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Abstract

In this study, predictive microbiology and food eregring were combined in order to
develop a new analytical model predicting the b#dtgrowth under dynamic temperature
conditions. The proposed model associates a siegbliprimary bacterial growth model
without lag, the secondary Ratkowsky “square raotidel and a simplified two-parameter
heat transfer model regarding an infinite slab. Tfrieaelel takes into consideration the product
thickness, its thermal properties, the ambientt@mperature, the convective heat transfer
coefficient and the growth parameters of the manganism of concern. For the validation of
the overall model, five different combinations oflaient air temperature (ranging from 8 °C
to 12 °C), product thickness (ranging from 1 cm6ta@m) and convective heat transfer

coefficient (ranging from 8 WI/(fiK) to 60 W/(nf.K)) were tested during a cooling
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procedure. Moreover, three different ambient amgerature scenarios assuming alternated
cooling and heating stages, drawn from real reffaiggel food processes, were tested. General
agreement between predicted and observed baajeniath was obtained and less than 5% of
the experimental data fell outside the 95 percenfidence bands estimated by the bootstrap
percentile method, at all the tested conditions.cohdingly, the overall model was
successfully validated for isothermal and dynamefrigeration cycles allowing for
temperature dynamic changes at the centre andeasutface of the product. The major
impact of the convective heat transfer coefficiantd the product thickness on bacterial
growth during the product cooling was demonstrakemt. instance, the time needed for the
same level of bacterial growth to be reached aptbduct’'s half thickness was estimated to
be 5 and 16.5 h at low and high convection levedpectively. Moreover, simulation results
demonstrated that the predicted bacterial growtthatair ambient temperature cannot be
assumed to be equivalent to the bacterial growtluroing at the product’s surface or centre
when convection heat transfer is taken into accaDuat results indicate that combining food
engineering and predictive microbiology models msiateresting approach providing very

useful tools for food safety and process optimisati

Key words:

Predictive microbiology; Heat transfer; Dynamic retsj Bacterial growth; Cooling; Heating.
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Nomenclature

Bi

f)
Fo

Transfer area (M)

Biot number

Product thickness (m)

Thermal proliferation value

Fourier number

Convective heat transfer coefficient (WF()

Lag factor for reduced temperature profile

Slope of the linear portion of the semi-logarithrpiot of reduced temperatuvstime.

Characteristic dimension (m)

Microbial cell density at time t (CFU/mL)
Initial microbial cell density (CFU/mL)
Observed microbial cell density (IggCFU/mL)
Microbial optical density at time t

Initial microbial optical density

Predicted microbial cell density (IggCFU/mL)
Time (s)

Temperature of the product (°C)

Equivalent temperature

Temperature below which no microbial growth ocqi)
Temperature at which the microbial growth is opti(i&)
Initial product temperature (°C)

Ambient temperature (°C)

Distance from the centre (m)

Half-thickness for an infinite slab (m)

Thermal diffusivity of the product (ffs)

Overall gamma function

Thermal gamma function

Thermal conductivity of the product (W/(m.K))
Specific microbial growth rate

Optimal specific microbial growth rate th

First root of cotp = ¢ / Bi

Roots of cotp = ¢ / Bi
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1. Introduction

Predictive food microbiology involves knowledge oficrobial growth responses to
environmental factors expressed in quantitativenseby mathematical equations (models)
(McMeekin et al., 1997). It is generally agreedt tthee most important environmental factor
that affects bacterial growth in food is temperaturhis factor is constantly changing during
processing, storage and distribution of food preslEujikawa et al., 2004). At the same
time, control organizations propose stringent rexjuents regarding monitoring of the
internal temperature of products being processediristance, according to the United States
Department of Agriculture, the allowable growth Gfostridium perfringensduring the
cooling of certain meat and poultry products shdugdliimited to 1 log (U.S.D.A, 1999). In
the case of cured products, the guidelines recordntieat products’ internal temperature
should be reduced from 54.4 °C to 26.6 °C in leas 5 h, and from 26.6 °C to 7.2 °C in the
next 10 h (15 h total cooling time).

Predictive microbiology is a useful tool for assegsand controlling food safety particularly
when models are able to cope with dynamic conditisnch as changing temperatures.
Numerous published models, reported in Table letdealt with the prediction of bacterial
growth under dynamic temperature conditions. Gdlyerthese works were based on
predictive models corresponding to isothermal badtegrowths which were modified in
order to consider the effect of temperature changé®se studies primarily aimed at
assessing the feasibility of predicting the baategrowth at changing temperature. Indeed,
predicting bacterial growth under dynamic condisidras been shown to be possible via the
dynamic transformation of existing static modelscévrding to the authors of the cited studies
(Table 1), the models’ predictions agreed well watkperimental results after temperature

