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ABSTRACT

The freezing of unpackaged foods induces water loss due to interactions with the surrounding medium. The
weight loss resulting from this dehydration is up to 6 % according to the product and the freezing process. Food
dehydration was studied for various operating conditions from mechanical to cryogenic ones with the same
freezing device using Tylose as a food model material. The dehydration was studied for several surface states
(smooth or streaked surface) and product porosities (full or perforated pliates3. found that weight loss is
estimated with a good reproducibility in the developed freezer. The influence of freezing operating conditions
and product characteristics on weight loss were clearly pointed out. From these results, weight loss could be
related to the surface temperature evolution. In any case, these results confirm that to limit the weight loss, it is

essential to decrease as quickly as possible the surface temperature of the product.

Keywords: Food dehydration; Weight loss; Freezing cabinet; Freezing; Cryogenic.

1. INTRODUCTION

Freezing is widely used for preservation in the food industry because it guarantees long preservation with
relatively low impact on product quality. Two types of transfers occur during the freezing of unwrapped
products:

« Heat transfer: the product in contact with cold air releases energy to the surrounding environment.
This leads to a temperature gradient in the product inducing a heat transfer from its core to its
surface and phase change (water crystallization) until reaching thermal equilibrium.

« Water transfer: the water vapor concentration in the surrounding air is lower than the water vapor
concentration in the air in equilibrium with the product surface. Thus, a water transfer occurs

between the product and its surroundings. As for heat transfer, a water concentration gradient
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appears in the product inducing a water transfemfits core to its surface and then to its
surroundings. During the pre-cooling stage, wataperates from the surface. When ice is formed,

it sublimates from the surface causing the ememgeha dehydrated layer.

Dehydration during freezing implies a loss of qtyadispecially within the dehydrated layer but alssght loss
which means financial losses for industrials. Dehtidn is strongly influenced by the product tyjfis,initial

temperature and the freezing process.

To predict weight loss in food during freezing, rarinal solving of heat and mass transfer equatiedsto
several models (Andreasen, 2009; Campanone e20fl5; Campafione et al., 1998; Pham, 2006; Pham and
Willix, 1984; Rouaud and Pham, 2012; Tocci and Masoni, 1995). From these numerical models, simeplif
ones were also proposed (Campafione et al., 200he&e models are valuable decision tools foec@lg one
technology (characterized by its range of tempeea&nd air velocity) relatively to another in orderfreeze a
given product and limit its weight loss.

Models were validated and enriched with experinetiéda of freezing time and weight loss during Ziag
which help better understand transfer phenomenat lsied fish products were widely studied (Boonsijiretre
al., 2007; Bustabad, 1999; Campanone et al., 2B6@inoza Rodezno et al., 2013; Lambrinos and Aguirr
Puente, 2003; Pham and Willix, 1984). Few studmsu$ on highly porous products like pre-baked bread
(Hamdami et al., 2004a, 2004b).

For these experimental studies, usually, a givedlymt was placed in a freezer where the temperaiualeair
velocity were controlled and measured. Air relatiwamidity was sometimes also measured but not clbed:
Temperature in the product was measured duringifrgeind the product was weighed before and aktezing

or sometimes during freezing (Campanone et al.2RMost of the time, studies also took into acdomeight
loss during the storage of the frozen products.

These studies highlight the fact that the produsight loss is closely linked to the freezing radtast of them
compare freezing rates in the mechanical freezielgl:fair temperature between -15°C and -50°C and a
velocity between 0 and 5 nif.sThe air temperature has a high impact on weiggg whereas air velocity does
not greatly influence it. A lower air temperatuecceases the weight loss.

Few studies differentiate the two main categoriedre@ezing processes: mechanical freezing and enmiag
freezing (Boonsumrej et al., 2007; Espinoza Rodezh@l., 2013; Rouaud and Pham, 2012). Mechanical
freezing relates to slower freezing rates thangeyic one. Indeed, cryogenic freezing allows reaghiery low
temperature (-78.5°C with GGand -195.8°C with nitrogen) and fast freezing saoonsumrej et al. (2007)
used CQ cryogenic freezing with a cabinet temperature5®°€. Only Espinoza Rodezno et al. (2013) used
nitrogen injection that allowed reaching cryogetéenperatures from -70°C to -100°C. Neverthelessh bo

studies used two different types of technologiesstiady respectively mechanical and cryogenic fragzi



Moreover, the sample was taken out of the freezgetform the weighing at the end of freezing, tbassing

high mass variation.

