Review

Although technological advances such as aseptic packaging
and agitated refort processing have dramatically improved
the quality and economy of many heat-treated foods, those
canned foods in which heat transfer is dominated by con-
duction have not benefited substantially. Variable retort
temperature (VRT) processing can provide a means of in-
creasing product quality and the energy efficiency of the pro-
cess by improving the uniformity of heat penetration within
the product. Computer simulation and systematic opti-
mization routines are essential for efficient VRT process
development.

Canned foods have a long history and are likely to re-
main popular for the foreseeable future owing to their
convenience, long shelf life and economy. Thermal steril-
ization of canned foods 1s such a mature technology that
it might be supposed that there is little potential for fur-
ther development but, in fact, the technology continues
to evolve. Recent developments have been directed to-
wards better energy utilization', more efficient produc-
tion?, automation®, lighter, more convenient*, more ap-
pealing packaging®, and better organoleptic quality®®.
This review article will focus on a type of processing
technology that is receiving increasing attention from
thermal processing specialists, and which has potential
to improve both the economy and quality of some
canned foods. Known as variable retort temperature
(VRT) processing, this technology is specifically appli-
cable to conduction-heated foods in hermetically sealed
containers.

Loss of food quality during heat sterilization

Optimum thermal sterilization of food always requires
a compromise between the beneficial and destructive in-
fluences of heat on the food. On the positive side, heat
destroys microbial pathogens, spoilage organisms and
endogenous and introduced enzymes that would other-
wise render the food inedible or unsafe. At the same
time, concentrations of heat-labile vitamins, particularly
thiamine, vitamin C and folate are reduced’. In many
foods, organoleptic quality is reduced by the heat of the
sterilization process. The texture of canned vegetables,
pasta, fish and meats is often softer than desired; canned
milk products may be too brown; the surface of canned
meats and other solid-packed products may be darkened
by contact with the inner surface of the hot can, etc.
Although heat may also be required to inactivate deterio-
rative enzymes or to modify texture and flavour, typi-
cally less heat is required for these functions than for
sterilization. Important exceptions do exist, however, par-
ticularly with regard to softening of texture, as will be
discussed below. Of course excess heat also has economic
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implications; energy consumption is a significant com-
ponent of food processing costs. Well-designed com-
mercial thermal processes for canned foods utilize a
retort temperature at which microbial destruction pro-
ceeds more rapidly than quality loss. Studies of the
kinetics of the chemical reactions involved in quality
loss, as well as bacterial thermal death, have usually
indicated first-order reactions with respect to time'°.
Furthermore, thermal death rates of bacteria generally
undergo greater acceleration with increased temperature
than concurrent reactions that lead to quality loss.
This fact explains the well-known quality advantages
of high-temperature, short-time (HTST) and ultrahigh-
temperature (UHT) processes.

Unfortunately, the HTST and UHT concepts are se-
verely limited for solid foods. The outer portions of cans
of solid foods receive much greater heat than the cen-
tres; moreover, surface overcook becomes much worse
as temperature increases. This is illustrated in Table 1
for conventional, constant retort temperature (CRT)
processes, in which the maximum process temperature
is achieved as rapidly as possible in the retort and
is then maintained until steam-off time. Each row in
Table 1 describes a single retort process and the quality
of canned food that would result from that process. A fi-
nite difference model of conduction heating in a can was
used to generate temperature histories at selected lo-
cations within the can''. With knowledge of the tempera-
ture histories of locations within the can, and measured
z and T, values (see Box 1 for definitions) for the rel-
evant quality attributes, one may calculate correspond-
ing ‘cooks’; that is the time that the product point of
interest would need to be held at the reference tempera-
ture to achieve cumulative thermal destruction equiva-
lent to that seen in the processed product. The tem-
perature history of the material in the can centre was
used to calculate cold-spot lethality (F;) according to
Eqn 5 in Box 1. Thiamine retention was estimated from
a volume-averaged temperature history combined with
reported values of z and Dy, ;. for thiamine destruction
(Eqn 4 of Box 1)'. Surface cook (Fy ;. gp-c, ;=2vc) Was
calculated by converting the temperature history of the
food surface to equivalent time at 100°C for an attribute
with destruction kinetics matching those of a retorted fish
product, as reported by Ohlsson'?, using Eqns 3 and 4 in
Box 1. Note that although the process time required to
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Table 1, Effects of retort temperature of constant retort temperature processes on canned food

products and process quality®

T,

retort
§9]
113
115
117
119
121
123
125

“Based on a computer model'' of a can (307 X 115) of food with a thermal diffusivity of 1.49 x 10”7 m“/s

greatly reduces overcook of the food
that is adjacent to the container surfaces.
Unfortunately, many of our most

