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t: This paper is fo
used on the mass loss rate during the ripening of surfa
e-mould 
heese. From me
hanisti
 laws, the idea is to 
arry out simpli�
ationswithout loss of a

ura
y and to perform sensitivity analysis for model inputs. Thehigh signi�
an
e of a

urate relative humidity and gas 
omposition measurementsand the low in�uen
e of the atmospheri
 temperature are pointed out. The modelreliability a

ording to three key parameters (emissivity, surfa
e water a
tivity andaverage heat transfer 
oe�
ient) is also des
ribed.Copyright 
©2007 IFACKeywords: modelling, model redu
tion, sensitivity analysis, error estimation,food pro
essing, 
heese ripening.

1. INTRODUCTIONRipening is a key step in the manufa
ture ofsurfa
e-mould 
heese. A mi
robial 
onsortium a
-tivity is mainly responsible for the organolepti

hara
teristi
s of these 
heeses. It is in�uen
edby the ripening 
hamber atmosphere, whi
h is
hara
terized by temperature, relative humidityand gas 
omposition.In parallel of these transformations, gases ex-
hanges due to evaporation and 
arbon dioxideemission are noted. Ramet (Ramet, 2000) has es-timated a mass loss of 3 to 8% during the ripeningdepending on the 
heese-type. As a general rule,
heese mass loss during ripening a
ts on pro
essprodu
tivity. For prote
ted designation of origin(PDO) 
heese, the weight is a 
onformity 
rite-rion (e.g., Camembert-Normandie PDO requiresa �nal weight of 0.25 kg).

Heat and mass transfer are 
ommonly studied in
ooking and drying pro
esses but little data havebeen published about the 
heese ripening. Twospe
i�
ities of the 
heese ripening di�er from the
ooking and drying pro
esses: On one hand, thetemperature variations are lower and the atmo-sphere relative humidity is 
lose to saturation.On the other hand, biologi
al transformationsare more important than physi
al and 
hemi-
al 
hanges. Cheese ripening 
an be 
onsideredas solid substrate fermentation (SSF). Raimbault(Raimbault, 1998) summarized several aspe
ts ofSSF:
• Biomasses measurements are very di�
ultand dire
t evaluations are mostly impossi-ble. In some 
ases, mi
robial growth is esti-mated with respiratory metabolism (oxygen
onsumption and 
arbon dioxide release mea-surements).
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• Heat transfer limitation is probably the most
ru
ial fa
tor in large-s
ale SSF pro
esses.Respiration is highly exothermi
 and evap-oration is the major element for temperatureregulation.In industrial 
ontext, measurements bias (e.g.wrong 
alibrations or inadequate sensor positions)
annot be negle
ted in regard to the pro
ess moni-toring. The aim of a sensitivity analysis is to assessthe relative importan
e of input fa
tors in thepresen
e of �nite ranges of un
ertainty (Saltelliet al., 2006). Several methods exist (Saltelli etal., 2006; Rabitz, 1989; van Keulen et al., 2005)and varian
e based methods are mostly used."One fa
tor at a time" approa
hes are dedi
atedto linear systems; for non-linear systems, se
ondand higher order e�e
ts must be taken into a
-
ount, e.g. the (Sobol', 1993) or the (Morris, 1991)methods. In fa
t sensitivity analysis must be re-garded as a part of the modelling pro
ess to allowextrapolation and validation.In this paper, we give an overview of a 
heese massloss dynami
 modelling. A simple model is builtwith the smallest number of parameters values aspossible determined by model �tting. The 
on-stants are then determined from the literature or,in a few 
ases, from experimental measurements.In this model, the atmospheri
 variations are notrepresented and are 
onsidered as inputs.The sensitivity analysis of this study has twoobje
tives. First, the idea is to represent the
onsequen
es of online a
quisition sensors errorson the mass loss dynami
. For this, deviationsare determined a

ording to input errors withunbiased parameter values. Se
ondly, in order to
he
k the model reliability a

