IMPACT: International Journal of Research in Applied,
Natural and Social Sciences (IMPACT: IJRANSS)
ISSN (P): 2347-4580; ISSN (E): 2321-8851

Vol. 6, Issue 9, Sep 2018, 93-110

© Impact Journals

DEMONSTRATION OF SUPERCOOLING AND MODELING THE
FREEZING TIME OF FOOD PRODUCTS BY THERMOFRIDGE PUMP
G. Bop D. Sow

Research Scholar, Department of Chemical Engineering and Applied Biology, Ecole Polytechnique,
Dakar-Fann, Senegal, West Africa

Received:23 Aug 2018 Accepted: 31 Aug 2018 Published: 30 Sep 2018

ABSTRACT

In this article we were able to highlight the super cooling during the freezing of water and model the duration of
freezing of different food products from their temperature of entry to their temperature of end of freezing. The numerical
model thus obtained makes it possible, knowing the mass and the water content of the product to be frozen, to predict the
time necessary for the total and thorough freezing of the product. The results obtained by the numerical model thus
presented corroborate well with those obtained experimentally, which comforts us in our numerical approach with regard

to cold rooms of small dimensions.
KEYWORDS: Thermofridge Pump, Freezing, Water Content, Modeling
INTRODUCTION

The use of energy in all these forms must resporfddtors that make it possible to obtain maximdficiency;
this explains the interest we devote to this stuidythe context of this article, we are interestethe thermofridge pump.
With this machine, we were able to freeze wateratmand dry food products. The glass transition &naores Tg
measured for beef and fish are respectively -13.2A@ -15°C, but different glass transition tempeeg have been
measured for beef (Tg = -12°C). C) by Lebenswitedl, a value much superior to the previous diga dy these same
authors (-60°C and -40°C) or those reported by &ganni et al (-80°C and -35°C). Values of -20°@ ah3.5°C have
also been proposed for pork and turkey meat bydel&enot. And finally, we modeled the freezing tioidood products

knowing their water content in line with the eqoat given by meat specialists.
MATERIALS AND METHODS
For the conduct of our experiments, we worked withfollowing equipment:
- A thermofridge pump designed and produced in situ
- A scale of precision 1/100,
- A 12-probe temperature display,

- A graduated burette.
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Figure 2: 12-Probe Temperature Display
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Figure 4: Graduated Burette

Experimental conduct consists of freezing differeatlies of water, 2 cm thick beef, 2 cm thick fasid drying
thiacry and banana. The refrigerant that allowedousonduct our experiments is R12, the gross velwinthe freezer
being 190 I. For freezers in general, their fregzoapacity down to -18°C per 24 h and per 100l ralsg volume is
between 3.5 | and 41 of water, ie a mass of 7 kipod [1].
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RESULTS AND DISCUSSIONS

Freezing Water

The results obtained allowed us to draw the differeurves illustrating the temperature decreasengur

the freezing of the water materialized in Figureetow.
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Figure 5: Evolution of the Water Température for Different Masses with Freon 12

The evidence of the supercooling of the water duiia change of state was observed during the ewpats.
The appearance of the first ice crystals is at@@rature of -2°C as confirmed by the experimergatifiification of pure

water led by B. Rouede Missy College La Rochelle [2
Figure 5 illustrates the supercooling observedmdutihe change of state of liquid water in ice. Ve notice :
- a cooling of the water in the liquid phase anthiting supercooling;

- when the supercooling stops, ice needles app&artemperature rises almost instantly to zerostags there
for the duration of the water-ice transition. Sirice has a low thermal conductivity, its progressimitially rapid,

becomes slower as it approaches the center;

- we can observe the birth of gas bubbles in tr@niky of the ice: it is the dissolved air gasesos

concentration increases to the threshold of satumat

- the last amounts of liquid water having disappdaand all that remains is ice. Then the tempesadtarts to

decrease very quickly. The experiment is stoppesban as we reach the minimum temperature allowyetidfreezer.

