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TIME-TEMPERATURE INTEGRATORSFOR FOOD PROCESSANALYSIS,
MODELLING AND CONTROL

Gary Tucker and David Woalf,

Department of Process & Product Devel opment,
Campden & Chorleywood Food Research Association,
Chipping Campden,

Glos,, GL556LD

SUMMARY

Time-temperature integrators (TTI) from a-amylases were used to estimate pasteurisation
valuesin avariety of complex food processes where temperature probe systems were difficult
or impossible to use. The amylase TTIs were from ether a Bacillus amyloliquefaciens
(BAA) or Bacillus licheniformis (BLA) source. Amylase activity measured before and after
processing was converted to pasteurisation values from which log-reductions in target
microorganisms were estimated. BAA had an equivalent measuring range from 3 to 16
minutes at 85 "C and BLA from 3 to 16 minutes at 93.3 "C, with z-values of 9.4 and 9.1 C°
respectively. These ranges covered severa commercia pasteurisation processes, for
example, heat resistant spore-forming yeasts and moulds (5 minutes a 85 "C, z = 10 C°),
butyric anaerobes (5-10 minutes a 93.3 "C, z = 8.3 C°) and psychrotrophic strains of
botulinum (10 minutesat 90 °C, z = 9-10 C°). Severa TTI case studies were conducted and
reported, covering a wide range of food products, processing systems and package formats.
TTI data alowed the pasteurisation processes to be defined more accurately and in some
instances the thermal processes optimised to increase production throughput by as much as
25%. This innovative analysis method has many applicationsin food processing because of
its benefitsof being smpleto use, relatively inexpensive, non-toxic and accurate.
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1. INTRODUCTION AND BACKGROUND

Thisreport coverswork on a DEFRA LINK funded project to develop and apply time-
temperatureintegratorsto measure the safety of thermal processes. Validationof thermal
processesis an essentia step in order to prove that the numbersof micro-organismswithina
product have been reduced to alevel that is deemed safe from a public health perspective.
Therequirementis for companiesthat manufacturehest preserved foodsto document the
severity of their thermal processesin terms of the achieved reductionsin the target micro-
organisms, for example Salmonella spp., Listeria monocytogenes, and Clostridium
botulinum. Variousmethodscan be used to validate athermal process.

1.1 ProcessValidation Methods

The most common process validationmethod involves converting the measured time-
temperatureprofile experienced by afood into the resulting destruction of target micro-
organisms. This relieson accurate methods of measuring temperaturesin foods that do not
interferewith the temperature response of the food to its environment.

Asthe number and variety of manufactured food productsincreases, food companiesare
faced with the challenge of proving that these products are safely pasteurised or sterilised.
This can sometimesbe difficultif conventional temperature probe systems cannot be used
and other more complex approaches need to be adopted. Themain product categories that
introduce these compl exitiesinclude products cooked in continuous ovens or fryers

(e.g. poultry joints, chicken nuggets, burgers, bread) and productswith discrete pieces cooked
in steam-jacketed agitated vessels (e.g. ready meals, soups, cook-in-sauces, fruit preparations)
or in heat exchangers (e.g. cook-in-sauces, preserves, dressings). If an alternative to
temperatureprobesis needed, the following approachesto validating microbiological process
safety are the options available to prove the microbiol ogical process safety:

a) Microbiologica methodscan be used whereby cells or spores of anon-pathogenic
organism, with similar temperature-induced death kineticsto the target pathogen, are
embedded into an alginatebead (Brown et al. 1984). The beads are madeto mimicthe
food piecesin their thermal and physical behaviour and so pass through the process with
thefood. Enumeration of the surviving organismsallowsthe log reduction and process
valueto be calculated.

b) Simulatedtrialsare carried out in alaboratory where the heat transfer conditions of the
process are replicated.

¢) No validationis attempted, with the process safety being inferred from temperature
probing of the bulk product or the environment. Substantial over-processingisalowed, in
order that the thermal process delivered to the product thermal centreissufficient. End
product testing for microbiological activity is usual.
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d) Processmodelscan be developed that predict, for example, the temperature-time history of
the critical food particlesas they travel through the heating, hol ding and cooling zones of
the process (McKenna and Tucker, 1991).

€) Time-temperatureintegrators(TTIs) can be applied to gather similar processdatato that
from microorganisms: thisis an emerging method and is the focusof thisreport.

1.2 ProcessModéllinglssues and Optimisation

Having indirectly measured the impact of the thermal process on the microbial population,
and thus proven that the process delivers a consistently safe product, it isimportant that
product quality is considered. Thisiswhere processoptimisationstudiesare employed. The
basis for an optimisation study is the application of a mathematical model of the process, and
in order to develop such amodel it isimperativethat the process measurement system (from
which the microbiological impact is deduced) is accurateand repeatable. These models are
not often accepted without proof that the process can deliver the correct level of
microbiological reduction. For example, the FDA has recently licensed a method of
characterising aseptic parti cul ate processes which invol ves the sampling of alarge number of
particlestreated with sporesin conjunction with finite difference modelling (Palanappian and
Sizer, 1997). Thesingleand multipleTTI particlesthat were developed in the project offered
thistype of proof.

Processmodelling issues were dealt with amost exclusively within this project by the
University of Birmingham, and so will not be discussed a length in thisreport. Further
detailsof the scope of the modelling studies can be found in Cox and Fryer (2001) and
Cox et a. (2002).

1.3 Potential Time-Temperaturelntegrators

This project utilised biochemical time and temperatureintegrators to obtain datafor
validating the process efficacy and for processmodelling purposes. These TTIswere
enzymes, such as amylase or peroxidase, that denatured (an unwinding of the structure) in a
repeatableway asthey were heated. The reaction kinetics of their temperature-induced
denaturing matched those of the microbial death kinetics and so it was possibleto use such
TTls as non-microbiologica markersof aprocess. Since most published heat resistance data
for micro-organismsfollowed first order reaction kinetics, good mimics of their kinetic
pathwayswere obtained withthe TTls.

One of the early aims of this project wasto identify arange of TTlsthat could be used in the
temperaturerange associated with both pasteurisation (60-105 "' C) and sterilisation
(105-14.0" C) treatments, and which could be used either singly or in combination. Most of
theinterest from the food industry was to define the levels of microbiological destruction in
thermal processes, which required a TTI with az-valuecloseto 10 C° (thiswasthe 'safety
TTT’). For sterilisation, the target was to reduce the numbers of Clostridium botulinum
sporesto an acceptablelevel: at least a12 log reduction. For pasteurisation, the target
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2. MATERIALSAND METHODS
2.1 Pasteurisation TTIs

2.1.1 Preparation of amylase solutions

To preparethe arnylase solutions, 200 mg of a-amylase from a Bacillus amyloliquefaciensor
Bacillus licheniformis source (EC 3.2.1.1 Typell-A, SigmaA-6380) was dissolved in 20 mL
of 0.1 M Trisbuffer (pH 8.6 at 25 °C). Thiswasstored at 4 °C for no more than 10 days
before use (Adams, 1996). The enzyme activity was determined by first diluting 10 uL of the
a-amylase solutionwith 290 plof Tris buffer, then adding 20 pl of thisto 1 mL of Sigma
amylasereagent at 30 °C (SigmaDiagnostics, catalogue number 577-20). Therate of
increase of absorbance at 405 nm was measured for the unheated (control) samples between
1.5 and 2.0 minutes after insertion into a spectrophotometer (ThermoSpectronic PU8755).