changes.
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Nevertheless, the considered scenarios of changmpgeratures within bacterial models were
various. In some cases, typical temperature psofilere considered either by the use of
hypothetical ones or by the adoption of real terappge scenarios recorded while the studied
products had been processed. In other cases, tatmgeprofiles were simulated from heat
transfer models. Mathematical models that integeffiectively heat transfer phenomena and
dynamic bacterial growth relationships a®arce(Amezquita et al., 2005; de Jong et al.,
2005; Zwietering and Hasting, 1997). Armitage (198&rived the temperature histories for
the deep leg and leg surface of a lamb carcassihyg finite element models for dealing with
regular shapes. Temperature function integratiochrigue (TFl) was applied to the
calculated temperature histories of five differenbling processes to simulaksscherichia
coli growth on the leg surface of each carcass durgimgga TFI technique was previously
introduced by Gill and Harrison (1985). Data redate the growth of six strains &. coli
isolated from commercially packed livers were @ttaccording to the Ratkowsky model
(Ratkowsky et al., 1982) linking the growth rataémperature. Total growth was obtained by
summation of partial growth calculated within seafied 3.75-min periods from the growth
rate for the average temperature within each pefstimated bacterial growth during offals
cooling (cooling profiles were directly recorded several offals being chilled) agreed well
with observed data withe. coli. Bellara et al. (2000) experimentally validatedcteaal
growth modelling involving a heat transfer modeltemperature fluctuations within a solid
object. From data related . coli W3110 growth in agar, a model was set up des@ibin
bacterial growth as a function of temperature. Tas then used in conjunction with a finite
difference heat transfer model describing tempesatthange in a cylinder in order to
calculate the bacterial growth that occurs in aggrinside a cylindrical glass vessel under
conduction cooling. Excellent agreement was fouretwben model simulations and

experimental data. Alavi et al. (2001) determinbé growth characteristics dfisteria
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monocytogeneis sterilized whole milk. The parameter valueshaf Baranyi dynamic growth
model (Baranyi et al., 1995) were determined. Eindlement software, ANSYS, was
implemented to determine temperature distributionsilk cartons subject to a time-varying
ambient temperature profile. The space-time-tentperadata were input to the Baranyi
dynamic growth model, to predict the microbial plapion density distribution and the
average population density in the milk carton. Aqeta et al. (2005) developed a computer
simulation scheme to analyze heat transfer phenanamd temperature-depende@t
perfringensgrowth during cooling of cooked boneless cured .h@ine temperature history of
ham was predicted from a finite element heat difflasnodel. ForC. perfringensgrowth, a
dynamic model was developed from the Baranyi’'s mtm@omous differential equation
(Baranyi and Roberts, 1994). The bacterium’s growtdel was integrated into the computer
program taking predicted temperature histories ngmiti values. Validation of the model
predictions considered three different time—temjpeeacooling histories from 54.4 °C to 7.2
°C of the geometrical centre of a large cooked lemseham. In a further work (Corradini et
al., 2006), the same data were fitted with the acl émpirical models in order to define the
three parameters temperature dependence of thefiedodersion of the logistic primary
model. The continuous rate equation was solvedementally by a numerical procedure
implemented in general purpose software. In botle2guita et al. (2005) and Corradini et al.
(2006) works, predictedC. perfringensgrowth curves obtained from dynamic modelling
showed good agreement with observed results fotefited cooling scenarios. The integrated
modelling approach for predicting microbial behavi@luring processing was reviewed by
Lebert and Lebert (2006).

Combination of predictive microbiology and food aregering allows both the assessment of a
process in relation to risk and its optimisationafltt, 2005). In spite of all the advances

made in modelling microbial growth, proposing angproving new overall models which
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combine predictive microbiology and heat transfeerqpmena is an obvious necessity. The
more simple the proposed models and the more tiedlse considered conditions are, the
easiest is their implementation to food processes.

In the present study, we aimed to develop a newtre model combining bacterial growth
prediction and food engineering. Our goal was ffier ¢verall model to be simple and robust,
with minimum involved parameters, and to integrédite process conditions. The proposed
model is the association of three equations: algiegprimary model consisting of a simple
exponential growth equation without lag time, tretk®wsky “square root” model linking the
specific growth rate to temperature (Ratkowskylgt1l®82), and a simplified two-parameter
heat transfer model regarding an infinite slab. M/lelassical models assume that ambient
temperature is immediately reached at the growttiune, this work takes into account, not
only the air temperature, but also the thicknesthefmedium, its thermal properties and the
convective heat transfer coefficient. In additioime proposed model may be easily
implemented to various micro organisms having kngnowth parameters.

2. Development of the model

2.1. Heat transfer modelling

All cooling processes for solid materials exhibihgar behaviour. After an initial ‘lag’, the
reduced temperature at the thermal centre of the tem decreases exponentially. The linear
portion of the cooling curve (obtained by plottimgy semi-logarithmic axes, the reduced

temperature(T, -T)/(T, - T,) versus time (Becker and Fricke, 2004), see Fig.ilthe
appendix) can typically be described by the singdiflinear asymptotic form of the general
heat transfer model, valid for Fourier numise>0.2 with Fo = a [d/I? wherea is thermal

diffusivity of the product,l is the characteristic dimension of the produkcts the local

temperature of the product at the timdy, is the initial temperature of the produty, is the
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cooling medium temperature (pulsed air). Consedyetite heating or cooling kinetic is

expressed as follows:

T=T,0-je™)+T,je™ (1)
Wherej is the lag factor anklis the slope of the linear portion of the semidothmic plot of
reduced temperatukesstime. The value of the parametedepends upon the product shdpe,

a and the Biot numbeBi =hl/A, whereh is the convective heat transfer coefficient betwee

the product surface area and the ambient airdaisdhe thermal conductivity of the product.
A low Biot number Bi < 0.1) indicates that the internal resistance ¢athransfer is
negligible, and thus, the temperature within thgeatis uniform at any given instant in time
while the external thermal resistance can be negddorBi > 40 (Mafart, 1997).