ording to estimated
onstants, sensibility analysis for the parametersis 
arried out with input ranges 
orresponding toripening 
onditions.2. MATERIALS AND METHODSSoft 
heeses (Camembert type) were manufa
-tured in a sterile environment as previouslydes
ribed (Le
ler
q-Perlat et al., 2004). Afterdrainage, 45 
heeses were asepti
ally transferredto a sterile ripening 
hamber. The average weighof 
heese was 0.333 kg with a standard deviationof 0.023 kg.The ripening 
hamber (0.91m3) was pla
ed intoa refrigerated room to allow the temperatureregulation. The defrosting 
y
le had an 8 hoursperiod, whi
h indu
ed temperature 
hanging: anin
rease of 1◦C during the �rst hour of the 
y
le.A 
heese was 
ontinuously weighted with anele
troni
 balan
e. A 
ombined sensor measured

atmospheri
 temperature and relative humidity6 
m above the weighted 
heese. Atmospheri

hanges were also 
hara
terized with CO2 and O2sensors (Pi
que et al., 2006). When the ripening
hamber was used without input air�ow, varia-tions of these gas 
on
entrations were dependingonly of 
heese respiratory a
tivity (CO2 produ
-tion and O2 
onsumption). The ripening was per-formed with a periodi
ally renewed atmosphere: ifne
essary, the CO2 
on
entration was de
reased to2% by daily air inje
tion with 6 m3/h �ow rate. Inpra
ti
al, the atmosphere was not renewed ex
ept30 min per day.The ripening duration was 15 days, 
heese wereturned over on day 5. All online data were 
arriedout with a 6 min a
quisition period.3. MODELLING OVERVIEW3.1 Cheese mass lossBiologi
al a
tivities indu
e a matter �ux betweenthe 
heeses and atmosphere of the ripening 
ham-ber: oxygen 
onsumption and 
arbon dioxide re-lease. Aerobi
 metabolism is the major pathwaywhen the respiration quotient (RQ) is 
lose toone, as observed for Camembert-type 
heeses,(Pi
que et al., 2006). ro2
, the O2 
onsumption,and rco2

, the CO2 produ
tion rates (mol.m−2.s−1)are obtained by deriving CO2 and O2 atmo-spheri
 
on
entrations. The respiration matter�ux (kg.m−2.s−1), is obtained by the di�eren
ebetween these two rates balan
ed by the molarmasses
φr = wo2

ro2
− wco2

rco2
(1)with wo2

and wco2
the respe
tive molar masses(kg.mol−1). Be
ause the O2 
onsumption andCO2 produ
tion rates have the same dynami
, thefollowing simpli�
ation is used when the RQ is
losed to one:

φr ≃ (wo2
− wco2

) r = wcr (2)with
r =

(

ro2
+ rco2

2

) (3)The two rates are merged in r, 
orresponding tothe respiratory a
tivity. This simpli�
ation 
anbe easily done be
ause the 
arbon loss representsonly 3% of the total mass loss.The di�eren
e between water vapor pressure inthe atmosphere and at the 
heese surfa
e 
ausesan evaporative �ux φw 
lassi
ally represented asfollowing:
φw = k (awsPsv(Ts) − rhPsv(T∞)) (4)with aws the 
heese surfa
e water a
tivity, Ts and

T∞ the average surfa
e and atmospheri
 temper-atures respe
tively (K), rh the relative humid-ity (expressed between 0 and 1), Psv(T⋆) (Pa)
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the saturation vapor pressure at the tempera-ture T⋆ , and k the average water transfer 
oe�-
ient (kg.m−2.Pa−1.s−1). Atmospheri
 variables,
T∞ and rh, are online measured. The satura-tion vapor pressures are 
lassi
ally 
al
ulated withempiri
al relations as the Go�-Grat
h equation(WMO, 2000). However, the ripening temperatureis usually between 12 and 14◦C. For this lowrange of temperature, an approximation 
an bedone for saturation vapor pressure values, usinga linear regression on the Go�-Grat
h equation.The following relation is used:

