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Abstract

The existence of the equivalent point for a thermal processing system was demonstrated using arbitrarily
chosen ideal direct heating curves, i.e. isothermal heating curves at 120 °C for 10 min and at 135 °C for 10 sec.
Under these conditions, G-values and F-values were calculated at various values of Ea- and z-values by apply-
ing the Arrhenius and the Bigelow models respectively. The equivalent time and equivalent temperature
were determined by both line intersection and linear regression methods. The equivalent points estimated by
both the line intersection and the linear regression methods were consistent and their values were the same as
the heating time and temperature of the ideal direct heating curves.
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Introduction

With the advent of aseptic processing in food in-
dustry, it is necessary to develop new thermal eva-
luation methods for better prediction of quality
changes or microbial destruction during thermal
processing. It is because most of aseptic processes
use much higher temperature and shorter time than
the conventional canning processes. Aseptic pro-
cessing is a continuous operation in nature. Usually,
two types of time-temperature relationships are ob-
served for continuous-flow thermal processing de-
pending on the mode of heating methods as shown
in Fig. 192 In a direct heating system, the
temperature of the product is raised rapidly to the
holding temperature by the steam injection or the
steam infusion method. After holding at that tem-
perature for a predetermined period, it cools rapidly
by the flash cooling method. Therefore, the thermal
lags between the product and the heating medium is
almost negligible‘”. The direct heating curve shown
in Fig. 1 has never been observed in the practical
situation, but this curve can be assumed for an ideal
direct heating system. Cleland and Robertson®
named this ideal process as a ‘square’ process in
which the product temperature inside a container is
raised uniformly and instantaneously to the process
temperature at time zero, and cooled uniformly and
instantaneously at the end of the heating period. In
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this case, the thermal effect on physical, chemical,
and biological changes of the products can be easily
analyzed algebraically. On the other hand, an indi-
rect heating system shows significant thermal lags
during heating and cooling periods (Fig. 1). This
type of heating pattern is also observed in a batch
heating method. The heating and the cooling pro-
cesses also have a great influence on changes of the
thermal evaluation index materials such as nutrient
loss, color change, or destruction of microorga-
nisms. Because the thermal evaluation for holding
period is as simple as for the ideal direct heating
system, most effort for thermal evaluation has been
focused on analyzing the thermal effect during
heating and cooling periods. For these purposes
several thermal evaluation methods for continuous-
flow system have been developed®*®. As pointed
out by Rhim®, most of such thermal evaluation
methods can be interpreted as a converting process
from an indirect heating curve into a correspondinig
ideal direct heating curve which has the same ther-
mal effect for a certain thermal evaluation index
material. One of the most interesting thermal
evaluation method is the equivalent point
method®®. The equivalent point method (EPM) of
thermal evaluation is a technique that defines the
thermal treatment with unique one time and one
temperature, independent of kinetic parameters
associated with temperature dependence (z, Q. or
Ea). The EPM was originally developed to compare
the continuous thermal process of direct and indi-
rect heating systems?. Using thermal reduction
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Fig. 1. Representative time-temperature relation-
ships for an idealized direct heating and an indirect
heating curves

relationships (G values), Swartzel developed a
method for evaluating the cumulative thermal effect
for heating, holding, and cooling parts of an indirect
thermal processing for one food constituent, i.e., for
one activation energy (Ea) by applying an Arrhenius
relationship and the resulting total G values (G,
for the indirect heating system can be equated with
the G values of the corresponding direct heating
system. In this way, any indirect heating curve can
be converted into a direct heating curve with the
same thermal effect for any constituent.

Swartzel” also demonstrated that this proce
dure can be used for the basis of defining the ther-
mal treatment in the non-isothermal tubular flow
reactor for reaction kinetic data generation.