For the heat-treated samples, this rate was usually determined between 3.0 and 4.5 minutes,
although the peak rate could occur over adifferent period.

2.1.2 Calculation of pasteurisation values

The calculation of a pasteurisation,or P-value, eniployed asimilar first order equation asfor
the destruction of microorganisms, except that the calculation used the initial and final
enzyme activitiesinstead of numbersof organisms(Equation 1).

A ..
P — D . 10 initial
T g{ A J ........... €))

final

where, A, isthe fina activity after a specific time-temperaturehistory
A, 1Stheinitial activity
D; isthe decimal reductiontime a afixed temperature (T) to reduce the enzyme
activity by afactor of ten (minutes).

P-values can also be calculated by integrating the killing power of athermal processover the
time-temperaturehistory experienced by the product, providing that thiscan be measured. A
P-value calculated using Equation 1 will be the same asthat calculated from the time-
temperatureintegration, provided that first order kinetics have been followed for the enzyme
destruction throughout the heat process (see Equation 2).

t T(t) = Tyer

Z . = . A iti
P= J'IO dt = Dy log{—m] ........... @)

0 A final

where, T(t) isthe product temperature, which is a function of time, "C
T, iSthe reference temperature for the D; value, °C
t isthe processtime, minutes
z, the kinetic factor, is the temperature changerequired to effect aten-fold changein
the D, value (C°)
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2.1.3 Preparation of the silicone particles

Previous methodsfor TTI particlecongtruction (Tucker, 1999a) used air bubblesin siliconeto
encapsulatea TTI solution and prevent its contact with the surrounding food. Cregatingtheair
bubbles was time-consuming and technically difficult, and they could not be created to a
consistent size and shape. The encapsulation method was improved by using leigtlisof
siliconetubing, of 2.0mm bore, 0.5mm wall, or of 2.5mm bore, 0.5mm wall. To preparethe
tubes, 10 mm lengthsof tubing were cut, one end sedled off by dipping it into uncured
Sylgard 184 elastomer (Dow Corning L td), alowing capillary actionto create a 2-3mm plug,
then heating the tubeat 70 °C for ashort timeto cure. 15uL aiquots of amylase solution
were injected into each plugged tube using ahypodermic syringe. To create a seal, the tubes
were gently squeezed to force the amylase solution just proud of the end, and the end was
dipped into liquid Sylgard so that when the pressure was released, the siliconewas drawn into
the tube to form another 2-3 mm plug. Intimatecontact between the amylase solution and the
Sylgard wasimportant. The tubeswereimmersedin 40"C water and cured in an oven set at
40 °C for about 2 hours. Thisavoided any possibilitiesof drying. Thefinished TTI tubes
were cut down to 7-8 mm in length.

The finished TTT tubeswere stronger and more uniform than thefilled air bubbles, and could
be inserted more easily into food products by making asmall hole. However, many of the
TTI trialsrequired the tubesto be made into asimulated food particle because of their greater
strength and ease of finding them afterwards. The materia chosen for thiswas again Sylgard
184 becauseit was transparent, robust, chemically inert and could be moulded into particles.
To match the thermal characteristicsof the silicone particles precisaly to those of thetarget
fruit pieces, the size and shape of the siliconeparticleswere calculated using Equation 3 for a
spherical particle and Equation4 for acubic particle(Ball and Olsen, 1957). Thetherma
diffusivity value, ameasure of how fast the centretemperature of asolid body respondsto a
changein ambient temperature, was 1.0 x 10"m*s™ for Sylgard 184 (Dow Coming, 1986)
compared with 1.4 x 107m*s™ for atypical high water content food (McKenna and Tucker,
1991). These equationsused the calculated logarithmic heating rate (f,) asthe factor to
equate heating rates of solid bodies of varying shape, size and dimensions.

0.233a2
a==— 3)
h
) 0.933 4
N @)

where, aisthermal diffusivity (m?.s™)
f, isthe logarithmic heatingrate, or the time required to effect aten fold increasein
the centre temperatureonce the temperatureriseis logarithmic (s);
a, b, carehalf dimensions (m)
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As afirst approximation, asilicone TTI particlewould be made dightly smaller than the
target food particulate. For example, 9-10 mm silicone cubes would heat and cool at almost
the samerate as 12-14 mm cubesof most high water content foods. In fact, for testsin
flowing situationsit was important that the heat transfer conditions experienced by the
silicone and food particul ateswere similar, otherwisethe fluid to particleheat transfer
coefficientsmay have differed. For particulatesbelow 10-15mm thiscan becomecritical
(McKenna and Tucker, 1991) and may in fact be just asimportant as cal culating the correct

dimensions.

2.1.4 Industrial trials

A number of different pasteurisationprocesseswereinvestigated using the two amylase TTIs
insolution. Much of the detail of this work remainsconfidential to the companies involved
in each study. However, genericinformation from thiswork can be published. Table?2
presentsthetypeof productsand processesthat were eval uated, together with some detail on
how the TTIswere constructed.

Table2: Typeof productsand processesevaluated with pasteurisation TTIs.
(BAA isB. amyloliquefaciensamylaseand BLA isB. licheniformis amylase)
Product Type Process Description AmylaseType TTI Particlemethod
(BAA or BLA)
Fruit preparationswith Ohmic heating BAA Silicone particulatesmoul ded
particulates torepresenth i t pieces
Cook-in-sauces Sprayed water BAAand BLA Tubes suspended within salice
pasteurisation-cooling
tunnel
Poultry pieces Continuous oven BAA Tubesinserted directly into
cooking-cooling product
Fruit preparationswith Tubular heat exchanger | BAA Siliconeparticulates moulded
particulates to represent fruit pieces
Fruit productsin liqueurs | In-jar pasteurisation BAA Tubesinserted directly into
larger products(e.g. peaches).
Silicone particulatesmoul ded
to representsmaller fruit
pieces (e.g. blackcurrants)
Ready meals Sous-videprocessingin | BLA Tubesinserted directly into the
water baths meat components
Hot-fill sauces Sprayed water top-up BLAand BAA Tubes attached onto jar
pasteurisationof internal surfaces

jar surfaces

Examples of how some of these TTI trial swere conducted are given in the results section.
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2.2 Sterilisation TTI

Enhancement of the amylase heat stability was achieved by drying. Kinetic datafor D, and
z-valuesof adried a-amylase fiom Bacillussubtiliswere reported to haveaD,,, of 25.3+ 0.9
minutesand az valueof 9.4+ 0.5C° (VanLoey et a., 1997b). Thesevaueswerecloseto
thoserequired to represent the death kineticsof Clostridium botulinum over the commercial

F, range. However, in thefina stagesof thereported work, the supplier of the Bacillus
subtilis aniylase changed their preparation procedures, which resulted in aless pureform on
themarket. An aternative amylase source was required, which wasfiom Bacillus
licheniformis, another bacteriathat was reported to produce high heat stability enzymes
(Viele and Zeikus, 2001).

Drying over phosphoruspentoxide at 4 °C for 10 days removed ailmost all of the fiee water
fiom the amylase. The next stage wasto equilibratethe dried amylase above a saturated salt
solutionin order that a specific moisture content could be achieved. Saturated sodium
chloride solution a 4 °C for 6 dayswas used by Van Loey et a. (1997b) with Bacillus
subtilis amylase: this has an Equilibrium Relative Humidity (ERH) of 76. Moisturecontent
has been reported to have a significant effect on both D, and z-valuesand therefore some
manipulationof valueswas possible. Varioussalt solutionswere evaluated for their
suitability at providing different ERH conditions. It wasfound that amylase fiom Bacillus
licheniformis gave the mogt suitablekinetics when equilibrated over saturated ammonium
sulphate solution at an ERH of 82.

