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ABSTRACT

In this investigation, a method based on continuous measurements of the
variation of air relative humidity (A®) isused to monitor thedrying kinetics
of food pulps. For this purpose an experimental set-up devoted to the study
of drying of vegetable pulps consisting of a laboratory-scale filter-press
type apparatus (capacity of 50 cm®) isused. The moister content of the pulp
could thus be indirectly and un-interruptedly evaluated from the
measurements of the humidity of the drying air at theinlet and the outlet of
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thefilter-press, by two thermo-hygrometers. In order to validate the method,
the effect of flow rate of air aswell as the impact of a pulsed electric field

treatment, were investigated.

INTRODUCTION

Dryingisamajor operationinfood industry, con-
suming largequantity of energy. Dried foodswhichare
expanding rapidly, are stableunder ambient conditions,
easy to handle, and can beeasily incorporated during
food preparation. The operation of dryingisused ei-
ther asprimary processfor preservation, or as second-
ary processin certain product manufacturing opera-
tions. Generally, the study of the mechanism of dehy-
dration consistsin following theevolution of the mass
of thedried food versustimewhilecontrolling factors
affecting the process such asthe mode of drying, tem-
perature, and air flowrate*3. When these parameters
arefavorable, theevol ution of the samplemasscan pref-
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erably beobtained in acontinuousway without inter-
ruption of thedrying process. Most of thetime, to con-
trol theextent of drying, itisnecessary to stop the pro-
cedure periodically or to extract oneor more samples
inorder to separately determinetheweight inthe course
of timg#9.

Inmany cases, theexperimentd deviceitsaf isnot
suited to the discontinuous measurements of sample
mass. Indeed, technical solutionsrequired by construc-
tion to take advantage of somefunctionalities, make
discontinuous measurementsmoredifficult to reglize ™.
Moreover, establishing satisticaly vaid kineticsof dry-
ing inadiscontinuousway requiresacons derablenum-
ber of test runsin comparison with amethod of con-
tinuous measuremen.
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Figurel: Schematic of theexperimental drying unit

The method devel oped in this paper consistsin
controlling thedrying rate of vegetabl e particles con-
tinuoudy without havingto stop thetest runs. Thede-
termination of the drying rateisbased on continuous
measurements of relative humidity and temperature of
drying air at theinlet and the outlet of afilter-press,in
which, somevegetablespulpiscontained. A series of
discontinuous measurements of the mass of sample
were also carried out to validate the continuous
method. The present work constitutesthefirst part of
amore general study of the effect of pulsed electric
field PEF onthekineticsof drying. Thedeviceisde-
signedtodlow thedectrical treatment of the samples
in combination with aprocess of drying, filtration or
pressing112,

MATERIALSAND METHODS

Material

The vegetable used in this study was carrot,
purchasedinalocal supermarket. Thevariety mainly
used issold under Frenchtrademark “‘Primeale legumes
duterroir”. Before each experiment, the product was
subjected to two controls:

e Quantitative control: by which the dry matter was
determined by means of an infrared dessiccator
(SMO 01, Scalter).

e Quadltativecontrol: by whichavisual appreciation
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of the product state was done (rigid or soft aspect,
appearance of moults, etc).

Before proceeding to thefilling-up of filter-press,
carrot rootswere reduced to small particles(gratings).
Hence, asmall kitchen type grater was used, giving
particleswith alength varying from 30 to 40mm and
with asection of about 2 mm2. Thedrying testswere
carried out by using relatively small quantitiesof product
(30+2g).

Drying appar atus

Thetests were carried out with alaboratory ex-
perimenta unit, which allowsto apply the PEF treat-
ment and to dry the product. A detailed schemeof this
unitispresentedinfigurel. Theunitisessentialy made-
up of adrying cell, apulsed e ectricfield generator and
amicrocomputer coupled to adataacquisition system.