The governing differential equation for infiniteabl is given as follows with the initial

(uniform distribution of temperature) and boundeoydition (surface convection):

oT 0°T
- = a
ot x>

(2)

wherex is distance from the centre. For initial conditmfruniform temperature and boundary
conditions of central symmetry and convective heatsfer at the surface, solution for Eq. (2)
is supplied by the infinite series given by Carslamd Jaeger (1986) (see Eqg. (20) in the
appendix). It is a general knowledge that use effitst term of this series would be enough
when the Fourier number is greater than 0.2 siheetémperature change after that certain
time would be linear (Becker and Fricke, 2004; Bamét et al., 2002; Caro-Corrales et al.,
2002; Dincer, 1996; Erdogdu, 2005). As long asthemal diffusivity is constant, this first

term approach may be easily used to determineethedrature change with Eg. (1) and with

the known heat transfer coefficient value:
k=¢%a/1? at any given position in the infinite slab whefés the first root of the following

equation:
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cotg = % 3)

At the half thickness of the infinite slab,

2sin
j= —¢ (4a)
@ +sing cosp
At the surface of the infinite slab,
_ 2sing cosyp (4b)

' " prsingcosp
With respect to the cooling/heating of the prodiurting the initial ‘lag’ periodfo < 0.2), we
assumed a straight linear link betwdgrand temperature at time correspondingac= 0.2.
2.2. Bacterial growth modelling
As a primary model, a simple exponential growthheiit lag time was assumed:

N = N,e* (5)
WhereN is the cell number at timig Ny is the initial cell number and the specific bacterial
growth rate at time
The gamma function corresponds to a comparisondaset the growth rate of microbial cells
growing at given environmental conditions and th@iroum growth rate that would be

measured at optimal conditions (Zwietering etE92):

r=_* (6)
Iuopt

In the framework of standard calculations aimingctoimpare processes to each others, a
simplified gamma function depending only on tempee can be derived from the “square
root” model of Ratkowsky et al. (1982) modified Byietering et al. (1992)

y(T)=(ﬁ]z ™

Topt - Tmin
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Where Tmin is the temperature below which no microbial growitcurs andT,y is the
temperature at which the microbial growth is optima

If a process has to be intrinsically assessed déggs of the characteristics of the foodstuff, a
partial proliferation value may be involved. If thazal temperature at which the bacteria are
growing is the single considered factor, MafartQ20defined a “thermal proliferation value”

as:

f= [ AT)dt ®)
This value has the dimension of a time and cormdpdo a time-temperature cycle that
would yield the same proliferation ratio than awgtto of f units of time at the optimal and
constant temperature (Mafart, 2005).

The original differential form of equation (6) is:

LA )= ] @

the solution of which yields:

2
N T-T,
— =ex ———mn | gt 10
N ﬁ{u IQ(TON_TMJ } (10)

This model can be easily combined with heat transfedels permitting the obtainment of an

analytic solution yielding the overall model. Naokat, even for complex foodstuff shapes, an
analytic solution of the model is possible, proddbat thermal parameters of equation (1) (
andk) can be empirically determined from a temperateggstration and a linear regression
of reduced temperature.

The concept of thermal proliferation value may Isefully completed by that of equivalent

temperature, which corresponds to the constant @eatyre that would yield the same

proliferation during the duration of a thermal @/ cA cooling/heating process can then be

10
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characterised and be compared with others by itatidm and its equivalent temperature
(Mafart, 2005).
AT Jt= 1 (12)

where time is expressed in hours. The combinatidhie last equation with Eq. (7) yields:

Teq = Tmin + (Topt _Tmin )\E (12)

2.3. Overall model

The overall model developed in the present stualgsaio consider the convective heat
transfer coefficient and the temperature of the iantbmedium when predicting bacterial
growth under dynamic conditions of temperature.

Combining Egs. (1) and (7) the obtained time-depengi(T) function is employed in Eq. (8)

in order to express, by integratidhas a function off:

f I(T) i k(T pt _Tmin )2 (13)

[o]

(T =Ty Pt 20(T =T )T, - Jame)+ 11, -7, Pl-e™)

The substitution of in Eq. (13) by its above-cited expression enatilescalculation of the

equivalent temperature as follows:

i 2
k(Tw ~ Thin )2t +2] (Too ~Tin )(To -T. )(1_ e_kt)"' 12 (To -1, )2 (1_ e_2kt)

T, =T, + 14
eq min kt ( )

The implementation of the Eq. (10) Te, of the thermal process yields:

2
N Teq - Tmin
—=eX — |t 15
N, {ﬂopt[Topt T j ] (15)

The overall mathematical model corresponds to Hs@ation of these two last equations.
The determination of thgvalue at the centre (Eq. (4a)) or at the surfé&mp (4b)) of an

infinite slab allows the calculation of the corresding Teq values. The parametés is

11



233 determined from Eq. (3) at any given position ia groduct and wittBi which includes the
234 convective heat transfer coefficiemthat will be changed in the experimental validatan
235 the overall model.

236

237 3. Materialsand methods

238 3.1. Micro-organism and inoculum preparation

239 E. coli SOR 201 (isolated from cheese), provided by SOREDRABoratory (France), was
240 stored at -80 °C in nutrient broth supplementedhv0% glycerol. The inoculum was
241 prepared by subculturing the bacterial strain i@ bL of nutrient broth (tryptone 10 g/L,
242 meat extract 5 g/nd sodium chloride 5 g/L. pH 7.2+0.2) at 37 °Ceaorotary shaker (100
243 rpm), subsequently for 8 h and 16 h.