By plotting the cooling and freezing curves andrigknto account the slopes, we were able to whigemodeling

equation for the operation of the conservationfa@eizer appliances in the form:
t = 0,078 ¥"*{T - T¢) + 0,0652m — 0,8373M + 3,7837m + 1,98851)

Note: m represents the total mass of water in kg coathin the products to be frozen from their intraehue

temperature to their end-of-freezing temperature TC
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Table 1 presents the theoretical results and thérarental results obtained.

Table 1: Comparative Theoretical and Experimental Rsults
Mass (kg) | t (h)n | t (")exp |
7

1 7,1

15 8,4 9
4,5 11,7 12
7,6 15,5 16
9 20,5 18

The comparison of the experimental results witls¢hobtained by the theory makes it possible torafthat the

modeling equation thus defined corroborates weth wie values obtained experimentally.
Freezing of Beef
The results obtained during the freezing of thetraearepresented in figure 6.
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Figure 6: Variation of the Temperature as a Functim of Time during the Freezing of the Beef

The appearance of the meat refrigeration phasetidimear and is limited to - 2,5°C. The startimgdzing
temperature noted is - 2.5°C and the phase chdatgap varies over time by the values of - 2.8°8°C, - 3.8°C up to at
- 4.8°C. From - 5°C, the curve weakly decrease3 G and this decrease is more pronounced in tingerg 7°C, - 14°C].
Below - 14°C, the curve returns to a slower slop#! the final temperature reached by the machinéreezing fish. The

results obtained during the freezing of the fidbvaéd us to draw figure 7.
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Figure 7: Variation of the Temperature as a Functiam of Time during the Freezing of the Fish
The appearance of the fish refrigeration phasetisimear and is limited to a value of -3°C.

The starting freezing temperature noted is - 3°€C the phase change plateau varies over time thrtheghialues
of -3°C, -3.5°C, -3.8°C up to at -5°C. From -5.5%¢e curve decreases slightly to -8 ° C and thisrefese is more
pronounced in the range [-9°C, -15°C]. Below - 16tRe curve returns to a slower slope until thalfiemperature

reached by our device.

Finally, the analysis of the curve showing the terapure decrease during the freezing of fish ared peesents

three phases as shown in figure 8 below:
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Figure 8: Comparative Evolution of the Evolution of Temperature during the Freezing of Fish and Beef

Freezing allows, even more than refrigerationJé@vghe microbiological and biochemical alteratiates/eloping
in the meat after the death of the animal. Pradtioeder good conditions, it stops the natural elahuof the product and
keeps it "frozen" in the state reached just befarezing and until it thaws. The weather is somehlsuspended"” for the
few weeks, months or years of frozen storage. Heweprecautions must be taken concerning freezirfgeeze only
healthy products, - keep them only in an envirorninvemere the temperature is less than or equal83G]1- respect the
cold chain during all the storage time of the piduThere are three phases in the process: -qoierg, where the
temperature drops without changing state, - thezfrey zone, with a starting freezing temperatweards -1 / -1.5°C for
the meat and a progressive slowdown of the loweointhe temperature down to -7 / -10°C: it s' agftshe maximum
phase of crystallization, - the subcooling zoneerghthe temperature lowers again more quickly, méshe freezing

water is frozen to the storage temperature.
The Freezing Stage is Characterized by:

- the initial freezing (or melting) temperature @yoscopic temperature (Tc). The biological tisbebaves as a
first approximation as a dilute solution, and Tcr@@ases when the concentration of solute increfseseat, Tc is close to
-1.5°C [3]. The temperature at which the first midlegin to form, or freezing point, is less thar Which characterizes
the phenomenon of supercooling or subcooling. i@l reduction in temperature results from tlativation energy of

the nucleation.
As far as meat is concerned, there are freezingeeatures of between -1°C and -3°C [3].

