications 
have referred to this technique to optimise processing conditions. 
Table 2 lists some and gives details of each including the microbial 
destruction conditions and the other chemical and sensory factors. 

The form of graphical representation used in this method implies 
instantaneous heating and cooling of the product and whilst this might 
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cn 
-0 

unto oked 

non-sterile -+ c -_ 

temperalure T 

Fig. 1. Diagram of t-T relationship for microbial destruction, F, and cooking, C. 

be possible with small quantities of material, e.g. thin films of low 
viscosity liquids, it is not the case for cans of food or food pieces. 
Figure 2 shows the effect of heat transfer resistance on cooking and 
sterilisation at the centre of a spherical food particle, radius 1 cm 
(Holdsworth and Newman, 1977; Newman and Steele, 1978) obtained 
by calculating the centre lethalities and chemical destruction rates 
using the appropriate kinetic factors for a range of time-temperature 
combinations. 

This technique may be extended to F,, the total integrated value, 
rather than the centre F value. This is necessary when studying the 
destruction of quality factors distributed throughout the product. 

5. PREDICTIVE METHODS 

5.1 Application of the general and formula methods 

The earliest published method for calculation of nutrient retention was 
due to Ball and Olson (1957), who extended the mathematical pro- 
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TABLE 2 

Graphical Optimisation of Chemical Versus Biological Factors (F Values Based on 
121.1”C and CValues at lOO’C, Both in Minutes) 

Microbial Chemical or other 

z= lO”C;F=0.25 

z= lO”C;F=2-30 

z=lO”C,;F=l 
z= 10°C;F=0.1-50 

z= lO”C,F=2.5 
z = 8.9”C; F= 0.9 

z=lO°C;F=l 
z= lO”C;F=76 
z=lO”C;F=5+10 

Z= lO”C;F=2.7 
Z= 10°C; F= 10 

z= 10°C;F=5 
z= lO”C,F=3 

z= lO”C;F=6 

System Reference 

Thiamin destruction, 10, 20. Greenwood et al. (1944), 
50% Ball and Olson (1957) 

Cured meat Jackson et al. (1945) 
Cooking Mansfield (1962) 
z = 33Y; c= 5-30 
Betanin, 5-99% destruction Herrman (1969) 
Cooking Preussker (1970) (also 
z=33°c;c=o.1-50 includes effect of linear 

heating) 

z = 10.3’C. enzymes in potatoes Reichert (1977) 
z = 17.5”C, enzymes 

z = 23.2’C, ascorbic acid 

z = 25”C, cooking 
z = 26.1”C, vitamin Br 
z = 26.5”C. sensory 

z = 33’C, cooking 
z = 40°C, cooking 

z = 42”C, potatoes 
z = 48.9’C enzymes (green beans) 
z = 87+8’C, chlorophyll (green 

beans) 
z = 33’C; C= 10,36,52 Reichert (1974, 1977) 
z = 29°C; E = 42.45,62 (peas) 

Vitamin Br Bauder and Heiss (1975) 
z = 26.1’C; 5-90% destruction 

in liver 
Microbial lipase Svensson (1977) 
z = 3.l°C, peroxidase 
z = 35”C, potato 
Thiamin, 90-99.5% retention Ohlsson (1980b) 
Browning of milk Burton (1954, 1965, 

1983), Samuelsson 
(1977) 

Thiamin, 1, 5,20, 50% Lund (1977) 
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TABLE 2 - contd. 

System Reference 

Micro b&l Chemical or other 

z= lO”C;F=3 

z= 10°C;F=24 

z=lO’C;F=4 

z = 27”C, enzymes (centre Brown and Ayres (1982), 
of food particles) Newman and Steele 

(1978) 
Grape anthocyanin destruction Jelen (1983) 
z = 23’C; F= 28,90% 
Browning of protease Jelen (1983) 

ternperot ure T 

Fig. 2. Calculated t-T relationship for microbial destruction, F, and cooking, C, 
at the centre of a spherical particle (radius = 1 cm). 

cedures for estimating the thermal processes required for sterilisation. 
This involved use of the corresponding z value (i in Ball and Olson’s 
notation) for the destruction of a particular nutrient. The F value (E 
in Ball and Olson’s notation) was then redefined as the number of 
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minutes at 121. l°C required to reduce the thermolabile constituent 

to a given fraction. 
This method underestimates the contribution of the cooling phase 

and in many ways is unnecessarily complicated. It was also referred to 
the slowest heating point whereas, as pointed out earlier, the total 
integrated value F, is more important. The concept of ‘average destruc- 
tion’ of microbial species was first put forward in 1948 (Ball and Olson, 
1957) and this has proved valuable. The initial concept was that the 
average E value for a container at a given instant was represented as a 
weighted average of the E values for all iso-j regions in a container and 
this weighted value was a direct indication of the overall reduction up 
to that time. Stumbo (Ball and Olson, 1957), however, showed that 
this concept was not correct and used the actual E value corresponding 
on a survivor curve to the overall percentage survival of the heat vulner- 
able component. This was developed further (Stumbo, 1948, 1949; 
Ball, 1949) using the concept of the surfaces of a nest of hypothetical 
containers with equal j values (i.e. heating lags); these were known as 
iso-j surfaces. This enabled the total destruction to be calculated for 
the whole container and this value was designated F, to distinguish it 
from the value at the centre or point of slowest heating, F,. Stumbo 
(1953) derived an equation for the F, value assuming a linear relation- 
ship between F&-F, and u the fractional volume of the element, where 
Fh is the F value of heat received at any point in the container and F, 
the F value at the centre. However, Stumbo (1973) found that a better 

relationship was between F,-F, and log(1 - v) and this resulted in 
eqn (3) which was applicable to microbial and biochemical components. 