Kinetic paranieters(D; and z) were estimated initially using standard i sothermal methods.
However, non-isothermal methods were chosen because they represented more closely the
conditionsexperienced by thefood products during a sterilisation process. Theanalysis
method measured enthal py peaks with a Perkin-Elmer Differential Scanning Calorimeter
(DSC). Arnylaseisaproteinthat gave acharacteristic peak in enthalpy (seefigure 1) over a
consi stent temperaturerange; the area under the peak was estimated within the DSC software.
The differencebetween initial unheated enthalpy and final heated enthalpy allowed the
F-valuesto be calculated (see equation 2). The DSC allowed a series of temperature-time
profilesto be programmed into amacro, which automated the entire procedure of conducting
non-isothermal kinetic parameter estimation. Fifteen seriesof ramps, hold times and hold
temperatureswere used to generate fifteen different sterilisation values.
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Figurel Exampleof theenthalpypeak for an amylasesampleheated in the DSC
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Having encapsulatedthe dried and equilibrated amylaseinsde asteel DSC capsule, it was
ready for imserting into acanned food product. An advantage of the DSC method wasthat the
capsule did not haveto be opened during the anadlyss. However, several disadvantageswere
identified during the research, which are discussed in the results section.

Doc Ref PPD/REP/65008/1 Page9of 35 WP Ref secs/2003/PPD/GST/clp01949



3. RESULTSFROM INDUSTRY TTITRIALS

A featureof this project was the application of TTIs to industrial processes as ameansto
measurethe levels of pasteurisationand then to optimise processes based on the data taken.
Exampleswere selected fromindustria trialsto illustrate the type of studiesconducted.

3.1 Ohmicheatingof fruit preparations

Severa TTI trialshave been conducted within thisproject to eval uatethe thermal process
achieved in acommercial 75kW ohmic heater. The example presented hereisfor the
pasteurisation of blackcurrant and pineapple fruit preparations, using the Bacillus
licheniformis amylase. The objectivewasto chalenge the microbiological process safety by
setting higher product flowratesthanin norma production.

In order to produce TTI particlesthat were of smilar dimensionsto blackcurrants, the TTI
tubes were placed into the centre of 8mm spheremouldsthat werefilled with the uncured
silicone compound. Thermal characterigticsof the siliconewere such that an 8mm silicone
sphere heated and cooled at the same rate asa 10mm blackcurrant. A similar method was
used to produce 10mm silicone cubesthat represented the 12mm pinespplepieces. Forty-
eight x 8mm spheresand forty-seven x 10mm cubes weretakento the factory. Four of each
werekept as controlsfrom which theinitial amylase activity was measured; the remaining
TTTI particleswereincorporated randomly into the feed tank. Bacilluslicheniformisamylase
wastheTTI.

The electrical insulation propertiesof the siliconewere such that the silicone TTI particles
would not heat up by resistancehesting (Tucker et d. 2002). P-valuesmeasured using these
TTI particlesrepresented thermal conduction to the particle centres from the hot surrounding
liquid, giving conservativeP-values. It isasoworth emphasising that the P-valuesincluded
any contributions during cooling.

For Bacillus licheniformis amylase, the kinetics of destructionby heat were represented by
decimal reductiontimes (D, value) of 8.8 minutesat 93"C or 66.6 minutesat 85"C, with a
kinetic factor (z-value) of 9.1 C°. Thisenzymehad suitablekineticsthat would allow it to
measurethe equivalent target process for the blackcurrant and pineapple pieces, againgt a
P-valuetarget of at least 5 minutes during the holding tube. The ohmic processdelivered a
significant proportion of the microbiological kill during the tubular cooling stageswhere the
heet transfer was|essfavourablethan during el ectrical heating. Hence, athough the holding
tubetarget was 5 minutesat 85 "C, it was expected that the overall P-value would exceed this
by a substantial margin.

The fruit products were pumped through the 75kW ohmic hester, which led to 16.4m long
holding tubes, before being cooled in tubular coolersand packaged in aseptic 800 kg tanks
(seeFigure 2). The ohmic heater was running a an average power of 60kW, giving an outlet
temperature of 100"C. The flowrate wasincreased from the normal 750kg/h to investigate
whether the processtime could be shortened safely. After processing, astarch solutionwas
pumped through the system in order to pig out the product and minimise wastage. Some of
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this solution contai ning the product/starch interfacewas collected in buckets and the
remaining amount fed down the drain.

Figure2: Schematicdiagram of the ohmic heater used to processfruit preparations
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For the blackcurranttrial, forty-four TTI particles were put into a 700kg batch and processed
a aflowrate of 850kg/h. The TTI particleswererecovered by rinsing the blackcurrant mix
with water through a sievethat removed the liquid, making the silicone particles morevisible.
Figure 3 presentsthe frequency distribution for P-valuesat 85'C, showing aflat distribution
of values, all in excess of the 5 minutes minimum. For the pineapple, forty-three TTI
particleswere put into a650kg batch and processed at a flowrate of 790kg/h. The TTI
particleswere marked with a blue cross on opposite faces, making them easily visiblein the
light yellow fruit mixture. Figure4 presentsthe frequency distribution for P-valuesat 85 °C
again showing aflat distributionof valuesin excessof 5 minutes. Further detail on thiswork
can befound in Tucker et d. (2002).
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Figure3: Freguency distribution of P-valuesfor the blackcurrant fruit preparation
processed in a 75kW ohmic heater at 850 kg/h
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Figure4: Frequency digribution of P-valuesfor the pineapplefruit preparation
processed in a 75kW ohmic heater at 790 kg/h
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32 Sprayed water pasteurisation-coolingtunnel for cook-in-sauces

The aim of thistrial wasto map the pasteurisation achieved a variouslocationswithinajar
of tomato cook-in-sauice during processing in asprayed water pasteuriser. Datafrom the
trials carried out at theindustrial sitewere confidential, and so to illustratethe type of data
that was obtained, arepeat trial was done a CCFRA using off-the-shelf product. Amylase
TTlswere used to provide P-valuesfrom 16 positionsin the jar and comparisonswere made
with those measured by probes, where possible. The probeswere thin-wiretype K
thermocoupl eswith soldered junctions, which allowed several temperature measuring points
withinthesinglejar.

TTI tubeswere2.0mm bore, 0.5mm wall thicknessand 10.0mm long. 15uL of Bacillus
licheniformis amylase was encapsul ated inside and sealed with Sylgard plugs at either end.
The amylase kineticsof destructionby heat were represented by decimal reduction times
(D, vaue) at 93.3 °C of 8.2 minutes and akinetic factor (z-value) of 9.1 C°. Thesekinetics
were suitablefor measuring the butyricum processfor these sauces, which was equivalent to
5 minutesat 93.3°C withaz valueof 8.3 C°.

Figure 5 showsthelocation of paired TTIsand probesin thejar, with estimated P-values
against each position. Silicone sealant (RS Non Corrosive Silicone Rubber 494-118) was
used to attach the TTIsto thejar sidesand base. This sealant did not produce acetic acid
during its cure and so previousissues with diffusion of acetic acid through thethin silicone
tube wallswas eiminated (Lambourneand Tucker, 2001).