Lethality Thiamine Thiamine Food surface
(F; min)® cook (min)¢ retention (%) cook (min)?
8.1 40.2 47.6 383

8.1 36.6 50.8 379

8.1 34.8 52.6 391

8.1 341 53.2 416

8.1 343 53.0 453

8.1 35.2 52.2 502

8.1 36.5 50.9 561

PEach process. represented by a row, resulted in equivalent centre-point lethality

“Thiamine loss of the process, averaged over the volume of the container [represented as the corresponding
cooking time at the reference temperature (T} of 121.1°C that would give equivalent quality, given that each

26.4°C increase (z=26.4°C) results in a 10-fold increase in the rate of thiamine destruction]

“Proportional to the quality loss of food in contact with the inner surface of the container during the process
[represented as the corresponding cooking time at the reference temperature (T,;) of 100°C that would give equivalent
! quality, given that each 23°C increase (z=23°C) results in a 10-fold increase in the rate of surface quality destructioy
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popular canned foods do not benefit
from aseptic processes or agitated
cooks because they are not sufficiently
106 fluid to permit convective heat trans-
fer, either in a heat exchanger or a can.
Tuna, ham, salmon, pork and beans,
74 corned beef and canned pumpkin, to
" name but a few foods, heat within

Process time
{min)

87

o4 the can largely or entirely by conduc-
>8 tion. Thermal processes for these
52 types of products have remained al-
48 most unchanged for 50 years or more,

although the containers and the retorts
may have changed greatly. Because
the heating rate into the product can-
not be substantially accelerated, many
have concluded that little potential for
improvement exists. Nonetheless, if a
process can improve the uniformity of
the heat process within the can, it may
be possible to improve product qual-

achieve Fj; = 8.1 min decreased steadily with increasing
retort temperature, quality attributes first improved,
reaching a level of minimum loss (indicated in boldface
type in Table 1), then deteriorated further with higher
retort temperatures. Quality optima occur at different re-
tort temperatures for the two attributes. In fact, the opti-
mal temperature for sterilization with minimum quality
loss has been shown to be a function of the z of the
quality attribute as well as the critical location of quality
loss within the can'!-'.

Little can be done to reduce the amount of heat re-
quired to sterilize foods. Bacterial endospores cannot be
entirely excluded from food production and they must
be destroyed if ambient-temperature preservation of
moist, hermetically packaged, low-acid foods is to be
successful. In practice, the slowest heating location or
‘cold spot’ within each container must reach and remain
at lethal temperatures for sufficient time to ensure ad-
equate spore destruction. Improvements in heat processes
can therefore come about by only two routes: higher
rates of heat transfer to critical locations in the food, or
more homogeneous heat distribution within the food.
Both have been successfully exploited in heat process-
ing of fluid foods. Aseptic processes for milk, fruit
juices, purées, soups, sauces and stews utilize fast con-
vective heat transfer in heat exchangers. The products
are heated rapidly, held for the necessary lethal period,
then rapidly cooled before being filled and sealed, in a
sterile environment, into previously sterilized contain-
ers. In-container sterilization of fluid or semi-fluid foods
can also be accelerated by so-called forced convection
processes in which containers are agitated by axial ro-
tation'®, end-over-end rotation'®'’, or other movement
during the cook phase. As well as accelerating heat pen-
etration to the cold spot, constant mixing within the can

ity, reduce energy consumption and
even reduce process time: VRT processing provides a
promising approach to this problem.

VRT for volume-average quality

Any retort process in which the environment tempera-
ture within the retort is modulated during the process,
according to a predetermined temperature sequence, to
alter the heating profile within the product may be de-
scribed as a VRT process (Fig. 1). The terms ‘time-
variable’ or ‘variable-temperature’ process have also been
used and are equivalent. It should be noted that although
the heating rate of the CRT can centre is greater early in
the process, the overall heating rate may be greater in
the VRT process, owing to a higher final retort tempera-
ture. The VRT approach was not seriously considered in
the earlier days of canning research, in part no doubt
because the processes were cumbersome and unreliable
when retort operation was strictly manual. Also, as we
will see, VRT processes are difficult to study without
the aid of computer simulations of heat transfer.