Two other workers, Gillespy ( 195 1) and Hicks (195 1) independently 
developed similar concepts of a total integrated value, but neither of 
these was extended to the evaluation of nutrient destruction. 

Herrman (1969, 1976) used a graphical technique similar to that of 
Patashnik (1953) which converted the lethalities into thiamin retention 
and cooking values. This involved the solution of the heat transfer 
equations of Reidel (1947) which were used by Gillespy (1953) for 
complex processes, e.g. those involved in hydrostatic cookers. 

Jan et al. (1971) extended the original concepts of Stumbo (1953, 
1965) to the estimation of nutrient retention in conduction-heating 
packs. They were particularly interested in producing a method which 
was equivalent to the ‘formula method’ (Ball and Olson, 1957). Jan 
et al. also pointed out the essential difference between sterilisation and 
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nutrient destruction in terms of Stumbo’s (1953) relationship between 
the volume fraction of the container and the Fh-Fc value. This relation- 
ship was shown to be satisfactory for microbial destruction provided 
the value of v, the volume fraction, was not greater than 0.4; however, 
for nutrient destruction, values in excess of O-4 were required for which 
Stumbo’s relationship was not applicable. This led to the use of the 
linear relationship Fh-Fc versus log( 1 - v). Jan et al. (197 1) showed 
that for thiamin retention in pea puree in 2 11 X 300 size cans there was 
good agreement between this method of prediction and the experi- 
mental data. 

Mulley et al. (1975) also applied this technique and showed reason- 
able agreement with the experimental results for thiamin retention 
using z values of 28.3-3 1.6 for peas, green beans and sweet corn. 

Downes and Hayakawa (1977) took into account the cooling phase 
more precisely, pointing out that most other methods make the assump- 
tion that the rates of heating, fh, and of cooling, f,, are similar, which is 
not necessarily the case. They used a method developed by Hayakawa 
(1970) for estimating the cooling contributions. 

A computerised method for determining average sterilisation values 
was developed by Cohen and Wall (1971) which could be extended to 
determining nutrient retention. 

5.2 Application of numerical methods using computers 

Teixeira et al. (1969) published the first paper on the computer optimi- 
sation of nutrient retention in the thermal processing of conduction- 
heated foods. A digital computer program was developed using the 
finite-difference method of solving the two-dimensional heat transfer 
equation for determining the time-temperature distribution within a 
cylindrical container. This was then used to estimate the effect of the 
thermal history on microbial destruction and nutrient retention. The 
mathematical model used involved step-function heating and cooling 
with the external heat transfer coefficient neglected (Holdsworth, 
1976). Basically, the optimisation technique determined the process 
times and temperatures equivalent to a given process: 84 min at 121.l°C 
with z = 10°C for microbial destruction, and then proceeded to calcu- 
late the nutrient retention for z = 25’C corresponding to the different 
equivalent processes. The results showed that there was a maximum 
retention of thiamin at 120°C and 90 min - which is very near to the 
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given process. This seemed at variance with the high temperature-short 
time concept applicable to convection packs or sterilisation of liquid 
products but is due to the non-uniform temperature distributions 
occurring in conduction packs. It was also shown that for a component 
with a greater z value the optimum occurred at higher temperatures 

whereas for smaller values of z the optimum occurred at lower tempera- 
tures. Thus, in the cooking of food, for which z = 17°C lower tempera- 
tures and longer times are preferred for a high degree of cookedness, 
which is in agreement with experience. Changes in the D value for a 
constant z value for thiamin did not alter the optimum temperature, 
only the percentage retention, which increased with increasing D value. 
Manson et al. (1970) developed a complete programme for nutrient 
retention in rectangular containers which allowed for the effects of 
come-up time and the cooling phase. 

Teixeira et al. (197%) extended their computer model (Teixeira 
et al. (1969) to allow for the effects of variable retort temperature 
profiles and differing container geometries on thiamin degradation. 
With regard to the former, three general types of behaviour for the 
retort temperature history were considered, viz. step functions, ramp 
functions and sinusoidal functions and these were combined to give 
different surface temperature profiles. However, the maximum thiamin 
retention was very similar for all the different processes of equivalent 
sterilising value. With regard to the latter, the effect of height-to- 
diameter ratio on thiamin retention was entirely different and this 
factor proved to be very significant. Maximum retention greater than 
60% was found to occur for height-to-diameter ratios less than 0.2 and 
greater than 10.0. A minimum retention of about 40% occurred with 
ratios in the region of 1, i.e. most of the standard sizes of container! 
This result gives quantitative support for the thin retortable pouch and 
continuous flow sterilisation of food products followed by aseptic 

packaging. 
A similar program of work was carried out by Sjijstriim and 

Dagerskog (1977) to see if it was possible to reduce the difference in 
heating effect between the surface and centre and to establish optimum 
conditions for specific products chopped fish (entirely conduction 
heating) and liver paste (part convection heating) and specific can sizes. 
In this study the results of computer simulation were compared with 
experimental work using the sterilisation effect, enzyme inactivation 
and a sensory quality C value, i.e. the rate of browning in fish (z = 26’C). 
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The effect of varying the z value at a constant temperature was that the 
C value decreased with increasing z value. However, for a given z value 
there was an optimum C value within the temperature range. This 
optimum point moves to a higher temperature with increasing z value; 
thus, it is necessary to know the z value for the particular component 
under consideration. 