The aim of the present work is to study the foottydeation during freezing in mechanical and cryagen
freezing conditions. For this, a reliable laborgtecale freezing cabinet was developed to studyata weight
loss but also the variation of weight loss with dirduring the freezing process. It is able to siteulaoth
mechanical and cryogenic freezing conditions imteof temperature (using liquid nitrogen) and flelocity.
The product is weighed directly in the cold medidaning freezing without taking it out of the freegicabinet.
This study presents experiments with Tylose (contsfarmula of water and methylcellulose) and the
dehydration is studied for several food charadiessthe effect of the surface state by using ¢moo streaked
surface, the effect of the product porosity by gdiall plates or perforated plates and the effddthe initial
temperature. Core temperature, surface temperatdetotal weight loss results are presented fderdint

freezing conditions in mechanical and cryogenieZieg fields.

2. MATERIALSAND METHODS

2.1. Freezing equipment

A freezing cabinet was developed to recreate batbhanical and cryogenic freezing conditions in &ih
temperature and gas flow velocity. Figure 1 prestm operating diagram of this designed freezemgerature
is adjustable from room temperature to -100°C usinquitrogen injection coupled with a temperature
measurement with a Pt100. The gas flow velocitgdisistable from 0 to 9 ni*ghanks to a variable frequency
fan connected to a differential pressure measurewiéma Pitot tube.

A cold gas flow over a length of 2.8 m is obtaimeéth the designed freezing cabinet. Samples argtdakin the
measuring zone (Figure 1) during experiments. Thiwe is as far as possible over the gas flow letmtiet a
well-established and uniform flow (temperatures aalbcities). Some meshes were added before aedthé
measuring zone to homogenize this flow.

As liquid nitrogen is injected for the temperataoatrol, there is no humidity in the freezing caiand relative

humidity is close to 0.

2.2. Freezing cabinet characterization
Gas flow velocity, temperature, and heat transfegffccient were measured in the measuring zonehef t
freezing cabinet in order to check their uniformityar sample locations. For these measurementsamples

were placed in the measuring zone.

Gasflow velocity




First, gas flow velocity was measured in the megilame of the measuring zone (Figure 1). A mappiag
made to cover the entire width and height of thisvfsection with 30 measuring points, this mappisg
presented on Figure 2.

Flow velocity measurements were carried out at 2@ a hot-wire anemometer (0-50 i, /elocical®,

9565). For each measuring point, 3 velocity reasliwgre made. The fan motor was adjusted at its rmari
rotational speed during all these measurementsdeer @o verify the velocity uniformity and stabjlibver time

in the worst case.

Temperature

Then, temperature measurements were made in thamgdne of the measuring zone at mid-height jposiB
equidistant calibrated type-T thermocouples (piexi®.1°C) were placed across the width of the fkmegtion,
on the left, on the middle and on the right positiBor these measurements, flow velocity was fae8.5 m 8
and four temperatures were checked: 0°C, -30°CG5ihd -100°C (whole temperature range of the fngez

cabinet). Temperature was recorded for 360 s stftdilization of the freezing cabinet.

Heat transfer coefficient

Finally, convective heat transfer coefficieritbTC) were measured at mid-height position in the nregiane of
the measuring zone. For these measurements, thuedistant devices were placed along the widthhefftow
section (left, middle and right position). The dms are composed of a copper plate (50x50 mm) wikich
heated by an electrical resistance and insulatddrapath. For each one, two type-T thermocouplesure the
temperature of the copper surface and the gas tatope above it. A programmable controller performs
temperature recording and flux calculation (Eckexd Goldstein, 1976).

Three flow velocities were studied: 4.2, 6.6 artird.$', temperature was set at 15°C. Heat transfer otesffis

were recorded for 120 s once the freezing cabiaststabilized.

2.3. Samples, sample temperature and sample weight
Sample preparation

To study food dehydration during freezing, Tylodatgs (23 % methylcellulose, 76.4 % water and 0.5 %
sodium chloride) were used as a model materiab(ter80 mm, width=45 mm, thickness=18 mm, mass=70.7-
73.8 g). Their lateral faces were insulated wittni-thicknessd) expanded polystyreng,£0.033W m* K*) in
order to consider quite only 1D heat and mass feamsThe lateral conductance, can be estimatad fre

lateral area of the produc84.r), the convective heat transfer coefficieRrTC) and the insulation thermal

resistance:%. The conductance through the upper and lower S&i(Saoperione) 1S: SipperiowerH TC.