A TTI calibrationwas introduced into thistype of processevauation trial to ensure that
minor changesin amylase D,, valuesdid not affect the accuracy of theresults. In previous
industrial trials, D-value changes up to 10% had been noted. Such D-value variation can
arise because of impurities in the amylase and when fresh amylase solution was made up for
eachtrial, the D-valuewas checked. A calibrationtest involved heating threeto four TTI
tubesin water at atemperature closeto the referencetemperature (93.3 "C) to achieve
approximately I -log reductionin activity. A cross-check against the expected probe P-value
allowed the accuracy of the TTI P-value to be assessed.

At al locationsother than the headspace, the TTI and thermocouple P-values agreed within
the experimental limits. The major and undefined source of error wasin the preciselocation
of TTIsand thermocouple junctions, partly as aresult of the physical TTI size, but aso dueto
the movement of TTIs or thermocouple junctionsduring the processing. Hence, the P-value
results provide a detailed map of the thermal treatment received throughout the jar.

The discrepancy in headspace P-values between TTls and thermocoupl eswas caused by the
TTIsjust penetratingthe top surface. Evidencefor thiswasthe uptake of red/orange
colorationfrom the sauce. The thermocouplejunctionwas not in contact with the sauce and
as such would have measured a P-value in the headspaceabove the sauce.

TTI results given in this test showed that a wide range of pasteurisationvalues occurred
within asinglejar of sauce, ranging from 2.6 minutesat the centre to 20.9 minutes towards
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thesides. Thejar centre P-valuesmeasured with TTls and probes showed lower valuesthan
the target minimum of 5 minutesat 93.3 °C. However, theinitial saucetemperature, the
pasteuriser zone temperaturesand residencetimeswere set at deliberately conservative
values.

Figure5: P-valuesmeasured with thermocouples(l€ft jar) and TTIs(right jar) at
variouslocationswithinajar of tomato cook-in-sauce.

Thermocouple TTI
P-values P-values
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3.3 Continuousoven cooking-coolingof poultry pieces

Reformed meat and poultry products are known to present difficultiesfor inserting and
maintaining the position of temperature sensors used with conventional process
establishment. The am wasto use TTIsto measurethe processes achievedin chickenfillets
cooked in a continuousoven and to assess the effectsof taking 2 minutesoff the cook time.

TTI particleswere siliconetubes of diameter 2.5mm and length 7-10mm, containing
approximately 15uL of Bacillus amyloliquefaciens amylase. Kineticsof destruction by heat
were represented by adecimal reduction time (D value) of 6.8 minutes a 85"C or 268
minutesat 70 "C, with az-value of 9.4 C°. To ensure the process achieved at |east a6-1og
reductionin 'aerobic pathogens such asListeria, Salmondla and E. coli, the target P-value
was 2 minutesat 70 "'C (CCFRA Pasteurisation Treatments, GuiddineNo.27). Althoughthis
was alow process to measurewith the amylase when compared with the D, value, therewas
aneed to operate with a substantial margin and data from previoustrials had resultedin
measurableactivity loss.

Wherever possible, duplicationor triplicationof TTI tubesin afillet wasused. Tubeswere
inserted by dlicing thefilletsto expose the centreand placing the tubes'end-to-end' in arow
along the centreline. Thiscreated agood seal when the cut half wasfolded back. Filletswith
TTlswere placed onto awiremesh tray in order to identify them from the productionfillets.
They wereretrieved immediately after the oven, and taken to the chiller for afew minutesto
remove sufficient heat to enablethe TTIsto be handled. The norma productionroutewas for
the productsto passto a gas-fired searer before entering the chiller. Thisprovided an
additional 45 secondsresidence tinie between oven and searer, and 30 secondsin the searer,
both of which maintained thefillet centretemperature above 85"C. Thus, the TTI trials
deliberately removed this extra pasteurisation and so estimated P-valueslower than expected
in production.

The first productstested were 25-40g chicken fillets marinaded in lime and coriander, and the
second were 120-130g chickenfillets. For each product, fifteen TTIswere used to assessthe
level of pasteurisation at the normal production speed and fifteen a afaster throughput.
Conventional temperature probing was not used because of the difficultiesin positioning
probetipsat thefillet centresand holding them in placefor the duration of the process.
Temperature probing of the filletsafter the oven followed standard company practicesto
ensurethat the fillet centreshad reached athresholdof 85+ 3"C. Tables 3 and 4 givethe
operational settings of the oven for the run under normal production conditionsand for a
shortened cook time.
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Table3: Oven settingsfor the 25-40g filletssmarinaded in limeand coriander, using hot

ar
25-40g Chicken Fillets Run 1: Run 2
Normal cook time Reduced cook time

Cook time (mins) 10.0 84

Infeed temperature(°C) 162 162
Outfeed temperature (C) 192 192

Fillet temperaturesex. oven (°C) 8/88 AH
Number of TTIs used 15 15

Table4: Oven settingsfor the25-40g filletsmarinaded in limeand coriander, using

steam

120-130g Chicken Fillets Run1: Run 2
Normal cook time Reduced cook time

Cook time (mins) 22.1 20.0
Infeed temperature(C) 95 96
Outfeed temperature(C) ! 95 ! 96 B
Fillet temperaturesex. oven (C) 8D 6D
Number of TTIs used 15 15

P-valuesat 70°C for the 25-40g and 120-130g fillets showed high levelsof pasteurisation,
substantially in excessof the target of 2 minutesat 70 °C for achieving 6-log reductionin
‘aerobic pathogens. Typical P-valuesfor production conditionswerein the range 250-300
minutesfor the 25-40g fillets and 430-500 minutes for the 120-130g fillets. Reducingthe
cook timeby 2 minutesfor each product showed reductionsin P-valueto 35-200 and 400-450
minutes respectively, but the lowest valueswere still substantially greater than the minimum
safety valueof 2 minutes. The lowest process measured a P-value 33.6 minutesrepresentsa
100-log reductionin 'aerobic pathogens.

These poultry processeswere shown to operate with ahigh level of microbiological safety.
Thisisimportant to alow for variationsin processing and product conditions(e.g. fillet Size,
belt loading, air temperaturesetc). For small products such asthe 25-40g fillets, where
temperature probes cannot be used with accuracy, the TTI approach can give commercially
valuableresults. A 100-1og reduction represented a satisfactory safety margin, particularly
when thetrials did not take account of the additional pasteurisation between the oven, searer
and chiller.
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3.4 Tubular heat exchanger processing of fruit preparations

The aim wasto use TTIsto measurethethermal processachievedin a2’ tubular heat
exchanger for the pasteurisation of apear and toffee mixture. Amylases from both Bacillus
licheniformis and Bacillusamyloliquefaciens were used because of the uncertainty about the
achieved thermal process. Thesetwo TTIs provided awide measuring range.

In order to produce TT1I particlesof similar dimensionsto 12mm pear cubes, TTI tubeswere
placed in the centre of 10mm cubic mouldsthat werefilled with the uncured Sylgard
elastomericcompound. Thethermal characteristicsof the silicone were such that a 10mm
siliconecubeheated and cooled a the samerate asa 12mm pear piece. Forty cubes
contained 15uL amylase from Bacillus/icheniformis, and forty contained 15uL. amylasefrom
Bacillusamyloliquefaciens, to cover awide pasteurisationrange. For theBacillus
lichenijiormisamylase, thekinetics of destruction by heat were represented by decimal
reduction times (D value) of 8.8 minutes at 93 °C or 66.6 minutes at 85 "C, with akinetic
factor (z-value) of 9.1 C°. For theBacillusamyloliquefaciens amylase, thekinetics of
destruction by heat were represented by a decimal reduction time (D, value) of 6.8 minutes at
85 °C, with akinetic factor (z-value) of 9.4 C°. For each set of TTI particles, fivewere kept
as controls, from which theinitial amylase activity was measured. The remaining seventy
TTI particleswereincorporated randomly into the feed tank.