Once nucleation has begun, the system yields nadeatl heat than is strictly necessary for crystaim, and
the temperature rises rapidly to Tc. Subsequeiftllge thermal regime is sufficient, the temperatgradually decreases to

be at most equal to Tc, which gradually decreasega the cryoconcentration of solutes [3].
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The nucleation rate is the number of nuclei formpedunit of time. It is higher when the coolindast:
for each degree of subcooling, the nucleationigateultiplied by 10;

- The growth rate of the crystals is largely coliéa by the heat flux removed from the crystalliaatzone, but

also by the cryocentricity of intra and extracedhufluids during freezing, which progressively sdown growth [3].

During freezing, the mass enthalpy drops sharplsn tit continues to decrease gradually during twding phase

as shown in Figure 9 below:
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Figure 9: Mass Enthalpy of Beef as a Function of Traperature
Values were calculated by setting an enthalpy laf 0kg at -40°C
This reduction conditions the design calculatiohthe freezers.

The density of the product also decreases durieging corresponding to the increase in volume lwliof the
order of 6% at the end of freezing. The thermaldemtivity of the product increases because thatefis four times
higher than that of water. The thermal conductiatydipose tissue is lower than that of musckugsand, in the latter, it

is slightly higher if the heat flow is parallel ioe direction of the muscle fibers than if it igpendicular [4].
As in all products being frozen, the proportiorfrokzen water increases as the temperature decreases

Thus at -7°C water in the form of ice represent%o8ff the total water of the product. When the terapee
reaches -20°C, almost 90% of the water is in thel sstate, this percentage not noticeably incraador a lower
temperature. At very low temperatures, there Isegiformation of a eutectic or transition to theredus state. The fraction
of unfrozen water thus decreases during freezing timit value, as well as the water activity ame tcrystallization
temperature (Tc), while the concentration of s@ubereases.

The formation of a eutectic during freezing is kely [5]. The conditions could be met in case ofisfreezing,
viscosity of the weak liquid phase and solutesightconcentration. The glass transition temperatdig measured for
beef and fish are respectively -13.2°C and -15&,different glass transition températures havenlraeasured for beef
(Tg = -12°C)[6], a value much higher than the poesi data cited by these authors (-60°C and -40f@)ase reported by
Torregianni et al (-80°C and -35°C) [7]. Values-B0°C and -13.5°C have also been proposed for andkturkey meat

3].
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However, speed and duration of freezing depend hen tbtal amount of heat to be extracted, the initia
temperature and the final temperature, the chaistits of the product such as its composition, tdgal mass, its
dimensions (in particular thickness) and its stitest of the presence of a package and its natutdiaally the cooling
process. Concerning this last point, in the caserotesses based on a superficial heat exchangepaaticularly
important: the difference between the final tempee of the product and that of the freezing mediain, cryogenic

fluid, metal plates);

the coefficient of heat transfer between the prodamd the freezing medium. This coefficient depemds
particular on the speed of circulation of the cmyoig fluid and the quality of the contact betweeadoict and freezing

plates [7].

Thus, we present in the table below the freezimaciy of the machine in 24 hours up to the tenpegaof -
18°C for different food products.

Table 2: Freezing Capacity for Different Food Prodicts

Commaodity Water content (%) [8] | Mass (kg) |

Meat 75 12

Fish 75 12

Ripe mango 83 10,84
Ripe banana 77 11,7
Raw potato 78 11,5
Carrot raw 89 10,1
Watermelon 94 9,6

Whole cow's milk 85 10,6
Cow's milk butter 21 42,8
Non-alcoholic beverages| 87 10,3
Chicken 72 12,5
Okra, fresh fruit 89 10,1

The results obtained led us to the simulation eégonsaitof the operating time of domestic refrigeratamnd freezing
appliances. Such an equation allows us by knowiegitass of products introduced as well as theiem@intent to make

a forecast of the operating time necessary to ohi@ desired temperature.