HTC+E
Since for the measurddiTC values, the lateral conductance is less than 4 $tecupper/lower conductance, the

lateral heat flux should be very low compared ® tipper/lower ones. Using the chart proposed bjatieet
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al. (1994), it was also found that the differenté&@ezing time with the ideal 1D case should == ldhan 4 %.

Three types of Tylose plate and surface state steidied (Figure 3): full plates with smooth surfagEigure
3a, initial temperaturd;=20°C andT,=5°C), full plates with streaked surfaces (Figure iBifitjal temperature
T,=20°C) and perforated plates with smooth surfacegu(Eé 3c, initial temperaturd;=20°C). To obtain
streaked surfaces, the upper and lower surfact® dfylose block were scrapped with a saw bladés fipe of
surface aims to simulate products with rough sadafor example frozen patties. Perforated plate®wnade
doing a regular perforation using a punch. Thigtgbmacro-porosity is found in product whose perhil@y is

preferentially oriented in one direction (verticéiRe blinis. It does not model micro-porous foosl sponge
cakes. The air/product interface area is increageabout 16 % for the streaked surface and abo@t 4dr the
perforated plate . This different Tylose plates barused as food model materials, with differemtage states

and different porosities.

In the freezing cabinet, samples were locatedemtiedian plane of the measuring zone (Figure tjiditheight
position (Figure 4). Three samples were placedyeiin the freezing cabinet on the left, on the dfédand on
the right position, they were separated equidistaross the width of the measuring zone.

Sample temper atur e and sample weight

For temperature recording in the sample, two caléat type-T thermocouples (precision 0.1°C) wedyser
sample, one dedicated for the upper surface tertysereecording (1 mm under the upper surface) hadther
for the core temperature recording. They were gmdpvith a needle so that they could be accuratssitioned
and inserted from the sample lateral side along\liksotherms, so that conduction along the theouplkes is
minimized.

For weighing, two scales were used: Mettler TofeBG1003S and SartorfuQUINTIX3102-1S. The weighing
precision is 0.01 g. Scales were fitted with haader below-the-balance weighing. Thus, scaleskape outside

the freezing cabinet while samples are in the zole.

24.  Weight loss and water vaporization during food freezing

Weight loss is due to water vaporization from thedpict surface to the surroundings. The weight \@s&tion
with time during freezing can be determined frora tfitegral of the water vapor flux from the prodeatface
over time (Phimolsiripol et al., 2014). The wat@purization flux (evaporation or sublimation) aé throduct
surface (¢,qp) is expressed with Equation (1).

@vap = 'mS(Cvap-eq = Cvap-sur) (1)
where hy is the external mass transfer coefficient and & élchange are&Ciap-eqiS the water vapor

concentration in equilibrium with the product sudaC,,,-suiS the water vapor concentration in the surrounding

gas.



Cuapeqis estimated from the water activity at the prodscrface é.) and the saturation water vapor

concentratiorCysa:at the product surface temperatligghanks to Equation (2).
Cvap—eq = Aws Cvsat(TS) 2
Cuap-suriS estimated from the relative humiditiRKl) in the cold environment and the saturation watgpor

concentration at the gas temperafly¢hanks to Equation (3).

Cvap-sur = RH Cvsat(Tg) 3)

2.5. .Experimental procedure

First of all, experiments were made to measurdithe required for thermal center of Tylose full tels with
smooth surfacesT{=20°C) to reach -18°C. This step was necessary torernbat the left, middle and right
samples were submitted to the same freezing conditiThree replicates were made for the seven wpgra
conditions. For a freezing run, when gas set peimiperature and gas flow velocity were stable efthezing
cabinet, three samples, fitted with type-T thermugdes at core, were introduced in the freezingretbiCore
temperatures of the three samples were recordddheyt reached -18°C.

Secondly, Tylose plate dehydration due to freepraxess was studied by measuring the total weag# for
the four types of plates. For a freezing run, temples were dedicated to the weight recording éetét right
samples) whereas the third one (middle sample) wsad for core and upper surface temperature regprdi
When operating conditions reached the stationagyme, process ventilation and nitrogen injectionrave
switched off and samples were introduced in theZirgg cabinet (Figure 4). The initial masses of @as
suspended inside the cabinet were measWkésgenass Then, process ventilation and nitrogen injectizare
switched on. The freezing time is the time for tinermal center of the middle sample to reach -18tGhe end
of freezing, the freezing cabinet was switchedawifl the final masses of samples suspended insdeeizing

cabinet were measurellguspendels The total relative weight los®ML in %) was calculated using Equation (4).