When the authors considered the series of experiments carried out 
with varying surface temperature profiles the differences in nutrient 
retention were found to be so small as to be of no practical significance. 
In another series of tests in which the same maximum temperature was 
reached, it was found that a double-ramp (a linear increase in tempera- 
ture followed a linear decrease) produced the smallest cooking value 
whereas a combination of a ramp and constant holding was significantly 
better than a step, i.e. constant holding for the total time period. 

A more detailed study of the optimisation of heat sterilisation opera- 
tions was reported by Ohlsson (198Ckz), who determined the z value for 
a range of products, viz. fish, liver paste, strained beef, strained vege- 
tables, tomato sauce and vanilla sauce for a range of different sensory 
qualities, viz. odour, off-odour, appearance, taste, off-taste, consistency, 
hardness, coarseness and lightness. These values were then used to 
calculate the C values and compare them with other variables - F,,, 
temperature, time, thickness and height/diameter ratios. For flat con- 
tainers (Ohlsson, 1980d) it was shown that the average optimum C 
value increased with increasing thickness corresponding to a decrease 
in the temperature at which the optimum occurred. A similar effect was 
found on increasing the height of a range of cans with the same dia- 
meter (Ohlsson, 1980~). This led to the generalisation: the larger the 
container the lower the processing temperature to obtain an optimum 
degree of cooking. 

5.3 Application of analytical procedures based on the concept of total 
integrated lethality 

One of the first papers to describe a mathematical procedure for esti- 
mating the total integrated lethality based on the heat transfer equations 
for both heating and cooling phases was by Hicks (195 1). He was, 
however, not alone in his thinking and Gillespy (195 1) and Stumbo 
(1953) produced, independently, similar theoretical treatments although 
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they used the basic first-term approximation for heating and empirical 
equations for estimating the effects of the cooling phase. 

Hayakawa (1969) extended the concept of Hicks but used a different 
mathematical technique involving dimensional analysis and the concept 
of mass-average sterilising value. This was subsequently extended (Haya- 
kawa, 197 1) to estimating the mass average value for a physical, chemi- 
cal or biological change resulting from thermal processing. This work 
led to formulae which could be used to compute values for nutrient 
retention which were then intended to be used with standard manual 
procedures. Preussker (1970) presented an analytical treatment of 
cooking effect and lethality for a linear change in temperature (ramp 
function) as well as heating followed by cooling and presented the 
results in a log time versus temperature diagram. From this type of 
representation combinations of time and temperature can be estimated 
which will achieve the desired effect and, at the same time, indicate the 
corresponding F,, value. 

Barreiro-Mendez et al. (1977) derived models for the loss of nutrients 
during heating and cooling in cylindrical containers using analytical 
equations. These equations gave the percentage nutrient retention and 
experimental results obtained using an analogue system of 6% maize 
starch and 1.75% carboxymethyl cellulose were in good agreement with 

the predicted results. 
Hayakawa (1977) used a computer model to estimate the percentage 

of thiamin retention in carrot puree, pea puree, pork puree and spinach, 
and compared the results with experimental determinations. For the 
processes at 115.6”C the results were within + 3%; however, at the 
higher temperature of 12l.l”C and 60 min, the differences varied 
between 10 and 16%. Spinach gave the worst comparative results, the 
predictions being up to 16% less than the experimental results. 

Lenz and Lund (1977b) used a method 
made use of a new dimensionless group, 
L where 

alnx 
L=-- 

k,R2 

of lethality calculation which 
the lethality/Fourier number 

in which (Y is the thermal diffusivity, x is the fraction of constituent 
retained (ratio of concentration at any time t to the initial concentra- 
tion), k, is the rate constant at the reference temperature T, and R is 
the container radius (i.e. half thickness). This was derived by combining 
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the first-order kinetic equation and the Arrhenius temperature relation- 
ship and substituting the time from the Fourier number at/R*. The 
latter is obtained from the unsteady state heat transfer equation solu- 
tion for a finite cylinder and cooling is included by solving the equation 
for the appropriate boundary conditions at the end of heating. Using 
this L-concept the authors used an average value L based on X, the 
average fraction of constituent retained, and compared the theoretical 
predictions with the experimental results for thiamin, chlorophyll and 
betanin degradation in various purees after differing times and tempera- 
tures of processing. The results, in general, were considered to be well 
within experimental error; the standard deviation between measured 
and predicted retentions was 6%. 

Thijssen et al. (1980) developed a method of process calculation 
which eliminated the use of tabulated data and interpolation, The 
model used was based on the following equation 

z=J: exp[-[kdt]dV 

where C is the concentration of specified component at time t, Co is the 
concentration of specified component at time 0, Y is the volume of the 
pack for averaging purposes and k is a temperature-dependent kinetic 
factor. 

For a uniform initial product temperature r,, a constant temperature 
of the heating medium, Th, and a constant temperature of the cooling 
medium, T,, the reduction in a heat-labile component is a function of 
five dimensionless groups, viz. Fourier number, Biot number, reduced 
temperature and two groups related to kinetic factors. The method 
uses the analytical solutions for the heat transfer equation for sphere, 
cylinder and rectangular bodies, and also other geometrical shapes. 
These workers showed that for maximum quality retention a value of 
the Fourier number of 0.5 is required. Thijssen and Kochen (1980) 
extended the method to variable external heating and cooling condi- 
tions and showed that the accuracy of this ‘short-cut’ method was 
equivalent to the detailed finite difference computer methods. 

Castillo et al. (1980) extended the method of Barreiro-Mendez et al. 
(1977) to deal with rectangular retortable pouches of food. The inter- 
esting point which emerges from the use of this model is that the 
predicted and experimental temperatures at the end of heating were in 
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good agreement. However, at the end of cooling differences of up to 
16% were observed, probably due to assuming a very high heat transfer 
coefficient at the surface of the pouch. The predicted thiamin reten- 
tions after the thermal processing were in good agreement with the 
experimental results. 