244  3.2. Experimental setup for the model validation at constant air temperature and
245  changing convective heat transfer coefficient

246  3.2.1. Growth measurement

247 Growth curves were determined by the measurementbsforbance changes with a
248 spectrophotometer (Milton Roy, Spectronic 301) @0 &im wavelength. Absorbance was
249 measured with sterile nutrient broth as a blankn@as were filled in glass “growth flasks”
250 specially designed for the measurement of the absae of the content without sampling. A
251 calibration experiment was done to determine theetation between viable counts and
252 absorbance data in nutrient broth permitting thiemadion of the bacterial concentrations
253 from absorbance values. Samples were incubated £IC3in a shaking water bath and
254  bacteria were grown until stationary phase. Thecaptlensity was periodically measured and
255 one mL was simultaneously removed from the solutmrbe analyzed by the plate count
256 method. The experimental dataset was fitted withdkponential model proposed by Juarez

257 Tomas et al. (2002) to fit the calibration equatidmch can be written as follows:

12
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LnN = a(OD)’ (16)
WhereN is the bacterial concentratio®D is the corresponding optical density (600 nm)
measured at timeanda andb are empirical parameters.
Fig. 1 depicts the experimental data and the aldom curve relatingD to viable counts.
Estimates of parametessandb were respectively assessed to 22.8 [22.6 .. 2th€]0.090
[0.087 .. 0.093] R = 0.999 andVSE = 0.009).
Francois et al. (2005) demonstrated that a temeratf 4 °C had no significant statistical
effect on the linear calibration curve compareaptimal conditionsT 30 °C, pH 7,4 and,,
0.995) in BHI medium. Consequently, we didn’t penfiothe calibration experiment at other
temperatures than 30 °C (the initial product terapee at all the experiments).
3.2.2. Simulation design
Five combinations of thickness of an infinite slabnvective heat transfer coefficient and
chilling temperature were input (Fig. 2) for thdccaation of thermal parametefsandk. A
simulated growth curve related to each combinatvas then calculated from Egs. (14) and
(15). Anh value of 8 W/(mM.K) corresponds to the absence of fan (particulariynventilated
zones or in equipment inside which heat is transfeby natural convection) while &invalue
of 60 W/(nf.K) corresponds to a strong air fan (in the castfed convection). Moreover,
according to Kondjoyan (2006), average heat transfeefficient values (W/(fK))
calculated under different air velocity (0.2 — 5m0s”) and free-stream turbulence intensity
conditions (5 — 40 %) ranged from 1.3 to 42.0 fairaular cylinder and from 2.3 to 60.0 for
meat products (Beef carcass, pork hindquarter amb Icarcass (loin)). Furthermore, Ben
Amara et al. (2004) studied the effect of varioastdrs (air velocity, position, air-product
temperature difference) on the transfers durindiegavith a low air velocity (< 0.2 m/s), of
an in-line stack of spheres and measutedhlues ranging from 8 to 19 W/K) for air

velocity varying from 0.03 to 0.19 ni's

13
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3.2.3. Conditions of growth for the validation of the model

Corresponding to each combination of slab thickmegsconvective heat transfer coefficient,
cooling profiles and bacterial growth were simutlatd the centre and at the surface of an
infinite slab shaped product. The product therniffiisivity and thermal conductivity values
input in the calculations were assumed to be efguildose of water determined at 25 °C, i.e.
1.43.10" m?/s and 0.6 W/(m.K) respectively.

Furthermore, inpuflop, Tmin @and Top Values ofE. coli SOR 201 were respectively equal to
2.66 h', 3.28 °C and 42.03 °C in nutrient broth. Theseiealwere estimated from forty six
growth kinetics conducted at 11 constant tempegatuanging from 10 °C to 46 °C.
Experimental datasets were fitted and growth cparameters (maximum growth rajen,),

lag time, initial and maximum population densitiggre estimated from the primary growth
model of Baranyi and Roberts (1994). The obtaipgdx values were fitted with the
secondary cardinal model (Rosso et al., 1995)dleroto estimate the optimal growth rate and
the cardinal temperatures Bf coli SOR 201 (see Fig. A2 in the appendix).

In order to validate the overall mathematical modelveloped in the present work,
experiments were conducted under a changing temopenarogram which corresponds to the
simulated cooling profiles of the surface or thaetoe of the product. All the prepared material
was pre-chilled/heated to the initial temperat@@ {C). Subculture was diluted to provide an
inoculation level ranging from £Go 10 CFU/mL at the starting of the test. Samples were
filled in glass “growth flasks” allowing the measunent of the absorbance of the content,
during the experiment, without sampling. Their shgkwas guaranteed by a magnetic
shaking table. Samples were instantly incubated prabdically removed so as to measure
optical densities (at 600 nm) in the course ofdkperiment. Experiments were carried out in
triplicate. The chilling was monitored with a referated and heating circulator (FP40-HE,

Julabo Labortechnik GmbH, Germany) allowing a terapge stability of +0.01 °C.

14
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3.3. Experimental setup for the model validation at changing air temperature and
constant convective heat transfer coefficient

For a further validation of the model, more comgiéx] temperature scenarios were tested
assuming alternated cooling and heating stagesed®er, an inoculation level ranging from
10° to 1¢° CFU/mL was used in order to consider more realibficterial concentrations
encountered in food industry processes.

Three different ambient air temperature scenariswn from real refrigerated food
processes, were tested (cf. Table 2).

Corresponding to each air temperature scenariopaeature profiles and bacterial growth
were simulated at the centre and at the surfa@nahfinite slab shaped product. At all the
tested temperature scenarios, the initial prodectperature, the product thickness and the
convective heat transfer coefficient were respetgiequal to 15 °C, 0.12 m and 8 WF(K).
Input popt, Tmin @nd Topt Values ofE. coli SOR 201 are mentioned above. Typical beef meat
thermal diffusivity and thermal conductivity valyesspectively equal to 1.25:16n%s and
0.42 W/(m.K), were input in the calculations.