WL = 100 Mosuspended — Mfsuspended (4)

MoTylose
MotyiosdS initial Tylose sample makgfore freezing.
For full plates with smooth surfaces and an inite&ahperature of 20°C, seven freezing operating itiond (3
replicates, 6 weight loss measurements) were stuttieee temperatures: -30°C, -50°C and -100°C threk
gas flow velocities: 3 m™s 3.9 m §and 7.7 m$. For full plates with smooth surfaces ahd5°C, full plates
with streaked surfacedi€20°C) and perforated plates with smooth surfades20°C), two extreme freezing
operating conditions (1 replicate, 2 weight losasuements) were studied: -30°C, 3.9 rarsd -100°C, 3.9 m
s* (Table 1).

Finally, the weight loss variation during the frimgof full plates with smooth surfaceg-20°c) was studied by
measuring weight loss at regular time steps forfithezing operating condition -30°C, 3.9 th(8 replicates).



The protocol is the same as for the measuremetiteofotal weight loss, but two intermediate weighimere
performed: after 15 minutes and 30 minutes of frepzThe relative weight loss at each time step stk
calculated using Equation (4). An additional exment was done with 4 intermediate weighing (aftet®@ 15
and 30 minutes) to validate the weight loss vaatirend over time. Nevertheless, too many verditaand

nitrogen injection stops during weighing may dibtthve freezing process.

3. RESULTSAND DISCUSSION

3.1. Freezing cabinet characterization

Gas flow velocity

The gas flow velocity results are summarized inl@ &b They show a very good repeatability betwénenthree
measurements of each measuring points (standardtidex0.1) which means a good stability of theoedly
for a same position over replicates and over tiBesides, for the upper and bottom wall, horizoptalfiles
show slightly lower velocities with higher variati® (shaded part of Table 2). However, uniform hmrial and
vertical profiles are noticeable at mid-height giosis (unshaded part of Table 2) where sampledoaated
during freezing which means that the three sanpgibesed at three different horizontal positions fanzen with

the same gas flow velocity.

Temperature

The temperature uniformity and stability over tiatamid-height position in the measuring zone araraarized
in Table 3. The standard deviation of each tempegaecording is very low which indicates a goabaity and
a good temperature regulation system with meastenegeratures close to set points. Moreover, reshibsv
temperature uniformity between the three positigeft, middle and right position) for a same tengtere set

point.

Heat transfer coefficient

Measurements with fluxmeters permit characterizhgstability over time and the uniformity of thenwective
heat transfer coefficienHTC) between the three sample locations. Results rasepted in Table 4. For each
velocity set point, the standard deviation of e&fC recording is low relative to the average value cluhi
indicates a good stability over time. Moreovid C variations are not significant between the thresitjpns.
These results validates th€TC uniformity and stability at a selected velocityt g®int where samples are

located in the freezing cabinet.

Coretemperature - Freezing time

The time required for the thermal center to red@iC in the case of full plates with smooth surfa@&20°C)

was measured for seven operating conditions (3cedpk) and is defined as the freezing time. Talpeesents,



for each operating condition, the average freetiimg with the standard deviation between the thepdicates
of each position and the average freezing time whth standard deviation between the three posit{&ns

replicates).

Whatever the operating conditions, the standaréatlen between the three replicates of a sameiposi low
relative to the total freezing time meaning a goegeatability between the three replicates. Thesealts
validate the fact that the designed freezing cdbia@ be reliably used to repeat freezing testsemumsdme
operating conditions. Moreover, for same operatingditions, standard deviation is also low relativethe
average freezing time between the three positibhis. means that the three samples placed per figgean are

frozen in the same way.

These results coupled with those of the operatiogditions uniformity and stability (gas flow velogi
temperature and heat transfer coefficient, Tabl&€ahle 3 and Table 4) validate identical and stditdezing
conditions with a similar thermal treatment whatethee sample lateral position at mid-height of theasuring

Zone.

3.2.  Total weight loss

Once the freezing equipment was validated, experisneere done with four types of Tylose plate taigttotal
weight loss due to freezing process. Table 6 pteséor each operating condition the total relativ@ight loss
(WL) when core temperature reaches -18°C.