Thetubular process involved seven steam-heated heating tubes, seven insulated holding tubes
and eleven chilled water-cooled tubes, each of six metreslength (seeFigure6). Thetarget
processwasto exceed 88 °C for 3 minutes in the insulated holding tubes, using anormal
operating temperature of 92 "C to allow for fluctuations. At 88"C, thisprocess achievesa
P,,-value of 6 minutes, compared with theminimum for high-acid fruit products of 5 minutes
(CCFRA Technical Manual No.27 on Food Pasteurisation Treatments). Themeasured
temperaturesquoted in the setpointswerefor theliquid surrounding the pear pieces.
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Figure6: Schematicdiagram of thetubular heat exchanger used to processthe pear and

toffee product
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At the end of the batch, a plastic pig operating with 6 bar air pressure was used to push out
the product and minimisewastage. Towardsthe end of pigging, the back pressure from the
product decreased as |less product remained in the tubes; consequently the flowrate increased
steadily from 1,000kg/h. Thisresulted in product receiving areduced cool and entering the
filled tanks at increasing temperature. All seventy TTI particleswere recovered from thetwo
tanks of processed product, although one particle had been cut by one of the valves.

The amylase activitiesindicated awide range of P-values, which was expected with the
continuousprocess. For areferencetemperature of 85" C, the highest P-valuewas 109.3
minutes and the minimum value was 32.9 minutes, compared with the target of 5 minutes.
Residual aniylase activity was very low or zero for TTI particles containing the Bacillus
amyloliquefaciens amylase. The frequency distribution in Figure 7 showsthat the P-values
measured with Bacillus licheniformis amylase were distributed normally. Thiswasquite
different from the distributionmeasured for ohmic heating of smilar fruit productswherea
flatter distributionwastypical. The explanationfor the differenceswasthe nature of the
heating: ohmic heating isvolumetric and so all particulatesreceive similar quantitiesof heat
as they enter the non-hested parts of the process.

The TTI particleresults showed that the 12mm pear pieces had received adequate processes,
substantially in excessof thetarget P, of 5 minutes. In fact, therewas scope for process
optimisation.
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Figure7: Frequency digtribution of Pgs-values for thepear and toffee preparation,
measur ed with B. licheniformis amylase.
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35 In-jar processing of fruit products

Thiswasone of thefirst TTI trials conducted within the project. Theaimwasto measure
basdline processvauesby inserting TTI particlesdirectly into variousfruit products
processedin glassjarsimmersed in water baths. These fruit products are difficult to probe
becauseof the soft fruit that does not retain a probein position during the process. Further
complicationsarisewith the unusual jar shapes and sizes. Peach halvesin brandy werethe
product described here.

TTI particleswere silicone tubes of length 8mm and insde diameter 2.5mm containing
approximately 15 pL of Baci | | us anyl ol i quef aci ens amylase. Kineticsof destruction by hest
wererepresented by decimal reductiontimes(Dy value) at 85 °C of 6.17 minutesand a
z-valueof 8.6 C°, which compareswiththetarget of 5 minutesequivalent at 85 "C for az of
10 C°. TTI particleswereinsertedinto the centre of thick peach halvesby cuttingaholein
the peachwith ascalpel. One peach per jar contained aTTI particle, with the peach halves
located at thejar centre.

The production processinvolved severa stagesof moving batches of jars between water
baths. Jarsof fruit werefirst immersedin awater bath set to 50 °C to avoid thermal shock on
theglass. Oncethe glasstemperaturehad equilibratedto 50 " C, the batch wastransferred to
oneat 95 "C for the 80 minutes pasteurisationprocess. On cooling, the jarsmoved forwards
into abath at 50 °C to prevent thermal shock and finally into a chilled water bath to takethe
coretemperaturedown to below 40 "C in the shortest time. A standard 80 minute process at
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95 °C was considered too severefor the Bacillus amyloliquefaciensamylase, which was the
only TTT available at thetime, therefore the jars were removed after 35 minutes. This
estimate was based on time-temperaturedata taken previoudly.

The three TTls gave P-valuesof 2.2, 2.5 and 2.8 minutes, with one particlefalling out of the
peach half and receiving a higher heat processof 10.9 minutes. Thistrial demonstrated the
convenienceof using TTI particlesto measure a processin a soft, slippery particul ate.
Further work was completed during the project to better define the scheduled 80 minutes
process using Bacillus licheniformisamylase, which had a higher degree of heat stability.

3.6 Sous-videprocessingof ready meals

Sous-vide processinginvolves pasteurisation of high quality foods under vacuum packing.
Thiswas afeasibility study to demonstrate the ease of using amylase TTISto measurea
process wherewire-based probes cannot be used with confidence because of thelossin
vacuum that usually occurs. Theaim wasto evaluatethe thermal process achieved in a
sous-vide pasteurisationof chicken breast in whitewine sauce, using an amylase from a
Bacillus licheniformis.

Kineticsof destruction by heat of the Bacilluslicheniformisamylasewere represented by
decimal reductiontimes (D, value) of 8.8 minutesat 93 °C or 18.8 minutes at 90'C. Sous-
vide processing targets psychrotrophic strainsof Clostridiumbotulinum. A 6-log kill can be
achievedif the coretemperatureis at 90 °C for 10 minutes or any equivalent process
(CCFRA, 1992a). Psychrotrophic strainsof Clostridiumbotulinumare reported to show
z-values of 9 C° (CCFRA, 1992b) or 10 C° (CCFRA, 1992a). The z-vaduefor Bacillus
licheniformis amylasewas 9.1 C°.

Amylase TTI tubes were placed into chicken breasts by dissecting the breast with a scal pel
and carefully lining up three TTIsaong the centre cut. Table 5 showswherethe TTIswere
placed. Themiddle TTI was marked with ared dot. The chickenwasfolded back down to
create agood seal. Heated and unheated control TTIswere used to ensure that:

e theenvironment had not affected theinitial amylaseactivity,

e TTIsvacuum-sealed in the packs and heated in the same water bath gave the expected
results,

e TTlsheated in adifferent water bath confirmed the accuracy of the measurementsand
provided a calibrationfactor for the P-values.
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Table5: Descriptionand location of theamylase TTIsin achicken in sauce sous-vide

product
Number of TTIs TTI Location TTI P-values(minutes
at 90°C)

Pack 1 3 Chicken breast in 80 g sauce 234,345, 36.9
Pack 2 3 Chicken breast in 80 g sauce 36.4,43.4, -

Pack 3 3 Chicken breast in 80 g sauce 41.3,27.3,42.3
Pack 4 3 Chickenbreastin 80 g sauce 38.8,38.8,42.3
Pack 5 3 Chicken breast in 80 g sauce 40.4,32.6,41.3
Pack 6 3 Chicken breast in 80 g sauce 33.3,30.8,345
Pack 7 3 Chicken breast NO SAUCE 40.4, 38.1, 48.1

The thermal process given to the vacuum-packed chicken in white wine sauce was to cook the
packsin awater bath set at 85" C for 80 minutes, followed by immediateimmersionin
chilledwater. Theaim wasto achievethe ‘psychrotrophic botulinum’ process of 10 minutes
at 90 "C at the centre of the chicken breasts. All of the P-valuesfor TTIsin chicken breasts
were considerably higher than the minimum target of 10 minutesequivalent at 90 °C, with
most valuesranging from 30 to 40 minutes. The pack with no sauce gave P-valuestowards
the higher end of therange. Thiswasthought to be dueto alower pack heat capacity.