The main advantage of this method is to make it
possible to evaluate any type of thermal process by
setting a unique pair of parameters to each thermal
treatment. These parameters are the equivalent
time (tg) and equivalent temperature (T ;). Only data
on thermal history and initial and final concentra-
tion of targeted materials are needed in this new
thermal evaluation method.

Although Swartzel demonstrated two examples
of the equivalent point using hypothetical data'” and
literature data®, the uniqueness of the equivalent
point is still unclear.

The objectives of this work were to demonstrate
the generalized use of the equivalent point by apply-
ing kinetic data computed based on isothermal heat-
ing curves and to extend the concept of the equi-
valent peint to the other thermal evaluation model,
i.e. the Bigelow model™?

It will be appropriate to show some theoretical
backgrounds underlied in the method.

Arrhenius model
For a first order elementary irreversible decom-
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position reaction, the rate of decomposition of the
substance can be expressed as:
dC
S 1
i@ kC (1)
Integration of eq. (1) after separating variables
vields:

m(%)=[k dt 2)

The temperature dependence of the reaction rate
constant, k, is usually expressed using Arrhenius
equation.

k=k, exp(—E./RT) (3)

In the case of non-isothermal heating as observed in
heating and cooling period of an indirect continuous
flow heating system or a conventional batch sys-
tem, the change of temperature can be expressed as
a function of time. Under this condition, egns (2)
and (3) can be combined as:

in (%;. —k, f exp(~E./RT (1)) dt (4)

This equation may be integrated either graphically
or numerically. In the isothermal heating case, as
shown in the ideal direct heating or the holding
period of indirect heating system, eqn (4) becomes

In (%) =k, exp(—E./RT) t (5)
Swartzel® introduced the thermal reduction rela-
tionships (G values) by dividing each side of eqns (4)
and (5) by the Arrhenius frequency factor, k-

For heating or cooling

G,
GheatingOf Geoouns=In (6) /ko =

f " exp(~Eo/RT (1)) dt (6)

For holding

Ghowams= {exp(—E/RT)} t (7)

The G values of each section of the indirect system
can be evaluated using above equations and summ-
ed up to obtain the cumulative thermal effect of
whole thermal process. Consequently, the total G
values for the indirect heating system can be ex-
pressed as:
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Gumu"Gheactu+Ghoutu+Gcoottu (8)

To establish the same degree of thermal effect on
the same constituent {or same Ea-value) with the
ideal direct heating system would require that

(G) prece {9)

(Gweax )lndlrect -

Recognizing that G-values for the direct heating
system can be expressed with the same form as eqn
(7). So the total G-value of the indirect heating sys-
tem can be expressed as follows;

(Grotar) inatrecs = (G) pirec: = {€xp (—Eo/RT)} t
10
Taking logarithms of eyn (10) yields:
In(G)=In{t) - E 1)
RT

where subscript was removed for convenience. In-
finite time-temperature conditions would satisfy the
equation. By plotting In(t) vs. 1/ T, a straight line re-
sults. By repeating the process for the same thermal
curve for different constituents or Ea values, new
straight line emerge in the same plot. Swartzel”
calimed that uniquely these lines tend to intersect at
one defined point. Swartzel® defined this point as
the equivalent time and temperature point (tg and
Tg). Swarzel and Jones” also showed that the con-
cept of the obtaining the equivalent point can be
universally applied with other reaction ordrs.

As noted by Rhim®, the main idea of EPM is to
convert a non-isothermal heating curve into the cor-
responding isothermal heating curve which has the
same thermal effect on the selected constituent (or
Ea-value). Figure 2 shows schematic representation
of the procedure to determine the equivalent time
and temperature point from an indirect heating cur-
ve.