5.4 Applications of optimisation procedures 

The productivity of industrial operations in most cases involves con- 
flicting and opposing influences and, consequently, it is necessary to 
balance these out to give the optimum production rate. The retention 
of nutrient value of processed food products is a similar situation and 
consequently an optimum solution is necessary. This type of optimum 
may be overridden by the demand for high production rates and mini- 
mum cost factors. However, with the present climate of opinion tending 
to favour high nutrient value in processed foods it is necessary to 
consider this factor outside the constraints of production economics. 

Beveridge and Schechter (1970) have presented the basis for optimi- 
sation as applied to the chemical industry: however, their models are 
also applicable to the present problem. When multivariable situations 
are considered it is possible to express the results in a three-dimensional 
diagram which is known as a response surface relationship; however, in 
more complex situations such representation cannot be made and 
computer optimisation of the prescribed variables is required. 

A comparison of optimisation techniques for food product and 
process development applications has been given by Nakai (1982). The 
results are particularly useful because the difficulties encountered in the 
applications are evaluated. Several techniques are available and these are 
summarised in Table 3. 

Evans (1982) has indicated how optimisation techniques may be 
applied to food processing as an aid to management and control of 
process plants, but the examples did not include thermal processing. 

Saguy and Karel(1979) were the first to apply a formal optimisation 
theory to optimising thiamin retention during sterilisation. The con- 
tinuous maximum principle (Pontryagin et al., 1962), a multi-iterative, 
was used to determine the optimum temperature profile for nutrient 
retention. The use of this technique is required for solving the trans- 
cendental equation involving the control variable. Several search tech- 
niques are available for this, for example: the Fibonacci method 
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TABLE 3 
Some Techniques for Optimisation (Nakai, 1982) 

Technique Comments 
-.-- 

1. 

2. 

Multi-factorial designs 

3. 

4. 

5. 

Linear programming (linear 
objective functions and 
inequality restrictions) 
Quadratic programming 
(non-linear) 

Geometric programming 
(non-linear) 
Evolutionary operation 
(EVOP) 

6. Rotating square evolutionary 
operation (ROVOP) 

7. Random evolutionary 
operation (REVOP) 

8. Simplex EVOP 

9. 

10. 

Super Simplex EVOP 

Modified Super Simplex Uses quadratic factorial regression analysis to 

EVOP obtain rapid convergence (Nakai, 1982) 

Not very efficient; true optimum not easily 

found 
Efficient and versatile: linear equations 

correlating variables must be known 

Used for quadratic relationships (Boot, 1964) 

Used for relationships involving sums of 
products of functions 

Involves using responses to the small changes in 
operating conditions: systematic variations 

of systems variables (Box, 19.57) 
Eliminates uncertainty due to size of variant 

used: involves multiple regression analysis 

(Lowe, 1964) 
Useful for large numbers of variables where 

relationships between variables unknown 
(non-parametric) (Lowe, 1964) 

Requires less experimental work and reaches 

the optimum of a process much more 
quickly (Spendley et al., 1962; Lowe, 1964: 
Nelder and Mead, 1965; Morgan and 

Denning, 1974) 
Uses a quadratic curve fitting procedure 

(Rounth ef aZ., 1977) 

(Beveridge and Schechter, 1970), where only one variable is being opti- 
mized; steepest ascent method (hill climbing) (Storey, 1962; Storey & 
Rosenbrock, 1967) (multivariable); quasi-linearisation (Lee, 1966, 
1967) (multivariable); calculus of variations (Katz, 1960) (multivariable); 
and ‘dynamic programming’ (Fan, 1966). 

The most interesting feature of the work of Saguy and Karel(l979) 
is the determination of the profile of the temperature-time relationship 
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to be applied to the retort to obtain maximum retention of thiamin. 
Two examples given by these workers relate to pea puree processed in 
a 303 X 406 can and pork puree in a 401 X 411 can. 

The profiles are slightly different, but both show an initial steep 
ramp followed for the pea puree by a trough and a second peak, and for 
the pork puree by a less steep downward ramp. 

Hildenbrand (1980) used a different approach to obtaining an 
optimal temperature profile for the retort. The problem is treated in 
two parts. The first is to determine how the temperature of each 
volume element inside the container must be raised in order to achieve 
the desired microbial destruction and also retain the quality factors at 
a maximum level. The second -- the control engineering problem - is 
to determine the necessary temperature-time profile on the outside of 
the container to achieve the first objective. This is known as a ‘tracking 
problem’ and is solved using a version of the maximum principle 
(Butkovskiy, 1969). The response profiles to two types of control 
strategy are given, the first on-off control and the second quasi- 
continuous. However, this work does not give results for the retention 
levels of various nutrients, only the mathematical technique for dealing 
with the control problem. Martens (1980) also produced temperature 
profiles for optimisation of nutrient retention in thin flat containers; 
these were ‘inverted-V shape’ in profile. These papers are important 
because they relate to developments in control systems for thermal 
processing of food products which are taking place at the present 
time. The concept of using mathematical models for controlling the 
sterilisation operation (Holdsworth, 1974, 1983) can now be extended 
using these techniques to maximise nutrient retention by controlling 
the temperature profile of the retort. 