Whatever the type of Tylose plate and operatinglitimms, results show a good repeatability betwegticates
with low standard deviations.

Figure 5a presents results of total relative welgbs for Tylose full plates with smooth surfac&s20°c) as a
function of the gas temperature and the gas fldacity. Figure 5b presents the total relative weigiss for the
four types of plate as a function of the gas teripee (gas flow velocity=3.9 m's

| nfluence of the fr eezing oper ating conditions

On both graphs of Figure 5, whatever the gas fleloaity and the type of plate, a large influenceths gas
temperature on the weight loss is noticeable, theet the gas temperature, the lower the weight. loss
Decreasing the gas temperature from -30°C to -1G0¥Ees the total relative weight loss by 1.9 td 8s a

function of the type of plate.

Nevertheless, the influence of the gas flow veloistless pronounced. Actually, increasing the fleslocity
has opposite effects which compensate each otmeth€®one hand, increasing the flow velocity lemdshorter
freezing time with a largedTC; on the other hand, the mass transfer coeffigeaiso larger which leads to
faster water loss rates. The influence of the daw felocity seems to be more significant at lovgars
temperature. For high freezing temperatures, telgav velocity has no influence on the weight loskereas,

for lower freezing temperatures, a higher flow eilpreduces the total relative weight loss (Figbag.
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I nfluence of theinitial temperature

The initial temperature of the product has a girdfatence on weight loss. For full plates with srtfosurfaces,
decreasing the initial temperature from 20°C to Bifows decreasing the total weight loss of 22 %tfe
operating conditions -30°C, 3.9 i and 46 % for the freezing condition -100°C, 3.8'mindeed, with a lower
initial temperature, the total freezing time is ko which decreases the total relative weight.|d$®e water
evaporation kinetics at the product surface dutimgy pre-cooling stage can mainly explain the weigkt
reduction. This stage is shorter Hx5°C than forTi=20°C because the initial temperature is closer tarthial

freezing temperature (around -1.5°C) for Tylosstaswvn on Figure 6.

I nfluence of the type of Tylose plate

The freezing of full plates with streaked surfacesl perforated plates with smooth surfaces werdiestu
Perforated plates aim to simulate a porous maBoth types of plate have larger exchange surfagts the
surrounding media than the full plate with smoaiifaces: +16 % for the streaked surface and +4brithie
perforated plate. On the one hand, heat transfaciltated so that the freezing time decreases,dn the other
hand, a larger surface leads to more water vapmmzeStreaking the surface leads to a relativeghigioss 1.1
times higher at -30°C and 1.3 times higher at -Q0fdt a respective freezing time 1.3 times lowed ar? times
lower. Perforating the plate leads to a relativéghieloss 1.1 times higher at -30°C and 1.2 timighdr at -
100°C for a freezing time 1.4 times lower for betses. As the freezing time is enough reducedkatgeghe

surface or perforating the plate, the weight lasssdhot significantly increase.

3.3.  Variation of weight losswith time

The variation of weight loss with time was studied full plates with smooth surfaces and for theefring
condition -30°C, 3.9 ms(3 replicates). Two intermediate weighing werealah 15 minutes and at 30 minutes
whereas the total freezing time is 45 min. An &@ddal experiment with four intermediate weighindtéa5s, 10,
15 and 30 minutes) was also carried out. Figurboivs the results of variation of weight loss durfregzing
for the two samples dedicated to the weight recgrdieft and right). The evolution of the surfaeenperature
with time is represented on each graph. Result® sipeatable experiments between replicates aneebatthe
two samples of a same run. For the experiment feithintermediate measurements, the values at@and 45
minutes are slightly lower than for the experimentth only 2 intermediate measurements. Indeed,twte
additional operating stops at the beginning offtkeezing process slow down the weight loss kindbigsthis
experiment validates the nonlinear trend of théati@mn of weight loss with time during the freezipgcess.

On each graph, trends of weight loss variation wiftte are similar: the weight loss rate is highhat beginning
of freezing and gradually slows down until the efdhe freezing process. Based on the three expatsiwith

the two intermediate weighing, during the firstrhutes of freezing, 61 % of the global freezingghe loss is



reached, then, 27 % from 15 minutes to 30 minutelsl2 % from 30 minutes to the end of the freegiracess.

This trend is closely related to the surface temijpee variation as it is shown in section 3.4.