Experiments were conducted under thermal programmishwcorresponded to the simulated
temperature profiles of the surface or the cenfreghe product. Subculture was diluted,
samples were filled in glass “growth flasks”, ingtg incubated and periodically removed so
as to perform the viable count measurement in these of the experiment. Experiments
were carried out in duplicate. The thermal prograas monitored with the refrigerated and
heating circulator (FP40-HE, Julabo LabortechnikidbBinGermany). At each sampling time,
1-mL aliquots were aseptically removed from eadlo¥gh flask”, serially diluted in tryptone
salt broth and plated on nutrient agar (15 g/Lhwitdouble layer. Petri dishes were incubated
at 37 °C for 24 h and colonies were counted.

3.4. Validation and assessment of the quality of the overall model

15
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Model accuracy was assessed by the estimationrdidemce bands of predictions by using
the bootstrap percentile method (Efron and Tibsinire993). Forty six growth kinetics were
performed in nutrient broth at 11 constant tempeegt ranging from 10 °C to 46 °C (data not
shown). Bootstrap of each kinetic was made in otdetake the experimental errors of
kinetics into account. The appropriate residualeaufh kinetic were drawn with replacement.
Twenty five thousands bootstrap set of primary pet@rs were obtained. Each set of
bootstrappedimax values were used to fit the secondary model. Tdamistrapped values of
parameterd min, Topt anNdiop: Were used to predict the bacterial growth withdlierall model.
Secondary observed residuals were drawn with replaot and added to the predicted
value. Primary residuals were added to the predlikieetics to consider the experimental
error of cell number estimation. Twenty five thooda bootstrapped growth kinetics were
obtained for each validation experiment and somedscending order at each calculation
time. The quartiles 2.5% and 97.5% of the sorteatdicapped kinetics were taken to give the
inferior and superior limits. These points werekéd to give an approximation of the 95
percent confidence bands of the predicted growtletids. To validate the assumptions made
and the model, less than 5% of the points musbfabide the confidence bands.

With regard to the assessment of the quality of dkerall model predictions various
statistical criteria were calculated at all thetadsconditions of validation experiments.
Correlation coefficientsR) between observations and predictions were cakailasing the
‘corrcoef’ function of MATLAB 6.5. The correlationoefficient is related to the covariance

covby:

- covi, j)
R01)= ot eod i) an

wherei is the observations index ani the variables index.
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Bias factorB; (Eq. (18)) and Accuracy fact@% (Eq. (19)) were calculated as proposed by
Jeyamkondan et al. (2001). These factors weraliyitintroduced by Ross (1996) but here,

the predicted values are normalized.

B, = 1OZ|09(F’/O)/n (18)

Af zloz\log(P/O)\/n (19)

whereO andP are observed and predicted microbial population®g, CFU/mL andn is
the number of observations. The bias factor indgahe relative average deviation of
predicted and observed bacterial grovidbweverit has to be kept in mind that this deviation
does not directly concern the size of the poputatiut its logarithmic transformation which
reduces the effect of outliers.

A bias factor of 1 indicates perfect agreement betwobserved and predicted values.
However,B; > 1 or < 1 indicates that the model preditapper than or lower than observed

values.For—exampleB;

valbesby-106%The accuracy factor gives indication of the spre&dhe results about the

predicted value. An accuracy factor of 1 represeetfect agreement between observed and
predicted values. This parameter quantifies théemihce between observed and predicted

values.

4, Reaults

4.1. Moddl validation at constant air temperature and changing convective heat transfer
coefficient

4.1.1. Growth simulation

Thermal programs tested at the validation stage wglized at five different combinations of

product thicknessH), convective heat transfer coefficiefi) @nd refrigeration temperature
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(T) (Fig. 2).

The obtained cooling profiles and growth predicticare presented in Fig. 3. As a rule,
bacterial growth kinetics were faster at the pradtentre than at its surface. In cases of
lowest thickness, simulated computing profiles éhd 2c) were practically identical leading
to the same bacterial growth predictions (1g andaghe centre and at the surface of the
product. In fact, in these two experiments the pobdhickness was sufficiently low to
prevent a clear observation of an internal tempeeagradient and the internal heat resistance
may had been neglected. In contrast, the differbet@een simulated theoretical temperature
kinetics at the centre and the surface of the mbdiere more marked in the cases of the
highest thickness leading to an important thermadlignt within the product (3c and 4c). For
that matter, the most important differences betwatarnal and surface growth kinetics were
obtained in these two cases (3g and 4g), partigular the case of low heat transfer
coefficient.

On the other hand, additional simulated growth esrat constant temperatures equal 0
were presented in Fig. 3. The aim of these furthgreriments was to compare the bacterial
growth that really occurs when temperature dynathemnges at the centre and at the surface
of the cooled product are considered, with the gnaat would occur if external and internal
resistances were neglected.

4.1.2. Validation results

Each validation experiment regarding eadh, (h, E) combination (Fig. 2) was conducted
under two different refrigeration programs whichiresponded to the simulated cooling of the
surface and the centre of the infinite slab-shgmediuct yielding a total of eight validation
tests. These tests lasted 24 hours with an inéraperaturely, of 30 °C. In order to validate
the overall mathematical model, Fig. 4 depicts jgted and observe&. coli SOR 201

growth during the simulated cooling at the centrehe surface of the product for the five

18



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

cases presented in Fig. 2. A fair agreement betweedicted and observed growth can be
noted, and the observed growth dataEofcoli SOR 201 were found to be adequately
predicted by the overall mathematical model. Fathg@aredicted growth kinetic, 95 percent
confidence bands calculated with bootstrap methedadso presented in Fig. 4. All the
experimental data fell inside the confidence basbewing that the overall model was
successfully validated at the tested conditions.