6. CONCLUSION 

From comparison of the methods of optimising nutrient retention by 
most authors, in general there is little to choose between them, especi- 
ally when the reliability of chemical analyses is considered. However, 
if the calculation time is considered then the short-cut method (Thijssen 
et al., 1980) should be considered as well as finite-difference methods 
(Teixeira et al., 1969, 1975a,b). The main problems arise when the 
mathematical models are used for process control and it is in this area 
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that the methods require testing. It is necessary for the models to 
produce results sufficiently quickly to keep up with the process and 
with changes in process variables. The limitation is usually in relation to 
the computer system chosen; sophisticated multi-tasking microprocessor- 
based systems will be suitable for this type of control but many of the 
low-cost programmable systems available at the present time will not 
have sufficient computing ability to make the main objective of using 
mathematical models to control the operation achievable. 

The subject of processes optimised especially for nutrient retention 
is likely to assume. greater importance in the future and methods of 
processing to maximise nutrient and quality factors will be important 
aspects of food preservation. 

REFERENCES 

Adams, J. B. (1978). The inactivation and regeneration of peroxidase in relation to 
high temperature-short time processing of vegetables. J. Food Technology, 13, 
281. 

Aiba, S., Humphrey, A. E. and Mills, N. F. (1965). Biochemical Engineering, 
Academic Press, New York. 

Aiba, S. and Toda, K. (1967). Thermal death rate of bacterial spores. Process 

Biochemistry, 2 (2), 3.5. 
Aylward, F. and Haisman, D. R. (1969). Oxidation systems in fruits and vegetables. 

Advances in Food Research, 17, 1. 
Ball, C. 0. (1949). Process evaluation. Food Technology, 3, 116. 

Ball, C. 0. and Olson, F. C. W. (1957). Sterilization in Food Technology, McGraw- 

Hill Book Co., New York. 
Barreiro-Mendez, J. A.. Salas, G. R. and Moran, I. H. (1977). Formulation and 

evaluation of a mathematical model for prediction of losses of nutrients during 
heat treatment of canned foods. Archives Latinamericanos de Nutrition, 27, 
325. 

Bauder. LJ. (1974). Untersuchungen iiber den Zusammenhang zwichen Hitzesterili- 
sation und Qualititsenhaltung von Lebensmitteln unter Berticksichtigung des 

Behalter-formats. Dissertation Technische Universitit, Munchen. 
Bauder, U. and Heiss, R. (1975). Hitzesterilization und Qualitatserhaltung von 

Lebensmitteln. Verfahrenstechnik, 9, 566. 
Bayoumi, E.-S. and Reuter, H. (1980). Destruction of vitamin BI during UHT 

treatment of milk. Milchwissenschaft, 35, 278. 
Bayoumi, E.-S. (1981). Abbau von Thiamin Wahrend des Ultrahocherhitzens von 

Vollmich. Dissertation Christian-AlbrechtsUniversitgt. Kiel. 



110 S. D. Holdsworth 

Bendix, G. H., Heberlein, D. G.. Ptak, L. R. and Clifcorn, L. E. (195 1). Stability 

of thiamine during heat sterilization. Food Research, 16,494. 
Beveridge, G. S. G. and Schechter, R. S. (1970). Optimization; Theory and Prac- 

tice, McGraw-Hill Book Co.. New York. 
Boot, J. G. G. (1964). Quadratic Programming, North-Holland Publishing Co., 

Chicago, Illinois. 
Box, G. E. P. (1957). Evolutionary operations: a method for increasing industrial 

productivity. Applied Statistics, 6 (2) 3. 
Brown, K. L. and Ayres, C. (1982). Thermobacteriology of UHT processed foods, 

In: Developments in Food Microbiology - 1, ed. R. Davies, Applied Science 
Publishers, London. 

Burton, H. (1954). Colour changes in heated and unheated milk. I. The browning of 
milk on heating. J. Dairy Research, 21, 194. 

Burton, H. (1965). The ultra-high-temperature process: its basic principles and 
developments. J. Society of Dairy Technology, 18, 58. 

Burton, H. (1983). The bacteriological, chemical, biochemical and physical changes 
that occur in milk at temperatures of IOO-15O’C. Bulletin of the International 
Dairy Federation, Document No. 157, 3-16. (Also J. Dairy Research (1984) 
51,341.) 

Butkovskiy, A. G. (1969). Distributed Control Systems, Elsevier Publishing Co., 

New York. 
Castillo, P. F., Barreiro, J. A. and Salas, G. R. (1980). Prediction of nutrient reten- 

tion in thermally processed heat conducting food packaged in retortable pouches. 
J. Food Science, 45, 1513. 

Cohen, J. S. and Wall, M. A. (1971). A method of calculating average sterilizing 
value in cylindrical containers. Trans. Amer. Sot. Agricultural Engineers, 14 (2) 
329. 

Cowell, N. D. (1968). Methods of thermal process evaluation. J. Food Technology, 
3 (3) 303. 

Downes, T. W. and Hayakawa, K. (1977). A procedure for estimating retention of 
components of thermally conductive processed foods. Lebensm.- Wiss. u. Tech- 
nol., 10,256. 

Evans, L. B. (1982). Optimization theory and its application in food processing. 
Food Technology, 36 (7) 88. 

Fan, L. T. (1966). ne Continuous Maximum I+inciple, John Wiley & Sons, New 
York. 

Feliciotti, E. and Esselen, W. B. (1957). Thermal destruction rates of thiamine in 
pureed meats and vetables. Food Technology, 11,77. 

Gillespy, T. G. (1947). The heat resistance of the spores of thermophilic bacteria. 
II. Thermophilic anaerobes. Annual Report, Campden FoodPreservation Research 
Assoctiztion, Chipping Campden, Gloucestershire, p. 5 1. 



Optimisation of thermal processing - a review 111 

Gillespy, T. G. (1951). Estimation of sterilizing values of processes as applied to 
canned foods. Part I. J. Science of Food and Agriculture, 2, 107. 