Process validationwith temperature probes had proved troublesome because of lossin
vacuum and so the TTI method was seen asamajor step forward. Further confidentia trials
were conducted during the project to take thiswork forward by using TTIsto optimise the
water bath cooking processes.

3.7 Surface pasteurisation of hot-fill sauces

Surface pasteurisationwas an application that was not consideredin the project workplans
but became possiblebecause of thesmall TTI tubesize. Theaim wasto evauate the surface
pasteurisationof plastic pots hot-filled with a tomato-based pasta sauce and to determinethe
effects of adverse conditionson the surface pasteurisationvalue. Conditions evaluated were
low fill temperatures, increased delay times before pasteuri sation and reduced pasteuriser
residencetimes. Current operating conditionswere challenged to determine the margins for
increasing throughput. The tomato-based sauiceswere pasteurised in agitated vessals prior to
hot-filling into 150 g plastic pots, and the pot surfaceswere pasteurised by a combination of
the heat from the hot sauce and raining hot water in atunnel pasteuriser. It wasthe latter that
was of concernin thesetrials.

Bacillus amyloliquefaciens arnylase TTIs were adhered to various positions on the pot
surfacesusing asilicone sealant (RS Non Corrosive Silicone Rubber 494-118), with each
position measured in duplicate. Amylase kinetics of destruction by heat were represented by
decimal reductiontimes (D value) at 85 °C of 10.6 minutesand akinetic factor (z-value) of
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9.4 C°, Thetarget group of microorganismswere the spore-forming heet resistant yeastsand
moulds, whichrequired at least 5 minutes a 85" C to effect a 6-log reductionin numbers
(CCFRA, 1992a).

Therewereatotal of seven different runs, with each having adifferent variant, as shownin
Table6. TTIswereplaced at the Tracksense probetipsto compare P-val uesbetween probes
and TTIs. No safety implicationswere raised with P-valuesbelow 5 minutesbecause the
sauce had adready been pasteurised prior to filling, and the TTI trialswereto evaluatethe
surface pasteurisation.

Table6: Conditionsevaluated to determinelevelsof surfacepasteurisationfor a 150g pot
of tomato-based cook-in-sauce.

TTI numbers Holdingtime Retentiontimein Filler temperature
between filler and pasteuriser (°C)
pasteuriser (minutes)
(minutes)

1-8 05 65 85
9-16 4.0 6.5 85
17-24 10.0 65 85
25-32 40 65 80
33-40 4.0 65 75
41-48 4.0 55 85
49 - 56 4.0 48 85

Effect of Changing Stoppage Time: holding timesof 0.5, 4.0 and 10.0 minuteswere used to
simulate any possible stoppages on the production line. The current process schedule allowed
aholding timeof 4.0 minutes before the pots entered the pasteuriser. Potsthat had remained
between the filler and pasteuriser for greater than 4.0 minuteswere discarded. Table7
presentsthe measured P-values at 85 °C fromthe TTI's, showing that the required P-value of
5 minuteswas achieved at all surfacepositions. Thus, further increasesin delay time could
be accommodated.
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Table7:

Surface P-valuesfor 0.4, 4.0 and 10.0 minutesstoppage time between filler
and pasteuriser for a 150 g pot of tomato-based cook-in-sauce.

0.5 Minutes
Position of TTI Sample Ratel Rate 2 P-Value
Probe 1 0.23 0.21 4.3
Probe 2 0.183 0.202 4.7
Head Space 3 0.01 0.009 140
Head Space 4 0.015 0.014 12.6
Below Top Rim 5 0.019 0.018 119
Below Top Rim 6 0.026 0.024 110
Bottom Rim 7 0.006 0.009 14.7
Bottom Rim 8 0.006 0.006 154

4 Minutes
Position of TTI Sample Ratel Rate2 P-Value
Probe 9 0.304 0.31 3.2
Probe 10 0.355 0.311 30
Head Space 11 0.013 0.014 12.9
Head Space 12 0.016 0.016 123
Below Top Rim 13 0.018 0.022 117
Below Top Rim 14 0.026 0.025 10.9
Bottom Rim 15 0.016 0.016 123
Bottom Rim 16 0.013 0.012 131

10 Minutes
Position of TTI Sample Ratel Rate 2 P-Value
Probe 17 0.193 0.184 4.7
Probe 18 0.229 0.216 42
Head Space 19 0.035 0.034 10.0
Head Space 20 0.032 0.029 104
Below Top Rim 21 0.061 0.052 85
Below Top Rim 22 0.041 0.035 9.7
Bottom Rim 23 0.039 0.035 9.8
Bottom Rim 24 0.051 0.048 8.9
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Effect of Changing Residence Time: pasteuriser residencetimes of 6.5, 5.5 and 4.8 minutes
were used in the tunnel pasteuriser to assess whether the current scheduled time of 6.5
minutes could be reduced. Water temperaturein the sprayed water pasteuriser was set at

96 °C. Table 8 presents the measured P-values from the TTIs, showing that the required
P-value of 5 minuteswas achieved a al surface positions. Further reduction in pasteuriser
residence time could be accommodated.

Table8:

for a 1509 pot of tomato-based cook-in-sauce.

Surface P-valuesfor pasteuriser resdencetimesof 6.5, 5.5 and 4.8 minutes

6.5 minutes
Position of TTI Sample Ratel Rate2 P-Value
Probe 9 0.304 0.31 32
Probe 10 0.355 0311 3.0
Head Space 11 0.013 0.014 129
Head Space 12 0.016 0.016 12.3
Below Top Rim 13 0.018 0.022 117
Below Top Rim 14 0.026 0.025 10.9
Bottom Rim 15 0.016 0.016 12.3
Bottom Rim 16 0.013 0.012 131

5.5 Minutes
Position of TTI Sample Ratel Rate2 P-Value
Probe 41 0.288 0.238 3.7
Probe 42 0.261 0.275 3.7
Head Space 43 0.023 0.026 11
Head Space 44 0.019 0.02 117
Below Top Rim 45 0.04 0.034 9.8
Below Top Rim 46 0.034 0.037 9.9
Bottom Rim 47 0.022 0.019 116
Bottom Rim 48 0.024 0.022 112

4.8 Minutes
Position of TTI Sample Ratel Rate2 P-Value
Probe 49 0.264 0.243 3.8
Probe 50 0.238 0.217 4.2
Head Space 51 0.035 0.038 9.8
Head Space 52 0.023 0.032 10.7
Below Top Rim 53 0.069 0.068 7.9
Below Top Rim 54 0.064 0.085 7.6
Bottom Rim 55 0.033 0.031 10.2
Bottom Rim 56 0.035 0.036 9.9
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Effect of Changing Filling Temperature: the potswere hot filled at temperatures 85, 80 and
75 °C to determineif the current set point of 85°C could be reduced. Table9 presentsthe
measured P-valuesat 85 °C from the TTIs, showing that the required P-value of 5 minutes
was achieved at all surfacepositions. Further reductionin filling temperature could be
accommodated.