Bigelow model

Conventionally, the Bigelow model has been
widely used in canning industry instead of the Arr-
henius model for evaluation of thermal processing.
The Bigelow model represents a series of equival-
ent processes at different temperatures and is re-
presented by the equation:

F=t 10(1‘-11“)/2 (12)
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Fig. 2. Schematic representation of determining
the equivalent time and temperature point for a de-
fined thermal process

Originally, this model was developed by using de-
struction of microorganisms as an index of thermal
evaluation. Because the thermal destruction of mi-
croorganisms is known to follow first order kine-
tics'!®1? the same approach as used in the Ar-
rhenius model can be applied to compare each heat-
ing method. If the process is not at a constant tem-
perature as observed in the heating and cooling pe-
riods of indirect heating system, the total thermal
effect on the defined microorganism (or z-value)
should be integrated through the whole process and
expressed as an equivalent heating time at 121.1°C.
For the heating and cooling period, the equivalent
heating time can be expressed as:

_ " qpireraea e 13
F=["10 dt 19
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Fig. 3. Time-temperature relationships for dif-
ferent Ea-values for a defined heating curve plotted
by the line intersection method using the Arrhenius
model

For the holding period, eqn (11) can be used without
modification. Consequently, the total equivalent
heating time is represented as:

Ftazaz =Fheaun§+Fholdm8+ Fcooung (14)

Then, infinite number of time and temperature con-
ditions producing the same effect can be calculated
by eqn (12) using F, ., -value. Logarithmic transfor-
mation of eqn (12) yields:

log (F) ~log (1) + 1211
By plotting log(t) vs. T, a straight line will be obtain-
ed. Repeating this procedure with different micro-
organisms (or z-values), different straight lines will
be obtained in the same plot and each line will meet
at one definite point. This intersection point also re-
presents the equivalent time and temperature point.

(15)

Methods

Arrhenius model

To illustrate the EPM with the Arrhenius model.
an arbitrarily selected ideal direct heating curve
was assumed, i.e. a constant temperature at 120 °C
for 10 min. Under this condition, G-values were cal-
culated using eqn (10) by plugging a series of I<a-
values from 80 to 280 kJ/mol by increment of 40
kJ/mol. In this way, same number of G-values wert
determined from corresponding Ea-values. Apply-
ing each set of Ea- and G-values in egn (11), severat

sets of time-temperature data were obtained. Then,
In(t) was plotted against 1/T. This procedure was
repeated with other set of Ea- and G-values. From
the intersection point, the equivalent time and tem-
perature were determined. This procedure of deter-
mining the equivalent point was originally sug-
gested by Swartzel® and later, it was named as line
intersection method. Another approach, which is
called linear regression method, was also tried to
determine the equivalent time and temperature. To
test linear regression method under the assumed
time-temperature condition, In(G) was plotted
against Ea-values using eqn (11) which resuited in a
straight line. Then t; was determined from the in-
tercept of the resulting straight line and Ty was
calculated from the slope of the line.

Bigelow model

Another ideal direct heating curve was assumed
to demonstrate the equivalent time and temperature
point with the Bigelow model. A different time-tem-
perature condition (135 °C for 10 sec) was chosen to
show that the proposed method works in the same
way at different conditions. First, z-values were se-
lected arbitrarily from 6 to 16°C by increment of
2°C. Then, F-values were calculated using eqn (12)
under the assumed time-temperature condition. By
plugging each set of F- and z-values into eqgn (15),
several sets of time-temperature data were gener-
ated. The line intersection method was tested by
plotting log(t) vs. T. In the same way as the Arrhe-
nius model, the equivalent time and temperature
point was determined from the intersection point of
each line. Linear regression method was also tested
with the Bigelow model by plotting log(F) vs. 1/z
according to eyn (15) and the equivalent time and
temperature were determined from the intercept
and the slope of the resulting straight line.