Gillespy, T. G. (1953). Estimation of sterilizing values of processes as applied to 

canned foods. Part II. J. Science of Food and Agriculture, 4,553. 
Gillespy, T. G. (1962). The principles of heat sterilisation. In: Recent Advances in 

Food Sciences, Vol. 2, eds J. Hawthorn and .I. M. Leitch, Butterworths, London, 

p. 93. 
Gillespy, T. G. (1967). The principles of heat sterilisation. Technical Circular No. 

189, I961 revised 196 i: British Food Manufacturing Industries Research Associa- 
tion, Leatherhead, Surrey. 

Greenwood, D. A., Kraybill, H. R., Feaster, J. F. and Jackson, J. M. (1944). Vitamin 

retention in processed meats. Industrial and Engineering Chemistry, 36,922. 
Hayakawa, K. (1969). New parameters for calculating mass average sterilizing value 

to estimate nutrients in thermally conductive food. Canadian Institute of Food 
Technology J., 2, 165. 

Hayakawa, K. (1970). Experimental formulas for accurate estimation of transient 
temperature of food and their application to thermal process evaluation. Food 
Technology, 24, 1407. 

Hayakawa, K. (1971). Mass average value for a physical, chemical or biological 
factor in food. Gznadkm Institute of Food Technology J., 4,133. 

Hayakawa, K. (1977). Review of computerised prediction of nutrients in thermally 
processed canned foods. J. Association of Official Analytical Chemists, 60, 1243. 

Hayakawa, K.? Timbers, G. E. and Stier, E. F. (1977). Influence of heat treatment 
on the quality of vegetables organoleptic quality. J. Food Science, 42, 1286. 

Herrera, I. (1978). Prediction de la Retention de Nutrients en AlimentosCalentados 
por Conduction en Latas Rectanulares. MS Thesis, Universidad Simon Bolivar, 

Caracao, Venezuela. 
Herrman, J. (1969). Optimierung von Sterilisationsprozessen unter Berucksichti- 

gung der Keimabtotung und chemischen Veranderungen. Die Nahrung, 13,639. 
Herrman, J. (1976). Qualitats- und Prozessoptimierung zur Erhohung der Effecti- 

vitat der Lebensmittelproduction durch die Reaktionskinetik der Lebensmittel. 
Die Lebensmittel-Industrie, 23, 5 15. 

Hicks, E. W. (1951). On the evaluation of canning process. Food Technology, 5, 
134. 

Hildenbrand, P. (1980). An approach to solving the optimal temperature control 
problems for sterilization of conduction-heating foods. J. Food Process Engin- 
eering, 3, 123. 

Holdsworth, S. D. (1974). Instrumental developments for heat processing. Food 
Manufacture, 49 (1 l), 35. 

Holdsworth, S. D. and Overington, W. J. G. (1975). Calculation of the sterilizing 
value of food canning process. Technical Bulletin No. 28, Campden Food 



112 S. D. Holdsworth 

Preservation Research Association, Chipping Campden, Gloucestershire. 
Holdsworth, S. D. (1976). Heat transfer to containers of food during sterilization 

Technical Bulletin No. 31, Campden Food Preservation Research Association, 
Chipping Campden, Gloucestershire. 

Holdsworth, S. D. and Newman, M. E. (1977). Unpublished work. 
Holdsworth, S. D. (1979). A bibliographical guide to thermal process calculations. 

Part 2. Technical Memorandum No. 213, Campden Food Preservation Research 
Association, Chipping Campden, Gloucestershire. 

Holdsworth, S. D. (1982). A bibliographical guide to thermal process calculations. 
Technical Memorandum No. 291, Campden Food Preservation Research Associa- 
tion, Chipping Campden, Gloucestershire. 

Holdsworth, S. D. (1983). Developments in the control of sterilising retorts. Process 

Biochemistry, 18 (5) 24. 
Horak, F. P. (1980) Ueber die Reaktionskinetik der Sporenabtijtung und 

chemischer Verlnderungen bei der thermischen Haltbarmachung von Milk zur 
Optimierung von Erhitzungsvefahren. Dissertation Technische Universitit, 
Miinchen. 

Horak, F. P. and Kessler, H. G. (1981). Colour measurement as an indicator of heat 
treatment. Zeitschrtft Lebensm. Technol. u. Verfahrenstech., 32, 5. 

Ito, K. A. and Chen, J. K. (1978). Effect of pH on growth of Clostridium botulinum 
in foods. Food Technology, 32 (6) 7 1. 

Jackson, J. M., Feaster, J. F. and Pilcher, R. W. (1945). The effect of canning 
procedures on vitamins in foods. PLoc. Institute of Food Technologists, p. 8 1. 

Jan, Y., Manson, J. E., Stumbo, C. R. and Zahradnik, J. W. (1971). A procedure for 

estimating sterilisation of and quality factor degradation in thermally processed 

foods. J. Food Science, 36,692. 
Jelen, P. (1983). Review of basic technical principles and current research in UHT 

processing of foods. Canadian Institute of Food Science and Technology J., 16 
(30), 159. 

Jones, M. C. (1968). The temperature dependence of the lethal rate of sterilization 

calculations. J. Food Technology, 3, 3 1. 
Jonsson, U., Snygg, B. G., Harnulv, B. G. and Zachrisson, T. (1977). Testing two 

models for the temperature dependence on the heat inactivation rate of Bacillus 
stearothermophilus, J. Food Science, 42, 125 1. 

Katz, S. (1960). Best temperature profiles in plug flow reactors. Annals New York 
Academy of Sciences, 84 ( 12) 44 1. 