Teixeira et al'* first published a model of heat
transfer within a can, based on the numerical finite differ-
ence technique; the model was used to examine CRT
processes. Even before the advent of fast personal com-
puters, computer simulations based on numerical cal-
culation methods had several very useful features for
thermal processing authorities engaged in the study of
canned foods. A properly prepared and verified model
can be used to carry out experiments when access to a
retort is restricted. Furthermore, such experiments are
quick, cheap and exactly reproducible. Also, the numeri-
cal model allows calculation of the temperature history
of any spot or series of spots within the canned food.
Traditional CRT processes are based on measured tem-
perature histories of one spot within the food, usually

Trends in Food Science & Technology April 1997 [Vol. 8]



the geometric centre or cold spot. This
approach is adequate for sterilization
prediction but temperature measure-
ments at other locations are required if
average nutrient retention, or surface
quality are also to be considered. The

Box 1. Evaluation of thermal destruction rates

Two systems are used to evaluate the impact of temperature on the thermal destruction rates of food
components: the D and z model, which is based on decimal reduction; and the Arrhenius model,
which is based on natural log reduction. The systems are for practical purposes equivalent. The D
and z system has the advantage of allowing the direct calculation of accumulated lethality (F,) of

placement of multiple thermocouples
within a can does not solve the prob-
lem because the high thermal conduc-
tivity of the thermocouples disturbs
the heating pattern. Teixeira er al.'
used a two-dimensional model of a fi-
nite cylinder to study the effects of
different CRT retort temperatures on
nutrient retention in conduction foods.
They showed that the HTST principle
was not generally applicable in such
foods. In fact, the HTST principle ap-
plies only to thin fluid films. In canned
foods, an optimum retort temperature
exists for each container—food combi-
nation; one that balances the benefits
of improved heat transfer to the centre
against the quality cost of overcook
of the outer surfaces. Teixeira’s group
also showed that the optimum tempera-
ture depended on the z or activation
energy (E,) of the quality attribute

complex temperature histories.

log N=log N, - (t/Dy

M

under consideration. Optimum CRT
temperature increases as z decreases or
as F, increases. Since these pioneering
studies were published, numerical mod-

els of heating in cans have become
quite common in the food processing
literatare'®!°.

It is no coincidence that authors
from the same group later published
the first VRT study®. Computer mod-
els are even more useful for studying
VRT processes than conventional CRT
processes. CRT processes for a particu-
lar product are defined by one retort
temperature, the process time being
derived from the desired lethality at
the centre (F,). Fyis in turn calculated
from the temperature history of the

centre. For each combination of retort
temperature, container and food material, only one pro-
cess exists for each F;. In essence, the only question is
which retort temperature is best for a particular product.
By contrast, in VRT processes, temperature is a function
of time. The experimenter must choose from a theoreti-
cally infinite number of possible processes. Choosing
the best alternative is a daunting task but one that can be
manageable with the aid of an efficient simulation model.
This first published examination of VRT processes
was quite restricted®. As an example, a finite difference
model of pork purée in a 307 X409 can processed to an
F, of 20min was utilized and a limited range of VRT
processes were considered. Retort temperatures started
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N,=spore count, nutrient concentration, efc., at time ¢
N,=Nattime 0
T=temperature
t;=time interval at temperature T
D= decimal reduction time at temperature T; time required for a decimal change in N
z=decimal reduction temperature; temperature change required for a 10-fold change in D
L, =lethal or destruction rate at temperature T
T, = reference temperature
Fr ,=time for equivalent thermal destruction at T, for an organism or quality attribute of
temperature sensitivity z (e.g. F, thiamine cook, surface cook)
k=destruction rate constant
£,=activation energy per unit concentration
R=ideal gas constant
A=frequency factor; a constant for each thermally sensitive attribute
T.=a temperature 2° less than T,
* Temperatures must be given in kelvins
at 107°C and rose to 129°C by various linear, exponen-
tial or step-ramp functions. For comparison, a typical
constant retort temperature might be 121°C. The quality
attribute chosen for improvement (referred to as the
‘objective function’ or the ‘response function’ in VRT
papers) was, in this case, overall thiamine retention.
Only a slight improvement, ~2% in the best case, was
noted, leading the authors to suggest that VRT was not
likely to be very useful. Perhaps partly because of this
conclusion, VRT papers were not plentiful for some
time following the publication of this first paper. Saguy
and Karel®' published a new optimization approach,
based on a gradient method in functional space in which
115



)

Temperature (°C

150

-
[=)
o

50

m Can centre; VRT < Retort; VRT |
& Can centre; CRT < Retort; CRTJ

Time (min)

Fig. 1

Model retort temperature and can-centre temperature profiles of variable retort

temperature (VRT) and constant retort temperature (CRT) processes for salmon in
0.5-Ib cans". The VRT process had a total centre-point lethality (F,= 8.0 min)
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equivalent to the CRT process but the process time was reduced by 16%.

each dimension was a variable of the VRT process®.
They searched for a VRT process that, as in the study
of Teixeira et al.*, minimized thiamine loss. Again, a
finite difference model was used to simulate heat pen-
etration experiments. Quality was optimized according
to the continuous minimum principle of control theory?.
This search method was more thorough than the previ-
ous study and a process that yielded slightly better thia-
mine retention (2.3%) was found. Saguy and Karel?!
were the first to report that optimal VRT processes were
very specific. They stated that each combination of con-
tainer geometry, product and critical quality attribute
would yield a unique VRT solution.