Table9: SurfaceP-valuesfor fillingtemperaturesof 85, 80 and 75 °C for a 150g pot of
tomato-based cook-in-sauce.

850C
Position of TTI Sample Ratel Rate2 P-Value
Probe 9 0.304 0.31 3.2
Probe 10 0.355 0.311 3.0
Head Space 1 0.013 0.014 12.9
Head Space 12 0.016 0.016 123
Below Top Rim 13 0.018 0.022 11.7
Below Top Rim 14 0.026 0.025 10.9
Bottom Rim 15 0.016 0.016 123
Bottom Rim 16 0.013 0.012 131

800C
Position of TTI Sample Ratel Rate2 P-Value
Probe 25 0.46 0.3%4 22
Probe 26 0.477 0.406 21
Head Space 27 0.017 0.019 12
Head Space 28 0.032 0.029 104
Below Top Rim 29 0.056 0.056 85
Below Top Rim 30 0.065 0.06 81
Bottom Rim 31 0.021 0.025 11.2
Bottom Rim 32 0.033 0.033 101

750C
Position of TTI Sample Ratel Rate2 P-Value
Probe 33 0.454 0.397 22
Probe A 0.601 0.505 14
Head Space 35 0.018 0.016 12.2
Head Space 36 0.02 0.022 115
Below Top Rim 37 0.025 0.025 11
Below Top Rim 38 0.057 0.058 84
Bottom Rim 39 0.025 0.027 10.8
BottomRim 40 0.051 0.048 89
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Surface P-valuessuggested that factory safety marginswere high and that the adverse
conditionsof increased delay, low fill temperatureand reduced pasteuriser residence time had
not compromised safety. In fact, scope existed for further process optimisation, which was
evaluated later inthe project. Lowest surface P-valuesin each test were found below the top
rim, which was used as the position to focus on for further tests.

3.8 In-can sterilisation of productswith particulates

Achievementswith the sterilisation TTI were limited to experiments under controlled
laboratory conditionsand to partial successin canning factories. Drying and equilibrating
amylase to a specific moisturelevel proved to be afeasiblebut difficult method for
developingasterilisation TTI. Few industria tests were conducted with the sterilisation TTI
for anumber of reasons:

e Controllingamylase moisturecontent within afraction of apercent at levels between
15-20% could not be achieved consistently. Thisled to greater variationin kinetic
parameters (D,,,,, and z) compared with those for the pasteurisationTTIs.

e TheDSC pans contained an O-ring gasket to seal thebase and lid. Under Iaboratory
conditions, this seal remained intact but it was often compromised when subjected to
canning processeswhere substantial pressure swings occurred in very short times. Maor
seal damage resultedin ingress of the food materials and was easily identified by atotal
lack of characteristicenthapy peak. However, minor damage would result in moisture
changesor 'noisy' peaks, which affected the residual enthal py calculation and gave
erroneousF-values.

e TheDSC panswere stainlesssteel and therefore of ahigh density when compared with
most food particulates. Applicationsof these panswere only appropriate to particul ates
wherethe heavy pansdid not affect the flow behaviour.

Non-isothermal methodsfor obtaining kinetic data gave excellent agreement between
F-values measured with probesand TTls. Table 10 presentsthe DSC heating conditions
together with F-valueresults. Figure8 illustratesthe similarity in F-valuesover thewide
range tested. Thekey factor in achievingthislevel of agreement wasin controlling the
moisture content of the amylase to within afew fractions of a percent.
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Table10: Non-linear temper atur e-timeconditionsprogrammed into the DSC for
determination of thekinetic parameter sfor Bacilluslicheniformis amylase
equilibrated over ammonium sulphate

i Meas Calc Calc |
Trial | Start! Hold: Ramp Hold H F@# F . % | Abs % Abg
No.  temp  time | time | temp (J/g) T) |(TTI)  Diff Diff  Diff | Diff
1 25 8 8 | 120 . 9279 | 55| 53| 015 2.7 015 27
2 [ 25| 3 | 5 [120 z 6.00 °C  |15.69 22 | 1.9 022 100 0.22 10.0
3 2512 3 [ 120 | Tref121.1°C_ |5.140 80 | 91 | -1.11 -13.8 1.11 13.8
4 25 3 10 | 123 | Dy 4 14.85mins | 6.533 71| 76 -053 -7.5 053 75
5 25 4 4 | 123 5.272 89 | 90 -012 1.3 012 13
6 | 25 3 2 | 123 H21.22Jig |7.037 67| 71 -038 -56 038 56
7 |25 2 | 3 |126 o 1.978 148[ 153 -049 -3.3 049 33
8 | 25| 3 | 2 [126 0.597| 2131230 -1.71 -80 171 80
9 | 25 1 3 | 126 5.657 83 | 85 -027 -32 027 32
10 | 25 | 10 | 10 | 117 16.12 22|22 -002 -1.1 002 1.1
11 25| 10 10 | 118 34.57 32| 24 075 236 075 236
12 | 25 | 10 | 10 | 119 91.74 47 | 38 084 180 0.84 180
13 [ 25 | 8 | 7 | 121 ¥.444 80 | 68 127 158 1.27 15.8
________ 14 | 25 | 4 | 5 | 122 8.698 61| 58 031 52 031 52
15 | 25 | 5 | 3 | 124 2.092 160 149 107 6.7 107 6.7
% 0.0d 2.5 0.61 8.39

Figure8: F-valuescalculated from thermocoupletemperaturesand TTI enthalpies, for
refer encetemper ature121.1°C, z of 6.0C°, decimal reduction timeat 121.1°C of

14.85 minutes.
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The aim of the canning trialsreported here wasto measure the F-valuesin large particul ates
that were processed under conditions of high axial rotation in acontinuousreel and spiral
system. Conditionsexperienced by the processwerereplicated in the factory simulator,
referred to as abar smulator (FMC FoodTech, Belgium). Twenty DSC capsules were
prepared: four to measuretheinitial amylase enthalpy at CCFRA, oneto re-check this after
the work was conducted at the factory, and sixteen to insert into the product. The steel DSC
capsuleswere cylinders8mm in diameter and 3mm in height. A cork borer was used to make
ahole to insert them into the frozen sausages and egg balls that were the particulates of
concernin the chosen product. Table 11 showswherethe TTIswere placed and what
F-values were measured from the residual amylase enthapies. The applied thermal process
was less than that given in the factory cookers because of concernsthat therewould be little
amylaseactivity left.

Tablel1l: Locationof TTIs resdual amylaseenthalpiesand calculated F-valuesfor a
canned particulatefood in aredl & spiral smulator.