34. Relation between weight loss and surface temperature
Variation of weight losswith time and surface temper ature

In this part, measured weight loss variation withet and total weight loss are linked to the surfaeeperature
variation as a function of the freezing time thattkthe theory presented in Section 2.4.

Considering Equation (1 vap-sur and Cyap-eqmust be determined. In our case, the water vapoacesdration in
the cold environmentCyap-sus Equation (3), is constant and close to O duringfitbezing process since nitrogen
is continuously injected in the freezing cabirfRHEQ). ConsideringCuap-eq TYlOSe (like the majority of food) is
mainly composed of water, so, the water activitthatproduct surfaceys) is initially close to one. Thus, based
on Equation (2)Cuvap-eqiS equal t@sayrsithat is calculated with Clausius-Clapeyron (Coryié@85) and ideal
gas equations considering the surface temperaguiation during freezing. Figure 8a presents thiatians of
surface temperaturesdnd calculate@sarsiversus freezing time for a full plate with smoothfaces (-30°C,

3.9 m §). Cisardecreases in the same way as the surface temperatu

From the simplification of Equation (1), the intabof the vaporization flux which is equal to theight loss at

timet can be calculated with Equation (5).

WLy = hp,S JO Cusat(ty)dt  (5)
Thus, weight loss should be proportional to thedral of CysaqrsyOver time. The integral curve @sarshas a
trend comparable to the curve of weight loss viariavith time (Figure 8b). Figure 8c shows the déineclation
between the relative weight loss and the integfalCayrs) Which is related to the surface temperature
(R2=0.995.
In conclusion, the variation of the relative weidgtds during freezing is strongly linked to theiation of the
product surface temperature and contains 3 stepagdthe freezing process. At the very beginningthaf
freezing process, the relative weight loss quidhtyeases becaus®sars)is high. During the pre-cooling stage,
the weight loss rate decreases I&gars) (slope of Figure 8b is decreasing between 0 andrf. Then, the
surface temperature is almost constant during waiestallization as the evaporative flux. Finalllge surface
temperature gradually continues decreasing duhiegstib-cooling stage slower and slower when itGagres
the surroundings temperature. During this thirgistahe weight loss rate decreases again.

Total weight loss and surface temper ature

Figure 9 presents, for different operating condsiothe total weight loss (kg) (when core tempeeateaches
-18°C) versus the integral G sarsover the total freezing time.
It can be observed, as expected from Equationtlig}, the total weight loss is proportional to théegral of

Cusarsiover the total freezing time, quite independentiyhe surrounding temperature and the initial poidu
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temperature. The proportionality coefficiet,$) is the slope of the curve. This is why, when freduct
surface is increased, the slope of the curve iseedt could be also expected that increasingcitglevould
increase the slope because the mass transferaieeffinshould be higher but it is seen that the influeote
velocity is not very noticeable as already highiéghin Section 3.2. This could be due to surfadeydeation at
higher gas velocity that lowers the water activity.

In any case, these results confirm that to limétweight loss, it is essential to decrease as yuiskpossible the
surface temperature of the product. Furthermorewimg the experimental surface temperature vanatioer
freezing time, it is possible to obtain an estimatf weight loss

4. CONCLUSIONS

In this paper, it was shown that the designed ingezabinet allows getting uniform and stable opieca

conditions, in terms of temperature, gas flow vityoendHTC.

Various operating conditions were selected to ctiverange of mechanical and cryogenic freezingnfr80°C,
3.9 m §to -100°C, 7.7 m S for the study of weight loss of various types @ditp. Results show a good
repeatability in weight loss measurements betweplicates of a same operating condition and betwseitwo
sample positions. It was found that the gas tenperahas a great influence weight loss: lowering th
temperature decreases weight loss. The gas flogcitgelhas not a large effect on weight loss at €3d5ut the

effect is significant at -50°C and at -100 °C: #ight loss decreases when the flow velocity rises.

The effect of the initial product temperature wéso astudied: decreasing the initial temperaturenfr20°C to
5°C allows decreasing the total weight loss by c#ttuthe total freezing time and particularly the-pooling
stage.

The effect of the product surface state and poregitre studied by considering different exchangéases. On
the one hand, a larger surface in the case ofkstleaurfaces and perforated plate leads to morerwat
vaporization but, on the other hand, it also leada higher heat transfer and a shorter freezimg.tiFinally,

streaking the surface and perforating the plateatsignificantly increase the weight loss.