Results and Discussion

Arrhenius model

The results of line intersection method tested
with an ideal direct heating curve (120°C for 10
min) are shown in Fig. 3. In this Figure, each line
represents each Ea- or G-values, i.e. every point on
a line indicates the same degree of thermal effect
for the selected constituent. As noted by Swart-
zel®  all the equivalent thermal effect lines intersect
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Fig. 4. Thermal reduction relationship for different
Ea-values for a defined heating curve plotted by the
linear regression method using the Arrhenius mo-
del

at one definite point. From this intersection point,
the equivalent time of 10.01 min and the equivalent
temperature of 119.97 °C were determined. These
values are in good agreement with the initially as-
sumed values. This fact indicates that the time and
temperature of the ideal direct heating curve are in
themselves the eguivalent time and temperature of
the thermal process.
- The linéar regression method was also tested by
plottinig In(G) vs. Ea as shown in Fig. 4. As ex-
“pected from eqn (11), this yields a straight line.
From the intercept of the line, t; of 10.00 min, and
from the slope, T of 120.00°C were determined.
Again, they are exactly coincided with the assumed
time and temperature values of the ideal indirect
heating curve.

Bigelow model

The results of the line intersection method with
the Bigelow model for an ideal direct heating curve
(135°C for 10 sec) are shown in Fig. 5. These lines
represents a series of equivalent process at different
temperature. All equivalent process lines also meet
at one point. From this intersection point, the equi-
valent time and the equivalent temperature were
determined. They were 10.01 sec and 135.00°C,
respectively.. The linear regression method with the
Bigelow model yielded a straight line (Fig. 6). From
the intercept, tgof 10.00 sec, and from the slope. T,
of 135.00°C were determined. In both the line in-
tersection and the linear regression methods, the
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Fig. 5. Time-temperature relationships for dif-
ferent z-values for a defined heating curve plotted
by the line intersection method using the Bigelow
model
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Fig. 6. Thermal lethality relationship for different

z-values for a defined heating curve plotted by the

linear regression method using the Bigelow model

equivalent time and the equivalent temperature
determined were consistent with the initially
assumed time and temperature of the ideal direct
heating curve.

Though several cases of the line intersection
phenomena in a certain thermal process were ob-
served by chances in the literature®'*!®, nobody
payed attention to this phenomenon until Swartzel®
developed a procedure to compare a non-isothermal
heating curve to the corresponding ideal direct
heating curves with selected kinetic parameters (Ea
or z). In this paper, hypothetical direct heating cur-
ves were assumed to demonstrate the existence of
the equivalent time and temperature point for a
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thermal process. For the ideal direct heating
curves, definite equivalent points were observed
and the time and temperature of the ideal direct
heating curve themselves proved to be the equi-
valent time and temperature of the process. In addi-
tion, the linear regression method was shown to be
a more accurate and more convenient way to find
the equivalent point compared with the line inter-
section method. As shown in both illustrations, the
equivalent time and temperature point really exists.
This fact implies that any thermal process can be
uniquely defined by a pair of parameters i.e., the
equivalent time (t) and the equivalent temperature
(T It should be emphasized that, in practice, the
calculation of any thermal evaluation is more com-
plicated than the examples shown in this paper in
which constant heating curves have been used for
clarity and simplicity. The temperature of the mate-
rial to be heated varies with time in a way that may
be difficult to describe analytically. In such case.
the accumulated thermal effect should be calculated
through the entire heating process by a numerical
. integration technique.

Nomenclature

Symbol  Quantity Represented Units

C  Concentration of constituent

at any time mole//
C, [Initial concentration of

constituent mole//
E, Activation energy J/mole
F  Lethality of a process defined

by equivalent at some.

temperature for a specified

z-value S Or min
G  Thermal reduction

relationship
k  Reaction rate constant
k, Frequency factor
Q,; Reaction rate constant Dimensionless
R Universal gas constant (8.314) J/mol °K
t Processing time S or min
tg  Equivalent time S or min
T  Processing temperature °Cor °K

Tg Equivalent temperature °C
z Temperature interval for a

10-fold change in Decimal

Reduction Time °C

JW. Rhim

o

-1

10.