Since the characteristic curve of the pre-freezifithe water is linear, we have plotted the différeurves for

certain water masses represented by figure 10.
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* TO(C)[0] = T1(C)] T2(°C)[L,5] T3(°C)[4.5] X T4(°C)[7,6]
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Figure 10: Evolution of the Refrigeration Temperatue as a Function of Time

The curves thus obtained are of the fo-rl:n:: at + b (2)

The correlation coefficients displayed are satisfigcbecause they are very close to 1 (0.98); @l@®wvs us to

confirm the findings set out above.

Thus, the different slopes obtained enabled uspioesent in figure 11 the characteristic curvenefdvolution of

the slope as a function of the mass of water.
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Figure 11: Evolution of the Slope According to théVlass
The trend curve thus obtained has a correlatiofficmat of 0.94, a value slightly different from 1

Finally, we can write the modeling equation for gire-freezing of water in the form:

t :i(Tpo _T)

e =12728m ™38

t =0,078m°2(T  -T)

(3)

(4)

tin hours; T (°C) is the final temperature for guct refrigeration, TpO (°C) is the initial produemperature and

m is the water mass in kg.

In the case of freezing, T (°C) represents thezfregtemperature of the product Tc.

Figure 12 shows the freezing time of the water daretion of the body of water. The trend line ralgea

correlation coefficient of 1.
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Figure 12: Evolution of Freezing Time as a Functiorof Mass

The equation,

t =0,0652m°® —0,8373m* +3,7837m +1,9885 5)

Determined with a correlation coefficient of 1 al® the modeling of the freezing time of the product the
vicinity of their freezing point (# 0) thus define@drroborates with that given by some specialithe cold as far as the
freezing of the meat of which the water compositieaches 75% [8]. And finally, the sub-cooling zamecooling zone
after freezing does not have a linear appearant@diynomial, we have shown in figure 13 the trendves relative to

water bodies.
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Figure 13: Evolution of the Freezing Temperature ofVater as a Function of Time

Thus, the desired freezing temperature is a funaiidtime according to the polynomial law: (6) T¢wefficients
A, B, C and D are constants which depend on they bufdwater. They are determined experimentally. :-fihal
temperature of the frozen product in °C, - t: titngime necessary to reach the final freezing teatpee of the product
from its freezing temperature. This allows us tsalbbe the modeling equation for the operationaidehold appliances
for preservation and freezing in the form: (7) Naterepresents the total mass of water in kg coathin the products to
be frozen from their introduction temperature teithend-of-freezing temperature TC. Table 3 presémé theoretical
results and the experimental results obtained.

Table 3: Comparison of Theoretical and ExperimentaResults
Mass (kg) | t (M) | t (h)ex |
7

1 7,1

15 8,4 9
4,5 11,7 12
7,6 15,5 16
9 20,5 18

The comparison of the experimental results witts¢hobtained by the theory makes it possible torafthat the
modeling equation thus defined corroborates weththe values obtained experimentaNfalidation of the numerical
model: Several equations have been put forward on thezifig time of food products. Of these, we seleétkzohck and

meat specialists.
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(8)

=Ee, *D*(4D + 1]
- 1.Planck equation [5]* = A A4 = a1 i
A6 N A «a

Ah : quantity of heat to extract from the product betwéee freezing temperature Tc and the temperatuteea

end of freezing,
P : density of the product ikig/m3 ,
AB . temperature difference between the product anchggium,
D :thickness of the product to be frozen in m,

A coefficient of thermal conductivity of the product,

a . superficial coefficient of exchange between thedpit and the medium,

N : coefficient that depends on the shape of the prtoduc

- plate: N = 2,
- cylinder: N =4,
-sphere:N = 6,

{ :freezing time expressed in seconds.

t(jours) = Z—D‘
- 2. Equation of meat specialists [5<]:t (jours) _ % 9)

t :freezing time in days,
D :thickness of the piece to be frozen in cm,

Ti : temperature of the freezing medium.