Sample TTI Placement Enthalpy| F-value Comments

No. J/g) (min)
5 Control, no heating 22.60 -
6 Sausage 0.00 >12.6 |Fell out of sausage
7 Sausage 0.00 >12.6 |Fell out of sausage
8 Egg ball 6.95 2.2
9 Egg ball 7.81 1.9

10 Free-moving 0.00 >12.6

11 Sausage 0.02 126 |

12 Sausage 0.00 >12.6

13 Egg ball 0.00 >12.6 |Fell out of Scotch egg
14 Egg ball 0.00 >12.6 Fell out of Scotch egg
15 Free-moving 0.00 >12.6

16 Sausage 0.01 13.5

17 Sausage 0.07 10.5

18 Egg ball 17.17 0.5

19 Egg ball 16.62 0.6

20 Free-moving 0.00 >12.6

The TTI F-valuesindicated that the egg ballswere the d owest heating particul ates, which
was not a surprising finding given their spherical dimensions. Surface areato volume was
less favourablethan with the sausages. Differences between the measured processes at the
centre of the egg balls and the sausages were larger than expected. It isinevitablethat
measuring processesin particulateswill incur adegreeof error if temperature sensors are
used because of the heat conduction effect along avery short distance. TTlsoffer the
potential to removethis source of error by being placed entirely inside the particul ate.
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4. DISCUSSION OF RESULTS

The examplesof process validation and optimisation presented in thisreport highlight the
industrial benefitsthat were obtained in using TTIs. The commonthemewith all of the TTI
studieswas that the processes under investigation were difficult or impossibleto validate
using temperatureprobe systems. Table 12 illustratessome of the difficultiesthat existed
with the processes and the benefits obtained from measuring the processvaluesusing

pasteurisation TTIS.

Table12: Difficultiesexperienced with existing processesand the benefits obtained by
using the pasteurisation TT1sto measur eprocessvalues.

Process Description Technical difficulty with | Method used to validate | Benefit from TTI work
process validation process safety
Ohmic heating of fruit Continuous processwith | Alginate sporeswith Data on achieved

products fruit particul atesof limited products. Micro- | pasteurisation levels.
unknown pathway tests on end product. Some processes
optimised to increase
throughput by up to 20%.
Sprayed water Coldspotinjarnotessy | Temperatureloggersthat | Detailed mapping of P-
pasteurisation-cooling to defineand dependson | travel with jars, withone | valuedistribution.

tunnel for cook-in-sauces | many factors. measuring point per jar. Optimisation of filling
temperature allowed pre-
process temperature to be
reduced by 3 C°.
Continuousoven Reformed productstoo Micro-testson end Data on achieved
cooking-coolingof soft to hold probesin product. pasteurisationlevels.
poultry pieces place and some too small Some processes
for preciselocation. Single temperature optimised to increase
Presence of logger readings after oven. throughput by up to 20%.
hardware on conveyor
belt may interfere with air
flow around product.
Tubular heat exchanger Continuous processwith | Alginate sporeswith Dataon achieved

processing of fruits fruit particul ates of limited products. Micro- | pasteurisationlevels.
unknown pathway tests on end product.

In-jar processing of fruit | Fruit piecestoo soft to Temperatureprobeswith | Data on achieved

products retain probes. Jarsmoved | trailing wires. pasteurisation levels with

between water baths. Jars
can be unusual shapes
and sizes.

greater certainty in TTI
locationat cold spot.

Sous-videprocessing of

Vacuuni-packedin plastic

Alginate sporeswith

Dataon achieved

ready meals film. Packs moved limited products. Micro- | pasteurisationlevelswith
between water baths. testson end product. greater certainty in TTI
locationat cold spot. No
lossin vacuumwhen
TTlsused.
Surfacepasteurisationof | Cannot measuresurface | Substantia Dataon achieved
hot-fill sauces temperatures with overprocessing. pasteurisationlevels.
commercial logger Scheduled process
systems. parameters challenged.
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The breakthroughthat enabled these complex processesto be evauated wasin encapsulating
the amylase solutionsin siliconetubes. When stored in chilled water to minimisethe rate of
amylase degradation, the TTI tubes could be used for up to 14 days, with reportsof one
company in the project findingminimal lossin activity after 1 month. Chillingthe amylase
increasesthe scope for applying TTIsto factoriesoverseas. To further extend their useable
shelf life, filled TTls can be frozen in large numbers, and TTI tubes removed as and when
required. Freezing haslittleimpact on amylasestructureor on therate at whichits structure
degradesby heat. It isconceivablethat severa hundred TTls could be made at onetime,
frozen individually, and used over a period of months. Thiswould be an economical method
for producing TTls and would ensurethat the kineticsfor each tube would be smilar.
Studies are ongoing to confirmthe useable shelf lifewhenheld at -12°C for greater than 2
months.

Another applicationthat wasinvestigated towardsthe end of the project wasinusing TTIsto
measurethe achieved pasteurisationduring microwavereheatingof foods. Thisisan
applicationwhere existing technology cannot provideagood solution because of two primary
hurdles: (1) metallic probes cannot be used in amicrowave environment, so expensive and
delicatefibre-optic probes are needed, and (2) the turntableswith most modern microwave
ovensprevent the use of fibre-optic probes. Current best practiceisto use static microwave
ovenswith fibre-optic probes entering through large holes and to assume that these oven
typeswill hegt less effectively than those with turntables. There is some evidence to support
thistheory, but it would be better to have amethod that is not restricted to static ovens.
Feasibility studieswith TTI tubes shielded from the microwave energy with auminiumfoil
gave P-value agreement with fibre-optic measurements. TTIsgave dightly higher P-values
(5-15%) than fibre-optic probes whenthe TTIswerenot shielded. Thisapplicationfor TTls
is potentially immenseand should be studied in greater depth.
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5. CONCLUSIONSAND FUTURE WORK

Much of the TTI work considered food processing systemswhere the food packages or
particul atesflowed from raw material preparation through to final product labelling.
Significant advanceswere madein better defining many processesof interest to the
companiesthat were part of the project. However, therewere instances where the TTI
methodswere not ideal and in some casesthey did not work effectively. To be ableto use
TTlscorrectly in flow situations, it will be necessary to enhance our understanding of the
flow behaviour of the TTI particlesand of food fluidsin realisticsituations. Thiswill ensure
that the values recorded by the TTIs are fully representative of the process and can be usedin
process design and specification. Particlesmust be designed so that:

¢ they can be correctly introduced to the processing system,

e thetragectory of the TTIsclosely followsthe flow patterns of the processfluid or
particul ates,

e flowing TTI particlespassthrough all parts of the flow channel or processvessd,

e theTTI particlescan berecovered from the food systems, and,

o theTTI encapsulation method prevents cross-contamination from the food.

These are non-trivial issues that do not have acommon solutionfor al food applications. For
example, Sylgard 184 (silicone) encapsulating and moulding compound has a density closeto
that of water, whichisideal for many food applications. However, work on high sugar
solutionsrequiresadensity closer to 1,400kg.m™ to prevent the TTI particlesfrom floating
and travelling through a continuous processing system at a different rateto the target food
particul ates.

Although the pasteurisation TTI was devel oped successfblly, major experimental difficulties
were encountered in controlling the sterilisation TTI in aprocess. The approachwasto
enhance heat stability by drying the amylase, but the encapsul ationmethod (in asteel DSC
pan) did not provide adequateisolation when used in industrial sterilisation processes. One
proposed route to find a TTI with greater applicationis to extract amylase from
microorganismsof high heat stability. Thesearereferredto asthermophiles or -
hyperthermophiles(e.g. Pyrococcuswoesd, Pyrococcusfuriosus) and represent a new
commercia areafor microbiological research. Amylasesfrom these microorganisms must be
heat stablein order to hydrolyse starchesin their favoured environmental conditions
(Leuschner and Antranikian, 1995; Vielle and Zeikus, 2001). Thisroutemay alow an
amylase solution to be developed for sterilisation work with suitable kineticsto mimic
destruction of the target microbia species: Clostridium botulinum spores. Methodsfor
culturingthe organismsat 100 °C and extracting the amylasewere givenin Koch et a. (1990)
and Koch et al. (1991), together with some data that suggested that the amylase heat stability
was very closeto that required.
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