On the other hand, the quality of the overall mgatediction was assessed by the calculation
of correlation coefficientB; and A; (see Table 3). The correlation coefficients weighér
than 0.975 showing that the bacterial growth watssfsatorily predicted by the overall

model. At all the instances, bias factors rangethf.98 to 1.00 indicating that-average,

athe overall

Agreement between model predictions and experirhgatalation results was also assessed
by plotting predicted bacterial growth versus otedrbacterial growth (Fig. 5). A perfect
agreement between predicted and measured growtbhsasved for 30.80% of experimental
data. A percentage of 25.36% of the observed—pgextlicalues’ pairs were laying under the
line of equivalence while 43.84% were laying abtheline of equivalence.

4.2. Model validation at changing air temperature and constant convective heat transfer
coefficient

4.2.1. Growth simulation

Fig. 6 illustrates the simulated thermal profilesl dacterial growth kinetics according to the

conditions presented in Table 2 and 83.3. Thermdl laacterial growth simulation results
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showed important differences of temperature prefdad growth between the product centre,
the product surface and the ambient air. Durin¢ihgathe highest bacterial growth was
observed when simulations were carried out atemperature, followed by the product’s
surface and then by the product’s centre. Conwersel opposite trend was observed during
cooling. From a safety point of view, neglectingihigansfer phenomena that occur inside the
product and between the ambient air and the pradunbre dangerous at cooling stages than
at heating stages. Nevertheless this hazard depentti&e temperature and duration history of
the cooling/heating stages. Consequently it's vergortant to take into account the actual
temperature of the product surface or centre raten the ambient air temperature for a
reliable bacterial growth prediction.

4.2.2. Validation results

Validation results regarding the three tested antlseenarios are presented in figures 7 and
8. The observed growth datatf coliSOR 201 were found to be adequately predicted &y th
overall mathematical model. On the other hand, tkas 5% of the experimental data fell
outside the 95 percent confidence bands showingthieaoverall model was successfully
validated at the tested conditions. Table 4 prest statistical criteria related to the data of
validation at changing air temperature and showeetaiion coefficients higher than 0.944 at
all the tested conditions. Bias factors obtainedllathe assays were higher than 1 showing a
slight over-prediction tendency by the mod&lvalues (lower than 1.13 at all the instances)
indicate that the overall predictions agreed wathwobserved data. Fig. 8 shows predicted
bacterial growth versus observed bacterial growith eonfirms that the overall model was
successfully validated, with a slight over-predinti tendency, for the tested dynamic
refrigeration cycles.

5. Discussion
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Traditionally, when simulating a bacterial growthuirihg a product cooling or heating,
predictive microbiology took only the ambient antperaturento account, ignoring delays
and temperature gradients due to external anchaiténermal resistances linked to the effects
of the medium thickness and of the convective leaisfer coefficient on the rate of heat
transfer. All the studies cited in Table 1 haveleated the prediction of bacterial growth
under dynamic temperature conditions taking intgoaat only the temperature of the
cooling/heating medium. Assuming that the bactegmbwth directly occurs at the
temperature of air is not valid. In fact, the lotaimperature at any given position in the
product depends upon boffy, and h. In the present study, predictive microbiology was
combined with heat transfer phenomena in ordereteeldp an overall mathematical model
describing the effect of the ambient temperature the convective heat transfer coefficient
on bacterial growth. The proposed method in thiskwe different than those in previous
studies which combined predictive microbiology aheat transfer (Alavi et al., 2001;
Amezquita et al., 2005; Bellara et al., 2000; Cdimgaet al., 2006). An experimental method
was implemented in order to validate the model Itesurhermal profiles were firstly
simulated at the centre and at the surface of tfimite slab shaped product. Then,
experiments were conducted under a changing tetoperarogram corresponding to the
simulated temperature kinetics. The validation led bverall model was performed by the
comparison of the measured bacterial growths witkdehpredictions at constant ambient air
temperature and changing convective heat transfefficient and product thickness (five
different combinations of product thickness, coniecheat transfer coefficient and cooling
air temperature were tested), then at changing emhlaiir temperature and fixed convective
heat transfer coefficient and product thicknesee@hdifferent ambient air scenarios assuming
alternated cooling and heating stages, drawn freat refrigerated food processes, were

tested).
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As expected, the results of the computer simulattelated to single cooling stage
experiments showed that the bacterial growth kisetiere faster at the product centre than at
its surface. Moreover, the importance of the immddhe convective heat transfer coefficient
and of the product thickness on the bacterial dgnosdring the cooling of an infinite slab
shaped product by pulsed air was pointed out. Aexample, at the product half thickness,
the level of bacterial growth accomplished aftérirs of cooling witth = 8 W/(nf.K) (case

3) was the same after 16.5 hours with 60 W/(nf.K) (case 4) For these casahe product
thickness was the same and the cooling air temyeratasin case 3 4°C lower than in case
4. Similarly, at product half thickness, the coolitime needed to reach a same bacterial
growth with low or high product thickness (1 cmciase 2 and 6 cm in case 4) was estimated
to 17.5 hours and 8 hours, respectively, for thmesaonvection level (60 W/HK)). The
slowest simulated bacterial growth was observedh witermediate product thickness and
convective heat transfer coefficient (case 5). Mueg, it obviously appears thete validity