Thedryingcdl (Figure?) isafilter-presstype‘labo-
ratory mode” designed in collaboration with the com-
pany Choquenet (Choguenet SA, France). Itismade-
up of apolypropylene casing comprising acylindrical
cavity, two metd plates, and two gridsin stainlesssteel
used asel ectrodes. Thecylindrical cavity hasadiam-
eter of about 55mm and awidth of about 20mm. The
drying surfaceisabout 25cm?. The operating pressure
can reach 35 bars. Two O ringswere placed between
the plates and the polypropylene casing to ensurethe
sedling of thewholeof thefilter-press.

Thegratingsof carrot areintroducedin theinterior
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Figure2: Schematic of thedrying cell

of thefilter-pressand between thetwo e ectrodes con-
nected to the PEF generator. Thespecid grid typeelec-
trodesallow both theedectric treetment andagood dis-
tribution of drying air through the product. The pres-
sureand theflowrateof thedryingair circulainginthe
experimenta deviceare adjustablefrom0to 12 bars
and from 0to 1001/min, respectively. The adjustment
of the pressureis obtained by means of apressurere-
ducer (Joucomtic). Theair flowrateisrecorded on a
numerical massflowmeter (AALBORG GECA47).

Rdativehumidity, ® aswell astemperaurearemea
sured by two thermo-hygrometers, Testo 645 (0 to
100% HR /-20to 240°C, Germany), connected to the
input and output of filter-press. Theparticlessurface
excessliquid ex-purged through the meta eectrodeat
the beginning of the experiment isrecoveredin acon-
tainer and weighed by abalance (Mettler PM6100).
Thevariouscomponentsof thedevice, namdy, themass
flowmeter, thethermo-hygrometersand the bdance are
connected to an acquisition board with USB bus. This
board isthen connected to the microcomputer which
alowsboth thecontrol of the generator of PEF and the
continuousacquisition of thedifferent parametersusing
the same program devel oped in the visual program-
ming environment HPVEF 3.2.

Method description

Asdescribed bel ow, s multaneous measurement of
thetemperature and the humidity of thedrying air, at
theinlet (Tin, ®in) and at outlet (Tout, ®out) of the
filter-press, are used to cal cul ate the saturati on vapor
pressure Psat and the absol ute humidity eval uation ver-
sustime. ThePsat valueswerecd culated fromthefol-
lowingrelationship:
log(P 1668.21 O

228+ T
Where, T isthetemperatureof dryingair a the experi-
mental conditionsin °C and the Psat in mmHg. The
rel ationship between the absol ute humidity W and the

) =7.96681—

—=  Fyll Peper

relative humidity @ isdescribed by thefollowing equa
tion:
<1> 0.622-P_, (T)
= P_(T) @

Where P and Psat are the atmospheric pressure and
the saturation vapor pressure, respectively, at thetem-
peratureof the mixtureof air-vapor, in Pa

Thewater loss mass of the samplesbetween 0 and
tisexpressed asfollow:

dm
dt

Wheremw and |, arerespectively the massof water
lossand theair flowrate (in kg/mn).

= ma(W,(t)- W, (t) = ma AW() ®

I—dt—majAW(t)it=m0—m (4)

The total mass of water lossfor al theduration of
drying between 0 and isdescribed asfollow:

Aw—f_dt—majAW(t)jt=mo—mw (5)

The integral IAW whichistheareaunder thecurve
of AW, could be calculated numerically by the trap-
ezoidd method. Infact, itisacumulativefunctionfor al
theduration of drying and is proportiona to thewater
loss of the sample. The normalization of thisintegral
can, thus, be assmilated to the normalized mass of the
sample
m*:m_mw :IAW_lAW::L | aw ©)