Nadkarni and Hatton later applied a refined version
of the same optimization technique, the ‘distributed
minimum principle control theory’, to average nutrient
retention in retorted cans and found no improvement
with VRT. In fact, they concluded that VRT would al-
ways prove inferior to so-called bang-bang processes,
that is constant maximum heating temperature followed
by constant minimum cooling temperature. Although
they were not far wrong within the limits of the problem
as they defined it, later studies demonstrated that real
benefits can be realized if quality attributes other than
those that are averaged over the entire volume of the
product are considered.

VRT for surface quality and process time savings
The first truly promising results of VRT computer
studies were published in 1991%. Banga er al.™, using a

novel iterative procedure that was said to be compu-
tationally efficient to search for favourable VRT curve
shapes, first examined optimum nutrient retention as in
the earlier studies and confirmed the small advantage of
VRT processes in this regard. They then went on to
other objective functions, namely surface quality and
processing time. This was a brilliant notion with real
practical implications. In the canning industry, although
one would not wish to promote a process that further de-
creased thiamine content, increasing its retention is not
a priority, because thiamine retention does not have a
major impact on consumer purchase decisions. In fair-
ness to the pioneers of VRT processes, thiamine was
chosen only as a model of quality loss, a model that was
relatively easily measured and for which thermal kinetic
parameters were available. Unfortunately, thiamine re-
tention is not always the best quality model because it is
distributed throughout the food and is not familar to
consumers. The surface appearance of food in a freshly
opened can, on the other hand, is readily apparent to
consumers. Banga ez al.® showed that surface quality
was improved up to 20% with the best VRT process.

If one applies the term ‘quality’ to everything that af-
fects the value of the product, process time will be seen
to be an important quality parameter. The retorting oper-
ation in canned food production is often the bottleneck
of the entire plant, and hence process time is a determin-
ing factor in plant throughput. In addition, retort energy
consumption is largely a function of process time. It
must be remembered that processors have always had
the option of reducing process time by going to a high
CRT retort temperature. Generally, they have been con-
strained by the reduction in surface quality that would
result (Table 1). Banga et al® showed that VRT
processes could yield surface quality and average lethal-
ity values equivalent to those of the best CRT process
but with process times reduced by up to 16.5%.

Other studies have confirmed and augmented these
results. Almonacid-Merino et al®® included a function
in their finite difference model to simulate energy con-
sumption. As well as being applicable to cost studies,
energy consumption was used in their study to select
VRT processes that did not require special steam re-
moval or cooling devices. Previous studies did not place
restrictions on the rate of change of temperature in the
retort. In fact, some VRT profiles called for rates of
cooling that were greater than could be achieved by pas-
sive processes and hence would require special steam
removal systems. Such processes would be expensive to
implement. This study indicated that VRT processes
could increase plant production capacity by 20-50%,
depending on the z of the critical surface quality pa-
rameter of the product in question. Another research
group found greater reduction in retort times with VRT
processes of low-profile, rectangular cans as compared
with the cylindrical cans examined in other studies?’.

All of the studies described above have been based
solely on computer simulations. None has described the
application of these principles to actual retort oper-
ations. However, in a recent study, VRT processing was
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applied to a particular product, canned salmon, and con-
firmed with actual retort trials!'. A new, rapid optimiz-
ation search method was employed and VRT options
were further constrained to meet practical commercial
and regulatory requirements. VRT processes were
shown to be capable of producing products of superior
surface quality with equivalent F,, values. Aliernatively,
equivalent quality could be produced with a process
time (i.e. steam-on time minus come-up time) of 54 min
as compared with 64 min for the CRT process (Fig. 1).
It would appear that the way is now open to develop
commercial VRT processes for specific products and to
test these processes in commercial operation.