of the assumption of an instantaneously thermal equilfbribetween the product and the
cooling medium with regard to bacterial growth epdnding on thével of convectionin
fact, predicted growth kinetics at the surfacehef product were close to those predicte@.at
for high heat transfer coefficients)(equal to 60 W/(mK), which corresponds to a strong air
fan (Fig. 3: 2g and 4g). At this instance, neglegtihe external heat resistance may be
accepted particularly for low product thickness ) where there’s no internal heat
resistance too. Oppositely, for low heat transfesfiicients f) equal to 8 W/(rhK), which
corresponds to the absence of fan, (Fig. 3: 1g Zg)dimportant dissimilarities between
predicted growth kinetics at the surface of thedpm and afl., may be observed. Indeed,
assuming no external heat transfer resistancetigatid especially for high product thickness
of 6 cm (Fig. 3: 3g) where the bacterial growtht thecurs when the product is cooled frdm

to T. was clearly higher than that at an immediatelhed temperaturé... In this case, a
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difference of 1.35 log(CFU/mL) between the bacterial populations at thedpct surface
and atT. was reached after 24 hours of growth. Besides)guttie bootstrap percentile
method for the estimation of confidence bands edtions, the model was successfully
validated at all the tested conditions.

Concerning the results related to alternated cgadimd heating stage experiments, the model
was successfully validated at more complicated antbair scenarios and lower inoculation
levels by plate count measurement method. Theseltseshowed that, in predictive
microbiology, assuming an instantaneously thermaildrium between the product and the
ambient medium is not valid and may have large eguences on risk assessment of
refrigerated food processes (see Fig. 9).

To assess the quality of the overall model, predidbacterial growth was compared to
observed growth according to several statisticééma related to the data of validation. Our
results pointed out a good agreement between peelddnd observed growth.

On the other hand, in the overall model, as a pynbacterial model, a simple exponential
growth without lag time was assumed. In other woitds supposed that the bacterial growth
occurred without delay when the product temperatwes continuously changing. Our
assumption is in agreement with several previoudias. Although the fact that organisms
need to adapt to the new temperature, so thatghelyrough a lag phase caused by the stress
of the temperature shift, was largely noticed tarature (Amezquita et al., 2005; Baranyi et
al., 1995; Koutsoumanis, 2001; Zwietering et a@94), the lag phase duration was rarely
considered in predictive models. In accordance withwork, no further delay occurring after
temperature shifts, once a cell population is gngnexponentially, was frequently assumed
(Baranyi et al., 1995; Bovill et al., 2000; Koutsaanis et al., 2006). Although, Swinnen et al.
(2005) demonstrated that temperature shifts crgssitag/no lag transition zone (positioned

more or less between 22.78 and 23.86 °(Efaroli K12 MG1655) will cause an intermediate
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lag phase, we consider that neglecting contingeatmediate lag phase by our model may be
a valid approach. In fact, simulated thermal pesfiat product surface or centre due to heat
transfer phenomena (see Fig. 3 and Fig. 6) progedgschanged with time and cannot be
regarded as instantaneous temperature shifts witkn gamplitude which may generate
intermediate lag phases.

Paradoxically, the complexity of foods’ shapes #rallack of knowledge about their physical
properties dictate the utilization of simple mod&le took as an example the case of infinite
slab, but the model can be generalised to complages. A classical and relevant approach is
of course, the implementation of numerical modgllidnother approach is related to the
well-known Ball method (Ball, 1923) with its two @mical parameters, for heat treatment
processes calculations. Because foodstuffs shagesamplex and because their thermal
properties are often unknown, it can be relevanif@ement a simple model including only
two parametersj @ndk of Eq. (1)) which can be easily empirically estiethfrom a simple
temperature registration and a simple linear resjpasof the reduced temperature (which is
linearised from a logarithmic transformation). Nakeat errors which can be generated by
“simplistic” heat transfer models are minor comphte errors which are linked to the
“biological background”. Moreover, the overall mbad=an be used for any bacterial strain
having known growth parametefgin, Top: andpop. Accordingly, the proposed model can be
used for designing safe cooling or heating proceasel may be considered as a very useful

tool for risk assessment regarding food safety@ndess optimisation.
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550 6. Appendix

551 Equation of the the infinite series given by Casrsénd Jaeger (1986):
552 ol _y 250y ok g X |exd-4,Fo) (20)
Too _TO ! ¢n +S|n¢n Cos¢n Xmax
553  with Xmaxis half-thickness for an infinite slab ag are the roots of the equati@oty = g :
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Fig. A2. Fit of the cardinal model on,,, values measured in nutrient broth (x). The dashed

559 line denotes the fitted model on the experimerditdd
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Figure captions

Fig. 1.

Calibration curve between viable counts and absudadata depicted with solid line.

Experimental data measured at 30°C in nutrientbaot marked witha)).

Fig. 2.

Experimental design implemented for the validatioh the overall model at different
combinations (mentioned with numbers from 1 tof)reduct thicknessH), convective heat

transfer coefficienti) and refrigeration temperaturé.d).

Fig. 3.

Cooling scenarios (from 1c to 5c¢) and bacterialnghocurves (from 1g to 5g) obtained from
simulation of the overall model at the five caséshe experimental design. Symbols in

predicted cooling profiles: temperature of prodeetre (line—) and temperature of product

surface (lined [1J). Symbols in predicted growth curves: bacteriavgh at product centre

(line —), bacterial growth at product surface (line[ 1] ) and bacterial growth that occurs at

T, (line.....).

Fig. 4.

Comparison of predicted and obsentestherichia coliSOR 201 growth during coolinge
casel at the centre or the surface of the protluctase2 at the centre or the surface of the
product.c: case3 at the product centde. case3 at the product surfaeecase4 at the product
centre.f: case4 at the product surfage.case5 at the product centhe.case5 at the product
surface. Symbols in experimental data:o, A. Predicted growth curves estimated by the
overall model are presented with (linre). 95 percent confidence bands obtained with

bootstrap method are presented with (line).
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Fig. 5.