Kessler, H. G. (1981). Food Engineering and Dairy TechnoZogy, Verlag A. Kessler, 
Freising. 

Laing, B. (1978). Degradation kinetics of ascorbic acid at high temperature and 
water activity. J. Food Science, 43, 1440. 

Lee, E. S. (1966). Quasi-linearization, non-linear boundary value problems and 
optimization. Chemical Engineering Science, 21, 183. 



Optimisation of thermal processing - a review 113 

Lee, E. S. (1967). Quasi-linearization in optimization. American Institute of 
Chemical Engineers J., 13, 1043. 

Lenz, M. K. and Lund, D. B. (1977). The lethality Fourier number method; experi- 
mental verification of a model for calculating average quality factor retention 
in conduction-heating canned foods. .I. Food Science, 42, 997. 

Ling, A. C. and Lund, D. B. (1978). Determining kinetic parameters for thermal 
inactivation of heat-resistant and heat labile isozymes from thermal destruction 

curves. J. Food Science, 43,1307. 
Lowe, C. W. (1964). Some techniques of evolutionary operation. Trans. Institu- 

tion of Chemical Engineers, 42, T334. 
Lund, D. B. (1975). Effects of heat processing on nutrients. In: Nutritional Evalua- 

tion of Food Processing, eds R. S. Harris and E. Karmas, AVI Publishing Com- 
pany Inc., Westport, Connecticut, chapter 9. 

Lund, D. B. (1977). Design of thermal process for maximising nutrient retention. 

Food Technology, 31 (2), 71. 
Lund, D. B. (1982). Applications of optimisation in heat processing. Food Tech- 

nology, 36 (7), 97. 
Mansfield, T. (1962). High-temperature-short-time sterilisation. &oc. 1st Znter- 

national Congress on Food Science and Technology, Vol. 4, Gordon and Breach, 

London, p, 3 11. 
Mansfield, T. (1974). A Brief Study of Cooking, FMC Corporation, USA. 
Manson, J. E., Zahrodnik, J. W., Stumbo, C. R. (1970). Evaluation of lethality and 

nutrient retentions of conduction-heating foods in rectangular containers. Food 
Technology, 24,1297. 

Martens, T. (1980). Mathematical model of heat processing in flat containers. PhD 
Thesis, Catholic University, Leuven, Belgium. 

Michiels, L. (1973). Establishment of a thermal process as a function of cooking of 
white beans used in canning. Compte-Rendu de L’Academie d’Agrico1 de France, 
p. 891. 

Michiels, L. (1974). Sterilisation and Cuisson, deux aspects in ter dependants des 
traitments thermiques. In: Optimisation des Traitments thermiques en Con- 
serverie, Symposium material APRIA, Paris, p. 5. 

Morgan, S. L. and Denning, S. H. (1974). Simplex optimization of analytical 

chemical methods. Analytical Chemistry, 46, 1170. 
Mulley, E. A., Stumbo, C. R. and Hunting. M. A. (1975). Thiamine: a chemical 

index of the sterilizing efficacy of thermal processing. J. Food Science, 40,993. 
Nakai, S. (1982). Comparison of optimisation techniques for application to food 

product and process development. J. Food Science, 47,144. 
Nath, N. and Ranganna, S. (1983). Determination of a thermal process schedule for 

guava. J. Food Technology, 18,301. 
Nelder, J. A, and Mead, R. (1965). A simplex method for function minimisation. 

Computer J., 7,308. 



114 S. D. Ho&worth 

Newman, M. (1984). Methods of thermal process calculations for food particles. 

Technical Memorandum No. 321, Campden Food Preservation Research Associa- 
tion, Chipping Campden, Gloucestershire. 

Newman, M. and Steele, D. A. (1978). Food particle sterilization. Technical 
Memorandum No. 210, Campden Food Preservation Research Association, 
Chipping Campden, Gloucestershire. 

Ohlsson, T. (1977). Optimization of sterilization. Report No. 421, Swedish Food 
institute, Sweden. 

Ohlsson, T. (198Ckz). Optimization of heat sterilization using C values. Food Process 
Engineering, Vol. 1: Food Processing Systems, eds P. Linko, Y. Milkki, J. Olkku 

and J. Larinkari, Applied Science Publishers, London, p. 137. 
Ohlsson, T. (198Ob). Temperature dependence of sensory quality changes during 

thermal processing. J. Food Science, 45, 836. 
Ohlsson,. T. (1980~). Optimal sterilization temperatures for sensory quality in 

cylindrical containers. J. Food Science, 45, 15 17. 
Oh&on, T. (1980d). Optimal sterilization temperatures for flat containers. J. Food 

Science, 45,848. 
Overington, W. J. G. and Holdsworth, S. D. (1974). A bibliographical guide to 

thermal process calculations. Technical Memorandum No. 130, Campden Food 
Preservation Research Association, Chipping Campden, Gloucestershire. 

Patashnik, M. (1953). A simplified procedure for thermal process evaluation. Food 
Technology, 7, 1. 

Paulus, K., Duden, R., Fricker, A., Heintze, K. and Zohm, H. (1975). Influence of 
heat treatments of spinach at temperatures up to 1OO’C. Lebensmittel-wissen- 
schaft und Technologie, 8, 11. 

Perkin, A. G., Burton, H., Underwood, H. M. and Davies, F. L. (1977). Thermal 

death kinetics of B. stearothermophilus spores at ultra-high temperatures. II. 
Effect of heating period on experimental results. J. Food Technology, 12,131-48. 

Perkins, W. E., Ashton, D. H. and Evancho, G. M. (1975). Influence of the z value 

of Clostridium botulinum on the accuracy of process calculations. J. Food 
Science, 40, 1189. 