Search techniques for optimization

As mentioned above, each combination of food prod-
uct and container geometry can be expected to require a
different VRT process to yield the best quality and pro-
duction rate. The definition of quality that a researcher
employs will affect the shape of the optimum VRT heat-
ing and cooling curves. Furthermore, the choices are
theoretically infinite. In practice, the upper limit of most
conventional steam retorts for canned foods is 130°C
or less. If we restrict the discussion to saturated steam
retorts, the lower limit of retort temperature can be set
at 104°C, as this is generally the minimum temperature
of a properly vented retort chamber. Steam retorts
must be vented to ensure that all air is flushed from the
vessel with flowing steam because air has a much lower
enthalpy than steam; thus, air will reduce the can heat-
ing rate. The duration of retort processes for cans with a
capacity of ~0.5-11b is typically 30-120 min. Thus, the
field of search must consider temperatures over a range
of ~26°C and times ranging up to 120min or more.
Currently, it is not possible to generalize with con-
fidence about the best shape of retort temperature pro-
file for minimum process time, maximum surface quality,
minimum energy consumption, etc. Several studies'!25%7
have found temperature profiles with a general shape
similar to that of the ‘Retort-VRT’ plot in Fig. 1 to be
optimum, in which retort temperature is increased pro-
gressively throughout the heating phase. However, VRT
processes in which retort temperature rises rapidly to
a maximum early in the process, then gradually de-
creases during the remainder of the heating phase, before
dropping rapidly in the cooling phase, have also been
recommended?.

Selection of a VRT process is a multi-factor optimiz-
ation problem, and many techniques have been devel-
oped to deal with optimization problems®-*!. In the case
of VRT, the variable factors are the temperatures of the
retort at different points in time during the heating and
cooling phases of the process. Optimization theory is far
from new but, until quite recently, has not been used
much in food science. It has become more common as
computer skills and computer optimization software
have improved. Optimization techniques can be divided
into two groups: computational optimization and evolu-
tionary operation (EVOP) techniques. EVOP techniques
were reviewed by Lowe® and one, simplex optimization,

Trends in Food Science & Technology April 1997 [Vol. 8]

was further developed and popularized by Morgan and
Deming®. Recent developments include several new
EVOP techniques such as centroid mapping optimiz-
ation®®, and random-centroid optimization®'. Any of the
EVOP techniques can be used together with a suitable
computer model of heating to search for and test poten-
tially beneficial VRT processes.

Conclusions

Ultimately, VRT processes selected with the aid of
computer simulations and optimization routines need to
be tested and verified with heat penetration studies of
the actual canned product in a retort that is capable of
reproducing VRT conditions. The most suitable units
are retorts with computerized temperature program-
ming, a feature that is becoming quite common in food
retorts in any case. Once more VRT processes have
been proven in full-scale cannery trials, we should ex-
pect to see a rapid spread of VRT processes to canneries
throughout the world that process conduction-heated
foods.
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Rolex Awards for Enterprise

PO Box 1311, 1211 Geneva 26, Switzerland

Calls for award applications

Rolex is looking for innovative projects in the areas of science, medicine, technology, innovation, exploration,
discovery, the environment and cultural heritage. Five winners, based on the ‘originality, feasibility and
potential impact’ of the proposed project, and ‘demonstration of an exceptional spirit of enterprise’, will
receive US$50 000 and a gold Rolex watch; up to 10 others will receive US$10 000 and a steel/gold watch.
Applicants of any age, from any country, are invited to write for application forms to:

The Secretariat, The Rolex Awards for Enterprise,

ILSI New Investigator and Food Allergy Awards

ILSI, a non-profit foundation established to advance scientific understanding of nutrition, food safety,
toxicology, risk assessment and the environment, is requesting preproposals for two awards:

The New Investigator Awards for basic and/or limited clinical research in food allergy and immunology,

must be used for direct support of research.

Ms Catherine Nnoka, Manager

ILSI Allergy and Immunology Institute
1126 16th Street, NW

Washington, DC 20036-4810, USA

‘to provide support for promising investigators and encourage the application of new scientific developments to
the understanding of underlying mechanisms and potential interventions in allergic diseases related to foods'.
The awards will provide a salary of US$50 000 per year for 3 years.

The Food Allergy Awards for Food Scientists, ‘to provide food scientists who demonstrate the interest and
potential to become investigators in allergy...funding to support research in the underlying mechanisms of food
allergy, the development of...tests to predict allergic potential, the identification and characterization of food
allergens, the detection of residues of food allergens...and the effects of processing on allergenicity, including
the development of novel hypoallergenic processing methods’. The awards of US$25 000 per year for 3 years

For both ILSI awards, preproposal applications are invited from the prospective awardee, together with a
supporting letter from the programme chief or department chair, no later than 16 June 1997.

For further information and application forms, please contact:

tel, +1-202-659-0074
fax: +1-202-659-3859
e-mail: aii@dc.ilsi.org
Internet: http://www.ilsi.org
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