Psv(T⋆) = β1T⋆ + β2 (5)where β1 = 102 Pa.K−1 and β2 = −27643 Pa. Therelative error (residual standard deviation overvalue range) is equal to 0.48%.Surfa
e water a
tivity (aws) is a key parameterfor this relation. The link between water a
tivityand water 
ontent is 
lassi
ally represented bya sorption isotherm. However, the values of soft
heese water a
tivity are high, more than 0.95(Hardy, 2000); for this part of the sorption 
urve,an important variation of water 
ontent only im-plies a low water a
tivity variation. Consequently,modelling of water 
ontent dynami
 is not ne
es-sary and aws is assumed to be a 
onstant.3.2 Cheese surfa
e temperatureDire
t heat ex
hange between the 
heese and theatmosphere result from 
onve
tive and radiative�uxes
ψcr = h (Ts − T∞) + ǫσ

(

T 4
s − T 4

∞

) (6)with h the average 
onve
tive heat transfer 
o-e�
ient (W.m−2.K−1), ǫ the produ
t emissiv-ity (dimensionless) and σ the Stefan-Boltzmann
onstant (W.m−2.K−4). The radiative heat �uxrelation 
auses a strong nonlinearity; it 
an beapproximated as following:
ǫσ

(

T 4
s − T 4

∞

)

≃ 4ǫσT
3

∞
(Ts − T∞) (7)where T∞ is the atmospheri
 temperature meanvalue. It is then possible to de�ne a global heattransfer 
oe�
ient h⋆ = h+ 4ǫσT

3

∞
.With h⋆ and taking 
heese heat 
ondu
tivityin an 0.3 to 0.4 W.m−1.K−1 interval (Hardyand S
her, 2000), its Biot number is 
omprisedbetween 0.24 and 0.32. This result (
lose to 0.1)shows that the heat 
ondu
tion inside the produ
tis faster than at its surfa
e. Thus, we allow tonegle
t temperature gradient inside the 
heesesand to take Ts as representative of the produ
ttemperature.In addition, the moisture loss indu
es an heat 
on-sumption �ux ψw = λφw for the evaporation, with

λ the water latent vaporization heat (J.kg−1).

High biologi
al a
tivity is observed during theripening for Camembert-type 
heeses with an im-portant my
elial development on the rind. Thisphenomenon indu
es a respirative heat produ
-tion. The generi
 glu
ose aerobi
 respiration equa-tion is
C6H12O6 + 6O2 −→ 6H2O + 6CO2

+2.816 × 106J.mol−1 (8)This equation gives a respiration quotient (RQ)equal to one be
ause of the equimolarity betweenO2 and CO2. During ripening, many substratesare oxidized (la
tose, la
tate, lipids and proteins),whi
h 
an indu
e RQ variation 
lose to one. Thevariability of RQ is then represented by the aver-age of the gases rates r.The 
heese temperature dynami
al model is
dTs

dt
=

s

mC
(−ψcr − λφw + α r) (9)with m the mass of a 
heese, s (m2) the sur-fa
e ex
hange of the 
heese, C the spe
i�
heat (J.kg−1.K−1) and α the respiration heat(J.mol−1) determined a

ording to (8).The mass loss dynami
 is very slow 
ompared totemperature dynami
, therefore the mass 
an be
onsider as 
onstant for the temperature equation.In this 
ase, the time 
onstant of the temperaturelinear di�erential equation 
an be 
al
ulated andthe response time after a perturbation is approx-imatively equal to 90 min. This short period oftime 
ompared with the ripening duration allowto take Ts at the steady-state

T s =
h⋆T∞ − λk (awsβ2 − rh (β1T∞ + β2)) + αr

h⋆ + λkawsβ1 (10)and the mass loss rate qm is de�ned by
qm = γh⋆(aws − rh)(β1T∞ + β2)