] L
my—mM,, 0_|AW I AW

For ambi ent temperatureand for alower DT the

ratio, 2™ relativeto the absolute humidity is assimi-

I 0

AW

lated to IT of therelativehumidity and al resultsand

figuresinthispaper will beexpressed interm of rdlative
humidity. Knowingtheinitia (m,) andfind (m,) masses
of the particles, thedrying kinetics can be deduced from
theequation (6) asfollows:
m(t) = (m;ym_).m*+m_ (7
Thedeviation of continuousdrying kinetic measure-
mentsfrom those of the discontinuous method isesti-
mated interms of the mean relative percentage devia
tion modulus, E, asdefined by equation (8)™:
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Figure3: (a) Integral under thecurveof A® =f(t) and (b) standar dized for m of theintegral, | A®, for adry air flowr ateof about

481/mn at ambient temperature

100 & |mdisci = Meont,i
E%="—0y —
’ N ; M jisc, ®)
Wherei, correspondsto the i dataval ue being com-
pared, mdisc and mcont arethediscontinuousand con-

tinuous measured massesof the particles, respectively.
RESULTSAND DISCUSSION

Figure 3(a) showstheevolution of thedifference,
A®, and theintegral, IA®, during drying times. The
filter-pressiswell sealed, so that the measured differ-
ence A® representsthe quantity of water given off by
theparticlestothedryingair.

Theintegra, IA®, infunction of timeanditsstan-
dardized form m* arerepresentedin figures 3(a) and
3(b). Thecurveof drying lets appear aclassical expo-
nential decrease. Thestandardized formisthenusedto
deducethe evolution of the mass of the particlesbed
during drying, asshown by figure 3.

Thisevolution compareswell to theevol ution of
themass observed inthe case of discontinuous experi-
ments, i.e. based on the measurement of the mass of
thedried sample. Themean rel ative percentagedevia-
tionisabout 5.38%.Thetreatment of theresultsof dry-
ingintermsof absolute humidity instead of therd ative
humidity, at ambient temperature, doesnot mark asig-
nificant deviation compared to the discontinuous mea:
surements. The continuouslinein figure 3 showsthe
variaion of masscal culated from absolute humidity. A
good agreement isobserved with the corresponding
vauesof relativehumidity. Infact, inthecase of calcu-
lated mass based on absolute humidity, W, thisdevia-
tion, compared to the experimental discontinuous

¢ Discontinuous measurement

— Confinuous measurement (W)

A Confinuous measurement (@)

m (g)

0 50 100 150 200
Drying times (min)
Figure4: Evolution of themassof carrot particlesversus

timefor adry air flow-rateof about 481/min at ambient Tem-
perature

measurement, isabout 5.03%.

The curve obtai ned by continuous measurements
resultsfrom theaverage of threetests, each onelasting
approximately 3 hours (that needs one day of tests).
Ontheother hand, discontinuous measurementscorre-
spondto 13 pointsand at | east two repetitionsfor each
point (that needs between two and threedays of tests).
That illustratestheinterest of uninterrupted measure-
mentswhich requiresignificantly lesstimeto obtain
equivaent results.

Theexperimenta devicewasused to study the ef-
fect of theflowrateof arr upontherateof drying of carrot
gratings. Drying usually occursin severa stages, each
onecharacterized by aparticular regimeof dryingrate.

Figure 5(a) and 5(b) respectively show the evolu-
tion of the standardized mass m* and rate (-dm* /dt)
variousflowrate of dryingair. Itisclear that thedrying
rateincreaseswith theflow rate of air. Furthermore,
thecurvesof dryingrate (particularly withthe higher air
flow rate) let gppear aninitia phaseof constant drying
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Figure5: Dryingkineticsand ratesof carrot gratingsver sustimeat different dry air flowrateat Tamb; D4 =481/min, D3=

381/min, D2=20I/minand D1=10I/min

rate, for m* comprised between 1 and approximately
0.8. For avalues of m* between 0.8 and 0.35 afirst
period of falling rate appears. During this period, the
rate of dryingismainly controlled by diffusion of un-
bound water throughout the particles. When the stan-
dardized mass, m* dropsbelow 0.35, therate of dry-
ing entersasecond faling rate period, characterized by
awater activity lessthan 1, dueto bound moister. In
the second faling rate period, thewater vaporizationis
assumed to take place within the particlerather than at
thesurface, asit isthe case during thefirst two periods
wherefreewater hastimeto migrateto thesurface be-
forevaporization. Therepresentation of theresultsin
termsof (-dm*/dt) =f(m*), revealsabehavior charac-
teristic of foodstuff (i.e. structura deformation limiting
thedrying, hardening of theexterna layer of particlesin
contact withdryingair, etc.)“*l.