Predicted bacterial growth from the overall modeisus observed bacterial growth obtained
with constant air temperature. Symbais{case 1)0 (case 2). Symbols related to product
surface experiments: (case 3)A (case 4)0 (case 5). Symbols related to product centre
experiments; (case 3),. (case 4), x (case 5). The line of equivalence betwpredicted and

observed growth is marked with (lirg.

Fig. 6.

Thermal profiles (from 1c to 3c) and bacterial gtlowurves (from 1g to 3g) obtained by
simulation of the overall model at the three ambiaim scenarios. Symbols in predicted

cooling profiles: temperature of product centregl—) and temperature of product surface

(line O [I3J). Symbols in predicted growth curves: bacterialvgh at product centre (line

—), bacterial growth at product surface (lide (1) and bacterial growth that occursTat

(line.....).

Fig. 7.

Comparison of predicted and observiéscherichia coliSOR 201 growth during thermal
processing at changing air temperataec ande depict the model validation results at the
product centre according to cycle N°1, cycle N°2 aiycle N°3, respectivelyb, d and f

depict the model validation results at the prodiwsface according to cycle N°1, cycle N°2
and cycle N°3, respectively. Symbols in experimedtta: o, o. Predicted growth curves
estimated by the overall model are presented witle (-). 95 percent confidence bands

obtained with bootstrap method are presented Wit {—).

Fig. 8.

Predicted bacterial growth from the overall modetisus observed bacterial growth obtained
with changing air temperature. Symbols related rodpct surface experiments: (Cycle
N°1), - (Cycle N°2),A (Cycle N°3). Symbols related to product centreegipents:o (Cycle
N°1), . (Cycle N°2),+ (Cycle N°3). The line of equivalence between pretl and observed
growth is marked with (line-).
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Fig. 9.

Comparison of the bacterial growth prediction abant temperature according to cycle N°1
with the model validation results at product’s cerf) and at product’s surface)( Symbols

in experimental datao, o. Symbols in predicted growth curves: bacteriamhgloat product’s
surface or centre (line), bacterial growth that occurs &4 (line .....). 95 percent confidence

band of predictions &t., obtained with bootstrap method is presented itle {——).
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803 Table1l
804 List of previous works dealing with models predigtithe bacterial growth under dynamic
805 temperature conditions
806
y Mode Secondary model Solution method Validation coondsi R
ind Robert Quadratic polynomial Numerical solution by theRates of change of T ranging fronBovil
aranyi  anc model. fourth order Runge-Kuttal.7°C.h' to a virtually instantaneous
9, method. change: cooling from 25°C to -2, 2, 5 or
10°C and heating from 2°C to 25°C.
Jistic mode  Arrhenius equation. Numerical solution by théarious types of a dynamic temperatuteujik
fourth order Runge—Kuttahistory with various intervals were2004
method. studied for of Escherichia coli 1952
growth prediction.
ind Robert A modified Ratkowsky Numerical solution by theGrowth of Salmonella Enteritidisn egg Gum
aranyi  anc equation (Zwietering etfourth order Runge—Kuttayolk under varying temperature profileal., 2
9, al., 1991). method. (exponential and linear cooling,
exponential heating and sinusoidal
temperatures).
. form of the A modified Ratkowsky Numerical solution by theGrowth of Clostridium perfringensin  Huar

node(Gibson

equation (Zwietering etfourth order

al., 1991).

method.

Runge—Kuttacooked ground beef under fluctuating
temperature conditions between 30°C
and 45°C (square waved) and under
continuous temperature changes from

51°C to 10°C (linear and exponential

cooling).
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807 Table 2

808 Tested temperature scenarios for the validatioim®imodel at changing air temperature and

809 constant convective heat transfer coefficient egjtmB W/(m.K)

810
Stage of the cycle Temperature (°C)Duration (h)
Cycle N° 1
Storage in a cold room 2.5 24
Refrigeration stopped due to an accidental faitdrine installation 21 24
Repaired breakdown and remaining product in the cmbm 2.5 24
Cycle N° 2
Industrial storage and transport 9.5 18
Household doorstep delivery 30 4
Storage in refrigerator 9.5 24
Product on the table 30 2
Remaining product in the refrigerator 9.5 18
Cycle N° 3
Storage and transport 5 24
Storage in the refrigerated cabinet 12 24
Household doorstep delivery 25 4
Storage in refrigerator 8 24
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811 Table3
812  Statistical criteria related to the data of validatat constant air temperature and changing

813 convective heat transfer coefficient

814
Test conditions R B A
Case 1 0.996 0.98 1.03
Case 2 0.996 0.99 1.01
Case 3 0.987 0.98 1.04
at product centre
Case 3 0.987 0.99 1.02
at product surface
Case 4 0.976 0.99 1.05
at product centre
Case 4 0.986 0.99 1.03
at product surface
Case 5 0.975 0.99 1.03
at product centre
Case 5 0.994 1 1.01
at product surface
815
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816
817 Table 4
818 Statistical criteria related to the data of validatat changing air temperature and constant

819 convective heat transfer coefficient equals to @mitK)

820
Test conditions R B A
Cycle 1 0.991 1.05 1.05
at product centre
Cycle 1 0.992 1.04 1.05
at product surface
Cycle 2 0.963 1.08 1.08
at product centre
Cycle 2 0.986 1.06 1.06
at product surface
Cycle 3 0.944 1.13 1.13
at product centre
Cycle 3 0.964 1.09 1.09
at product surface
821
822
823
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