+ (γawsβ1α+ wc) r
(11)with

γ =
k

h⋆ + λkawsβ13.3 Values of the parametersParameter values used to the mass loss estimationare shown in table 1. aws and C are the aver-ages of measurements during the ripening. Plastervalue is used for the 
heese emissivity (Miradeet al., 2004). Ex
ept the transfer 
oe�
ients, theothers parameters are easily determined from theliterature. Parameters h and k are mainly de-termined by the produ
t shape and the air�owproperties (Kondjoyan and Daudin, 1997). From(Mirade et al., 2004), we de�ne
k = 0.66 × 10−8h1.09
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Symbol Unit Value (SEM or SE)1
aws dimensionless 0.976 (0.001)
C J.kg−1.K−1 2.194×103 (59)
h W.m−2.K−1 2.97 (3×10−4)

k kg.m−2.Pa−1.s−1 2.16×10−8 (1×10−12)
s m2 2.25×10−2

wc kg.mol−1 1.2×10−2

α J.mol−1 4.693×105

λ J.kg−1 2.47×106

ǫ dimensionless 0.91
σ W.m−2.K−4 5.67×10−8

1SEM: Standard error of the mean, used for experimentala
quisitions; SE: Standard error, used for optimizationresult. Table 1. Parameters values.an empiri
al relation between h and k for produ
twith 
heese shape. Only h is obtained by non-linear least square regression, between the esti-mated and the measured 
heese mass.Figure 1 illustrates a 
omparison between themass loss rate obtained from online a
quisitionand model estimation. The variations due to de-frosting 
y
les or air inje
tions are shown by theright left zoom insertions respe
tively. These twoexperimental phenomena 
ould 
orrespond to in-dustrial faults su
h as dysfun
tions of tempera-ture or relative humidity 
ontrols. The represen-tation of these abrupt variations is better withthe eq. (9) than with eq. (11) but the model (11)su

eed in representing the global dynami
. Thein
rease of the mass loss rate whi
h o

urs on days4 and 5 is due to the my
elial growth (respiratorya
tivity) and shows that the biologi
al a
tivity
annot be negle
ted (Pi
que et al., 2006).4. SENSITIVITY ANALYSIS4.1 Inputs bias 
onsequen
esLet erh, eT∞ and er the respe
tive errors oninputs a
quisitions, e.g. eT∞ = T̂∞−T∞ with T̂∞the biased atmospheri
 temperature and T∞ thereal atmospheri
 temperature. From the equation(11), eqm the mass loss rate error 
an be easilyrepresented as following.
eqm = −γh⋆β1eT∞erh + γh⋆β1(aws − rh)eT∞

−γk(β1T∞ + β2)erh + (γawsβ1α+ wc)erIn addition to the three �rst order errors, these
ond order error eT∞erh must be 
onsidered.Note that eqm a

ording to er or erheT∞ does notdepend on input values.To overview ripening 
onditions, the relative hu-midity is 
omprised between 0.9 and 1, the atmo-spheri
 temperature between 11 and 15◦C and therespiration rate between 0 and 1.5 mol.m−2.d−1.The 
onsequen
es of di�erent biases with takingerrors between ±25% of input ranges are shown in

�gure 2. The intervals result from the 
ombinationof minimal and maximal T∞ and rh values.The errors on relative humidity and on respirationa
tivity have the most important 
onsequen
es.For the extreme values, eqm is equal to ±0.05and ±0.035 kg.m−2.d−1 respe
tively. First ordererrors on atmospheri
 temperature and se
ondorder error eT∞erh have a low impa
t.

Figure 2. Mass loss rate error (kg.m−2.d−1, leftaxis) and relative mass loss rate error (%,right axis) as a fun
tion of error on input.4.2 Sensitivity analysis for the parameters4.2.1. Parameters studied Several parametersare not 
onsidered in this study:
• Two parameters of (9) are not used in themodel (11), (i) the 
heese surfa
e, indeedthe sensitivity analysis is 
arried out for amass loss rate in kg.m−2.d−1 and not for anindividual 
heese, and (ii) the spe
i�
 heatof 
heese, this parameter only in�uen
es thetemperature dynami
 and not the steady-state.
• As γawsβ1α is 8 times higher than wc, errorson α are similar to errors on r, thus thisparameter is not in
luded in the sensitivityanalysis.
• Physi
al 
onstants are assumed to be unbi-ased and 
onsequently they are not used inthe sensitivity analysis.Thus, three key parameters are studied:
• the average heat transfer 
oe�
ient, resultingfrom an optimization,
• the emissivity, for whi
h plaster value is used,
• the surfa
e water a
tivity, whi
h is obtainedby experimental measurements.
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Figure 1. Measured (�) and estimated with surfa
e temperature at the steady-state (−) mass loss rateof 
heese vs. ripening time. 30 min mean values are represented for 
larity reason. For the zoominsertions, the estimation with the dynami
al temperature equation is also represented (- -) and thea
quisition step is 6 min.4.2.2. First and high order e�e
ts The highorder e�e
ts are more 
omplex for parametersthan for inputs in the sensitivity analysis. Let
ex = f(U,P, {e1, . . . , ei, . . . , en}) (12)the error on a variable x with U the inputs set, Pthe parameters set and E = {e1, . . . , ei, . . . , en},the parameters errors set. To study ei, (12) 
anbe de
omposed as follow:

ex = f (U,P, {0, . . . , 0, ei, 0, . . . , 0})
+ f (U,P{e1, . . . , ei−1, 0, ei+1 . . . , en})
+ g (U,P, {e1, . . . , ei, . . . , en})where

• f (U,P, {0, . . . , 0, ei, 0, . . . , 0}) is the �rst or-der error a

ording to ei,
• f (U,P, {e1, . . . , ei−1, 0, ei+1 . . . , en}) is the�rst and high orders errors a

ording to
E\{ei},

• g (U,P, {e1, . . . , ei, . . . , en}) is the highorder errors due to ei.
f 
an be 
al
ulated for the di�erent 
onditionsand thus g is determined.4.2.3. Sensitivity analysis results for parametersFigure 3 represents the �rst and high orders e�e
tsof these three parameters 
onsidering the inputranges. Intervals of ±0.09 for emissivity error,
±1.2 W.m−2.K−1 for average heat transfer 
oe�-
ient error and ±0.02 for water a
tivity error areused. These sets are 
onsidered as representativeof 
heese 
hara
teristi
s.The sensitivity of the model for emissivity is verylow, less than 0.01, more than −0.01 kg.m−1.d−1

for the extreme error values. Consequently, it isnot ne
essary to de�ne pre
isely this parameterand the plaster value used in this study does notimply large errors.Impre
ision on the average heat transfer 
oe�-
ient has important 
onsequen
es on the massloss rate estimation. An error of 1.2 W.m−2.K−1indu
es a mass loss rate error 
omprised between
−0.026 and 0.068 kg.m−1.d−1. Note that this er-ror is strongly in�uen
ed by the input: the errorin
reases when the gap between rh and aws in-
reases.The result is also sensitive to water a
tivity errorbut input values have less impa
t on eqm with
eaws

than with erh. For this parameter, high ordere�e
ts are not negligible, until 68% of the errora

ording to eaws
.5. CONCLUSIONDuring 
heese ripening, an important mass losso

urs, resulting from heat and mass transfersfrom 
heese to atmosphere. This phenomenon isbased on physi
al laws and biologi
al a
tivity. Asimple but e�
ient mass loss model for 
heeseripening has been established and a sensitivityanalysis has been 
arried out.For model inputs, mass loss rate errors are mainlydue to relative humidity and mi
robial respirativedynami
 errors, a wrong measurement of atmo-spheri
 temperature have a low impa
t. We alsotested the 
onsequen
es of some parameter valuevariations. The produ
t emissivity value 
an be
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Figure 3. Mass loss rate error (kg.m−2.d−1, leftaxis) and relative mass loss rate error (%,right axis) as a fun
tion of error on param-eters 
onsidering the 
omplete input ranges;�rst (bla
k) and high (grey) order e�e
ts arerepresented.very roughly approximate without important re-sult error. At the opposite, heat transfer 
oe�-
ient and surfa
e water a
tivity must be pre
iselydetermined for ea
h appli
ation.Considering the robustness of this model, thismass loss des
ription 
ould be an interesting wayto (i) predi
t �nal mass of 
heeses and (ii) toestimate mi
robial a
tivity during 
heese ripen-ing with software sensor approa
h, and thus toimprove 
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