KJFST

References

Hallstrom, B.: Heat preservation involving liquid
food in continuous-flow pasteurization and UHT. In
Physical, Chemical, and Biological Changes in Food
Caused by Thermal Processing ,Hovem.T. and Kvale,
0. (eds), Applied Science Publishers, Barking. .31
(1977)

Swartzel, K.R.: Arrhenius kinetics as applied to pro-
duct constituent losses in ultra high temperature pro-
cessing. J. Food Sci., 47, 1886 (1982)

. Cleland, A.C. and Robertson, G.L.: Determination of

thermal processes to insure commercial sterility of
food in cans. In Developments in Food Preservation, S.
Thorne (ed), Vol. I, Elsevier Applied Science Pub-
lishers, London and New York, p.1 (1985)
Deindoerfer, F.H. and Humphrey, A.E.: Microbio-
logical process discussion-Analytical method for cal-
culating heat sterilization times. Appl. Microbiol., 7,
256 (1959).

Richards, J.W.: Rapid calculations for heat steriliza-
tions. British Chem. Eng., 10(3), 166 (1965)
[hckerson, R.W.: Simplified equations for calcula-
ting lethality of the heating and cooling phases of
thermal inactivation determinations. Food 7echnol.,
23(3). 108 (1969)

. Swartzel, K.R. and Jones, V.A.: Continuous flow ap-

paratus for kinetic studies. ASAE Paper, No. 84-6006
(1984)

Swartzel, K.R.: Equivalent-point method for thermal
evaluation of continuous-flow systems. Agricul. Food
Chem., 34, 396 (1986)

Rhim, J.W.: Kinetic studies of thermal evaluation in-
dicators of dairy products and development of a new
kinetic data generation method. Ph.l). Dissertation,
North Carolina State University. Raleigh, North
Carolina (1988)

Bigelow, W.D.: The logarithmic nature of thermal
death time curves. J. Infect. Dis., 29, 528 (1921)

. Townsend, C.T., Esty, J.R. and Baselt, F.C.: Heat

resistance studies on spores of putrifactive anaero-
bes in relation to determination of safe processes for
canned foods. Food Kes,, 8, 323 (1938)

Lund, D.B.: Heat processing. In Physical Principles
of Food Preservation, Karel, M., Fennema, O.R. and
Lund, D.B. (eds), Marcel Dekker Inc., New York,
p.31 (1975)

Perkins, W.E., Ashton, D.H. and Evancho, G.M.: In-
fluence of the z value of Clostridium botulinum on the



Vol.

22, No. 5(1990)

accuracy of process calculations. J. Food Sci.., 40,
1189 (1975)
14. Rose, E.W.Jr.: Maximum-likelihood estimation of 12
D for inoculated packs. J. Food Sci., 42, 1264 (1977)
15. Willenborg, L.W.: Thermal sterilization of foods. In

Generalization of the Equivalent Point Method 581

Developments in Food Preservation, S. Thorne (ed),
Vol. I, Applied Science Publishers, London and New
Jersey, p. 239 (1981)

(Received July 27, 1990)

Equivalent Point Method2| QEIN 0|28 8t A7

ol
u

3

i

(F)u AExgd+A

A D2l FA g Equivalent point7} &3
& o)A FrRA Y AYEZA F, 120TolA] 10
£74, 135Cel A 1027ke] S&7td TAE o] 4o
dAlstgdc). ol2q ZASbe|A Arrhe nius modelg
AL 3% 499 Ea-ghd A8l G-3te A3
Bigelow model & A-8% 7%, 999 2-3& AH4-3lo

F-3+& ZAAsdc o1& & AM8sted Equivalent
time3} Equivalent TemperatureE F7}% # &, 3
2R3y 718l o8 AAs) o] F o
el 23] 249 Equivalent Points 42 dA3iglen
ztzhe] e 7)o ZHARY AGrldFA shdAI
2 29 dAstgch