Thecurvesinfigure6 let seeatypica exampleof
the change of thetemperature a the output of thedry-
ing cell. Thedifference between theinput and output
temperatures of the air is due to the increase of the
humidity of theair flowing throughout thebed of grat-
ings. However, at the end of the drying process, this
differencevanisheswhen abaanceisachieved between
thehumidity of thedrying air and thewater content of
carrot gratings.

The PFE pre-treatment was applied in asimilar
manner with respect to an experimental optimization
donein aprevious study!-*¥ and the different param-
etersare: pulsesnumber = 1000, period = 1ms, dura-
tion of pulse=100us and the field intensity is of 1000
V/cm. So, the effect of an el ectric pre-treatment by a
PEF (1000 impulsions, impulsion duration =100us; for

25

30 1

20 1

Relative Humidity, &
Temperature (T)

[=]
|

0

0 30 60 90 120 150 180
Drying times (min)
Figure6: Humidity and temper atureevolution duringdrying

of carrot gratingsat air flowrateof 481/min

aperiod of 1 msperiod and 1000V) wasstudiedinthe
sameexperimental device. Thedrying process, carried
out at ambient temperatureunder an air flowrate of 10
I/min, showed abeneficia effect of aPEF pre-treat-
ment to enhancewater diffusivity. Moreover, thedrying
Kinetics of the carrot pulp was significantly improved
(Figure 7(a)) and the drying time was decreased by
about 110 minutes(i.e. reduction of about 30% of the
total dryingtime). Furthermore, the stage of constant
rateismore pronounced and larger inthe case of pre-
treated samples. Applying an eectricfieldresultsina
high degree of permesabilisation of cellular membrane
(aphenomenon referred asel ectroporation) facilitating
internal masstransport. After aPEF treatment, alarger
amount of water isavailablenear the surface of thegrat-
ings. Furthermore, the constant rate period due to
mechanism of e ectroporation resultsinwater availabil-
ity for alonger time.

210

CONCLUSION

Thispaper isthefirst part of astudy concerningthe
—,  CHEMISTRY
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Figure7: PEF pre-treatment effect on dryingkineticsand ratesof carrot gratingsat air flowrateof 101/min and ambient

temperature: (...) untreated samples, (—) treated samples

impact of an electric treatment with aPEF on thedry-
ing kineticsof food products. Theobjectiveof thisstudy
isthevalidation of the measurements method and ex-
perimental devicefor drying. It showedthat usingrela
tive humidity measurementset theinlet and a outl et of
thefilter-press, it was possibleto deduce the kinetic of
drying in acontinuousway. By studying the effects of
changing theair flowrate, acomplex behavior of the
carrot pulp, characteristic of the foodstuffs, was ob-
served. The measurement technique wasvalidated by
aseriesof testsinwhichdryingisstopped in order to
be ableto dismount the cell and to weigh the samples.
For agivenair flow rate, oneday of testswas sufficient
to performthekineticsof drying (averageof threetests)
compared to more than three days of tests with the
discontinuous method and for the samedrying condi-
tions. Thisillustrateswdl |l thetimesaving obtained with-
out incidenceon the precision of measurements. Inad-
dition, theuseof pulsed eectricfidd pre-treatmentina
certain number of runs showed that thedrying rate of
carrot gratingsissgnificantly improved so that thetota
dryingtimeisdecreased.
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