Pflug, I. J. and Esselen, W. B. (1953). Development and application of an apparatus 

for the study of thermal resistance of bacterial spores and thiamine. Food 
Technology, 7,237. 

Pflug, I. J. and Odlaug, T. E. (1978). A review of z and F values used to ensure the 
safety of low-acid canned foods. Food Technology, 32 (6), 63. 

Pontryagin, L. S., Boltyanskii V. G., Gamkrelidze, R. V. and Mishchenko, E. F. 
(1962). T&e Mathematical Theory of Optimal Processes, transl. by K. N. Triro- 
goff, Wiley-Interscience, New York. 

Preussker, H. (1970). Konservierungstechnik: Wahl der Temperaturen und Behand- 
lungszeiten zur Sterilisation und Garung von Konserven. Die Ernahrungswirt- 
schaft/lebensmittel Technik, 10, 710. 



Optimisction of thermal processing - a review 115 

Reichert, J. E. (1974). Optimale Sterilizationstemperaturen fur Fertiggerichte. Die 
Fleischwirtschaft, 54, 1305. 

Reichert, J. (1977). Der C-wert als Hilfsmittel zun Prozessoptimeirung. Zeit fiir 
Lebensm.-tech. und Vergahr., 28, 1. 

Reidel, L. (1947). Zur Theorie der Hitzesterilisierung von Dosenkonserven, C. F. 
Muller Verlag, Karlsruhe. 

Rodrigo, M., Lorenzo, P. and Safon, J. (1980). Optimization of heat sterilization 

techniques. Revista de Agroquimica y Technologia de Alimentos, 20 (149), 425. 
Rounth, M. W., Schwartz, P. A. and Denton, M. B. (1977). Performance of super- 

modified simplex. Analytical Chemistry, 49, 1422. 
Saguy, I. and Karel,.M. (1979). Optimal retort temperature profile in maximizing 

thiamin retention in conduction-type heating of canned foods. J. Food Science, 
44,1485. 

Samuelsson, E.-G. (1977). Milk products - pasteurisation and sterilisation. In: 

Physical, Chemical and Biological Changes in Food Caused by Thermal Pro- 
cessing, eds T. Hoyem and 0. Kvale, Applied Science Publishers, London, p. 259. 

Sjiistriim, C. and Dagerskog, M. (1977). Optimization of the time/temperature 
relationship for heat sterilization of canned food by computer simulation. 

Proceedings Mini Symposium - Mathematical Modelling in Food Processing, 
Orenas, Sweden, p. 227. 

Skjoldebrand, C., Anas, A., Oste, R. and Sjodin, P. (1983). Prediction of thiamine 
content in convective heated meat products. J. Food Technology, 18,6 1. 

Spendley, W., Hext, G. R. and Himsworth, F. R. (1962). Sequential application of 
simplex designs in optimisation and evolutionary operations. Techno-biometrics, 
4,441. 

Storey, C. (1962). Application of hill climbing optimization. Chemical and Engin- 
eering Science, 17,45. 

Storey, C. and Rosenbrock, H. H. (1967). On the computation of the optimal 
temperature profile in a tubular reaction vessel. In: Computing Methods in 
Optimization Problems, eds A. V. Balakrishnan and L. W. Neustadt, Academic 
Press, New York, p. 23. 

Stumbo, C. R. (1948). Bacteriological considerations relating to process evaluation. 

Food Technology, 2, 115. 
Stumbo, C. R. (1949). Further considerations relating to the evaluations of thermal 

processes for foods. Food Technology, 3, 126. 
Stumbo, C. R. (1953). New procedures for evaluating thermal processes for foods 

in cylindrical containers. Food Technology, 7,309. 
Stumbo, C. R. (1965). Thermobacteriology in Food Processing, Academic Press, 

New York. 
Stumbo, C. R. (1973). Thermobacteriology in Food Processing, 2nd Edn, Academic 

Press, New York. 
Stumbo, C. R. Purohit, K. S. and Ramakrishnan, T. V. (1975). Thermal process 



116 S. D. Holdsworth 

lethality guide for low-acid foods in metal containers. J. Food Science, 40, 1316. 
Svensson, S. (1977). Inactivation of enzymes during thermal processing. In: Physi- 

cal, Chemical and Biological Changes in Food Caused by Thermal Processing, 
eds T. Hoyem and 0. Kvale. Applied Science Publishers, London, p. 202. 

Svensson, S. G. and Eriksson, C. E. (1974). Thermal inactivation of hipoxygenase 
from peas. Lebensmittel-Wissenschaji und Technologie, 7 (3), 142. 

Teixeira, A. A., Dixon, J. R., Zahradnik, J. W. and Zinsmeister, G. E. (1969). 
Computer optimization of nutrient retention in the thermal processing of 

conduction-heated foods. Food Technology, 23,845. 
Teixeira, A. A., Stumbo, C. R. and Zahradnik, J. W. (1975a). Experimental evalua- 

tion of mathematical and computer models for thermal process evaluation. 
J. Food Science, 40,653. 

Teixeira, A. A., Zinsmeister, G. E. and Zahradnik, J. W. (1975b). Computer simula- 
tion of variable retort control and container geometry as a possible means of 
improving thiamine retention in thermally processed foods. J. Food Science, 40, 
656. 

Thijssen, H. A. C. and Kochen, L. H. P. J. M. (1980). Calculations of optimum 
sterilization conditions for packed conduction-type foods. J. Food Science, 45, 
1267. 

Weir, E. (1948). The thermal stability of thiamine in strained foods. PhD Thesis, 
University of Massachusetts, Amhurst. 