The classic Planck formula for calculating the fiag time for foodstuffs can lead to serious erfoesause of
the simplifying assumptions that it assumes: zeat lcapacity of the frozen part, initial temperataf the product equal
to the temperature of the product. beginning fregzetc. The analysis in figure 14 shows that theZing time of the fish
at heart to - 4°C is 3.3h. This value correspomdthat given by the numerical model which predittis duration of

freezing for the same mass of water.
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Figure 14: Comparative Evolution of Temperature asa Function of
Time for Fish: Numerical and Experimental Malel

In the same way, the analysis of Figure 15 shows ttie freezing time of meat at heart to - 2.8°@his This
value corresponds to that given by the numericallehovhich predicts this duration of freezing foeteame mass of

water.
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Figure 15: Comparative Evolution of Temperature asa Function of
Time for Meat: Numerical and Experimental nodel
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By comparing the theoretical and experimental teswe note a strong correlation of the data thatlead to a
satisfactory conclusion of the use of the numenabel thus proposed. Tables 4 and 5 give the ifrgeimes for the

different equations proposed.

Table 4: Freezing time by different methods for fik

Planck | Specialists | Digital Method | Experimental Method
Freezing temperatui@C) - - 0 -4
Duration of freezingh) 6,8 3,2 3,3 3,3

Table 5: Freezing Time by Different Methods for Be&

Planck | Specialists | Digital Method | Experimental Method
Freezing temperatui@C) - - 0 -2,8
Duration of freezingh) 7,1 3,2 3,72 3,72

The results thus obtained corroborate well withsthalready advanced by other authors. As the ragafttezing
temperature for beef was -1.7°C, we were abledez it up to a core temperature of -8.8°C foeaZing time of 4 hours.

numerical equation thus proposed.

The Planck equation gives a freezing time of 7cbiiesponding to a core temperature of - 5.2°C whioutside
the freezing range. This temperature (-5.2°C) itherefrigeration stage after freezing when knswn that this equation
only takes into account the latent heat of freenfithe products. It is this noted difference impeerature that explains the
high freezing time. Thus the Planck equation isydnterested in the freezing phase only and notpileecooling and

cooling after freezing of the product.

For fish, the core freezing temperature reached4i®C corresponding to a freezing time of 3.3 hegi\by the
numerical model. The Planck equation gives a frepzime of 6.8 h; this time corresponds to the cie®zing

temperature of the product of - 16.4°C very fanfrthe starting freezing temperature which is - 3°C.

Thus, the numerical model thus developed not ordikan it possible to predict the duration of fregduit it also
informs us on the temperature of freezing at hesathed. This model takes into account the inigedperature of the
products to be frozen but also its mass (mass téreantained in the products) contrary to the Etasguation mentioned

above.

The equation that has been proposed by the meeiaBpts does not take into account the mass optbduct but

rather its thickness and does not tell us aboufréezing temperature reached.

Thus, the Planck equations and meat specialiste hianitations on their use. However, they tell imat the
freezing time and not the freezing temperaturdnefdroduct. These equations are only used for @tngses maintained at
a constant temperature, contrary to the numericaleinproposed, which shows a decrease in temperfttum the initial

temperature of the cold room environment (motopgéal).
CONCLUSIONS

In this article, we have highlighted the superaaplbf water during its solidification. We have besate to model
the freezing time of food products that know the#ter content. The experimental results thus obthizorroborate those

obtained theoretically. And lastly, we were ableuse the heat released in the condenser to dry gooducts. A new
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design of household appliances such as freezersrefngerators incorporating a dryer compartmentstsongly

recommended because it would not only dry food petslbut also reduce the size of the condensettendefrigerant

charge.
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