To finish, the developed freezing cabinet allowetlofving the variation of weight loss with time fdhe
operating condition -30°C, 3.9 it sloing intermediate weighing during freezing. Resabupled with surface
temperature reveal a consistent and specific tréhd.vaporization rate as the product surface testye first
decreases, during the pre-cooling stage, then,insraémost constant during crystallization and dases again

during the sub-cooling stage.

These data for several food product characteriatickfor cryogenic and mechanical freezing conaéiwill be
especially useful to validate numerical modelsvi@ight loss prediction during freezing of food ciolesing a

water content in the cooling air close to 0. Thayrbynetry control for mechanical freezing could be a
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improvement of the experimental freezing cabinghdakese conditions, water vapor content in thaing air is

not null, leading to lower weight losses.
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NOMENCLATURE
Bws Water activity
Cuap-eq Water vapor concentration in equilibrium with theguct surface (kg -3)
Cuap-sur Water vapor concentration in the cold environmégtri®)
Cusat Saturation water vapor concentration (g)m
€ Thickness of the insulation wall (m)
him External mass transfer coefficient (m s-1)
HTC Heat transfer coefficient (W iK™

Misupspended  Final suspended sample mass (g)
Mosupspended Initial suspended sample mass (g)

Moryiose Tylose sample mass before freezing (g)

RH Relative humidity

S Surface of exchange (m2)

Stateral Lateral surface of sample plate (m?)
Supperfiower Upper and lower surface of sample plate (m2)
t Time (s)

Tq Gas temperature in the freezing cabinet (°C)
Ti Initial temperature (°C)

Ts Surface temperature (°C)

WL Relative weight loss (%)

Ap Thermal conductivity of polystyrene (WhiK™)
Pvap Vaporization flux (kg 1% s%)
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Figure 3: Tylose plates insulated with 1 cm thickngs expanded polystyrene
(a) Full plate with smooth surfaces

(b) Full plate with streaked surfaces

(c) Perforated plate with smooth surfaces
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Figure 4: Experimental procedure to introduce samples in théreezing cabinet and measure weigh
loss during freezing

(a) Opening of the freezing cabinet at stationaryegime, ventilation and nitrogen injection are
switched off.

(b) Introduction of samples inside the freezing cahet.
(c)Initial weighing of suspended samples. Then, vélation and nitrogen injection are switched on.
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Figure 5: Average total relative weight loss accoiidg to gas temperature
(a) Tylose full plate with smooth surfaces (F£20°C) according to gas flow velocity
(b) Average total relative weight loss according to # type of Tylose plate (gas flow velocity=3.9 n1)s
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Figure 6: Core and surface temperature kinetics duing freezing of full Tylose plate with smooth surfaes
and an initial temperature of 20°C or 5°C (operatirg conditions -30°C, 3.9 m}
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Figure 8: Variation of Tylose surface temperature,calculatedsaturation water vapor concentration and
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(c) Relative weight loss as a function of the integraif the saturation water vapor concentraion over freezing
time



1,60E-03
1,40E-03
1,20E-03
1,00E-03
8,00E-04
6,00E-04

Total weight loss (kg)

4,00E-04

2,00E-04

0,00E+00
0 2 4 6 8 10 12

t[ 3
f cvsat(Ts)dt {kg sm )
0

Freezing operating conditions Type of Tylose plate
-30°C, 3.9 m%$
-30°C, 7.7 m$ —_
-50°C,39ms || e Full plate with smooth surfacest%°C)

Full plate with smooth surfaces;£R0°C)

-50°C, 7.7 m3 Perforated plate with smooth surfages
-100°C, 3.9m% :

! i=20°C
-100°C, 7.7 m’$ a )__

>D> B OeoO

Figure 9: Total weight los:as a function of the ntegral of the saturation vapor concentration C,sx
at the product surface over the total freezing time

10



Table 1: Freezing operating CONUILIONS ... uuwe e eevertenieetatiiseeereti e ereatteseeste e reeeaat e reerraaaeeeernaereernans 2

Table 2: Gas flow velocity (m*$ uniformity and SEADIIILY ...........ceeeiiiieiie e eee e 3
Table 3: Temperature (°C) uniformity and Stability..............uuiiiiiiiiii e 4
Table 4: Heat transfer coefficient (W2ri™) uniformity @and Stability............c.cooveeeeeeieeeeeeee e e e 5
Table 5: Results of average freezing time (s) meglufior the thermal center of Tylose full platemgimooth surfaces
(7240 O3 IR o T == ol o - e S G..
Table 6: Results of total relative weight loss adatg to the type of Tylose plate and freezing efiag conditions
(average value of replicates + standard deviation)..............coeuiiiii i 7



Table 1: Freezing operating conditions

Full plate with | Full plate with | Full plate with Perforated plate
Temperqture Velocity set smooth smooth streaked with smooth
set point oint (m s?) surfaces surfaces surfaces surfaces
(°C) P T,=20°C T;=5°C T,=20°C T;=20°C
3 x3
-30 3.9 x3 x]1 x1 x1
7.7 x3
3.9 x3
-0 7.7 x3
3.9 x3 x1 x1 x1
-100 7.7 x3

For each run, two weight loss measurements and one temper ature measurement (surface and core) are

carried out.




Table 2: Gas flow velocity (m ) uniformity and stability

Hog'szi‘t’igf' 400 205 2725 175 152.5 52,5

p(mm) (Left) (Left) (Middle) | (Middle) | (Right) (Right) | Average*
c Upper wall 50 79+0.1/85+00 |78+01 | 87+01| 7,4+01| 7,1+0.1| 7,9+0.6
:% 150 87+01| 88+01 88+01 89+00 88+01,1801| 89+02
|
2 E | Mid-height 225 | 84+01| 89+01 90+01 89+01 9.0+01,0801| 89+02
< £ | positions
S 300 84+01| 89+00 89+00 89+00 90+01.,9801| 88+02
(]
> Bottom wall 400 79+01| 79+01| 83+0.1| 7,8+00| 85+0.1| 7,6+0.1| 8+0.3

*Mean value and standard deviation of the average values at the six horizontal positions.



Table 3: Temperature (°C) uniformity and stability

Temperature Left Middle Right
. . . - Average
set point (°C) | position position position
0 0.0+0.1 0.0+0.1 0.1+0.0 0.0+0.1
-30 -29.9+0.1] -29.8+0.1| -29.8+0.1] -29.8+0.1
-50 -49.4+0.1] -494+0.1| -49.3+0.1 -49.4+0.1
-100 -99.4+0.6 -99.5+06| -99.6+0.6] -99.5+0.0




Table 4: Heat transfer coefficient (W n® K™) uniformity and stability

Velocity se Left Middle Right
. 1 . . - Average
point (ms~) | position position position
4.2 63 +2 59 +2 62 +2 61 +2
6.6 92 +2 84 +2 90+3 89 +4
8.4 115+3 101+4 110+ 4 1087




Table 5: Results of average freezing time (s) requid for the thermal center of Tylose full plate wih
smooth surfaces (7=20°C) to reach -18°C

Ten;(p))ierlt[a(tg g set p\)/(ilr?tc(i:: 2?; Left Middle Right Average
3 295+ 44 2944+ 22¢ 285(+ 177 |291:£57 (49 min
-30 3,¢ 2637+ 214 2795+ 58 2664+ 54 [2571+ 138(43 min)
7,7 172¢ + 27 1727+ 1¢ 170C£ 2C 171¢+£ 16 (29 min)
3.6 190¢€ £ 12¢ 172(+ 87 1742+ 44 |178¢+ 10z (30 min]
>0 7.7 117¢+ 44 1301+ 27 1191+ 14 1222+ 67 (21 min
3,¢ 807+ 2E 80t + 3C 877+ 43 82¢€+ 41 (14 min)
0 7,7 51€+ 5t 581+ 25 56€+ 18 554+ 34 (1C min)




Table 6: Results of total relative weight loss aceding to the type of Tylose plate and freezing
operating conditions (average value of replicates standard deviation)

Full plate with | Eull olate with Full plate with | Perforated plate
Temperature set | Velocity set P b streaked with smooth
) . .. |smooth surfacesmooth surfaces
point (°C) point (m s°) T.220°C T.=5°C surfaces surfaces
' ' Ti=20°C Ti=20°C
3 1.70 £ 0.0.
-30 3,C 1.61 +0,(5 1.2€+0.0¢€ 1.7€+0.05 1.8:+ 0.0z
7,7 1.56 +0,C7
3.C 0.98 £0.1.
-50
7.7 0.85+0.1!
3,C 0.71 £0,10 0.6€+0.01 0.8¢+0.0¢ 0.87+0.C2
-100
7,7 0.46 £ 0,0






