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AHHomayus

Jns uccnedosanus macconepeHoca npu NOOMOPANUBAHUU NU-
WieBbIX NPOOYKIMo8 MOPO3UNILHOL NAUMOTE NPeOnoNeHO NOHS-
mue «udeanvHolti npodyxmy». Voeanvruiii npodykm — npooyxm,
8 KOMOPOM HAMEPEHHO UCKTIOHEHO Oeticmeéue PA0a MUSIOULUX
paxmopos «peanvhozo npodykma» (msca). K num ommocsmest:
XUMUMECKULl COCINAB MACA; 2PYNNa KAa4ecmea MACHO20 Cblpbs
(NOR, DFD, PSE); kpuockonuueckas memnepamypa, onpeoensi-
1WAt cmenetv nepexooa 800vi 8 1ed; IBTIEHUE 0CMOCA; CKOPOCHIb
3aMOPANUBAHUS U Op.

C nomouipio NOHAMUS «UdeanvHvlil NPOOYKM» U Peanu3auuu e2o
68 PusuecKkom sKcnepumeHime 00KA3AHO, UIMO «NOPUIHEBOTi Ip-
exm», 8bI3616AI0OULUT MULPAUUIO B71A2U, B03HUKAEM 3a CHem 00-
PA308aHUT 3AMOPOHEHHOL KOPKU NPU NOOMOPANUSAHUYU Mena.
B npouecce noomopaxcusanus npooyxma Mopo3unvHoU nau-
Mot «udeanvHasl» U NUWEBAST «PeanbHAs» Cpeda nepexoosm
U3 3aMKHYMOil 6 OMKPLIMYI0 cucmemy ¢ 0becnedeHHbIM NO0-
MOKOM 671421 6 HE3AMOPONEHHYI0 Hacmpy mena. B «udeanvrom
npodyxme» 603HuKAemM OMucamue He3amep3uieil euie 600bL O
pponma 3amopaiusanus, u 600a évicmynaem HA NOBEPXHO-
cmu mena. IIpu amom evimecHeHue 600l HAPACNAETN NO MOMY
Jice 3aKOHY, 10 KOMOPOMY YBenuuusaemcs monusuna (macca)
3aMOPOHEHHO20 CTIOSL.

IIpu noomopaxcusanuu MAcHo20 Gapuia e1aza He 8vicrnyndaem
HA nosepxHOCMU NPoOyKma, HO 6bi3bléaem y6axHeHue He3d-
Mmoposxcennoil yacmu maca. Ilpuuuna — omamue 600bl npu
00pazoeanuu KOPKU 3aMOPANUBAHUS U 671A20C6A3bI8AIOULAS
€noco6HOCMb MACA.

BBegenne

O6paboTka NMUILEBBIX NPOAYKTOB ITyTeM IIOAMOPaXKV-
BaHUS SIBJISIETCS IPEIMETOM OOIIMPHBIX MCCIEOBAHMIT KaK
poccuitckux (1, 2], Tak 1 3apyOeXXHBIX YUeHbIX [3, 4], 0CHOB-
HOJI IIE/IbI0 KOTOPBIX SB/ISZIOCH BBISBUTH IIPEVIMYIECTBa
9TOJ TEXHOJIOIMM TI0 CPAaBHEHUIO C M3BECTHBIMU TEXHOJIO-
IUAMYU OXJIKIEHVS ¥ TPafVIIMOHHOTO 3aMOPa’KMBAHII.

[Tposenennsie TonoBkuubiM H.A. u ap. [1] nsyuenne
U TIpaKTUYecKas peanusanys CyOKPMOCKONNYECKOTO
TEMIIEPATypPHOIO PeXMMa XpaHEHNUA MO3BOMMIN COXpa-
HATb HATypa/bHble NNIeBble ¥ BKYCOBbIE TOCTOMHCTBA
IIPOAYKTOB U 3HAYUTENBHO YBEIMYUTD JOIYCTUMYIO IIPO-
TOJDKUTENbHOCTD XPAHEHN A ITOJMOPOXKEHHDIX IIPOlYKTOB
CPaBHUTEJIBHO C OXJIa>KIeHHBIMIL.

[TogMopakuBaHMe — 3TO HayajbHas CTAIVs 3aMopa-
JKIBAHNA IPOJYKTA, KOTOPYIO 3aBEPIIAIOT Yepes 3a/JaHHbII
IIPOMEXYTOK BpeMeHH. TennoTy 3aMOpaKMBaHNSA MOXKHO
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Abstract

The concept of «ideal product» is proposed for the study of mass
transfer during partial freezing of food products by freezing plate.
The ideal product is a product, in which number of factors affect-
ing the «real product» (meat) are excluded. These factors include
chemical composition of meat, quality grade of raw material
(NOR, DFD, PSE), cryoscopic temperature that determines the de-
gree of water transformation into ice, the phenomenon of osmosis,
rate of freezing, etc.

By using the concept of «ideal product» and its implementation in
a physical experiment, it is proved that the “piston effect” causing
the migration of moisture is due to frozen crust formation during
partial freezing of the body.

During partial freezing of the product by freezing plate, «ideal»
and «real» food environment is transformed from closed system
into open one with inflow of moisture to unfrozen part of the body.
In the «ideal product», there is an expulsion of unfrozen moisture
from freezing front, so the water appears on the body surface. Thus,
the displacement of moisture increases by the same law, according
to which the thickness (weight) of frozen layer increases.

During partial freezing of ground meat, moisture does not ap-
pear on the surface of the product, but hydrates the unfrozen part
of meat. The reason of this phenomenon is the expulsion of wa-
ter during formation of frozen crust and water-binding capacity
of meat.

Introduction

Partial freezing of food products is extensively studied
by scientists in Russia [1, 2] and abroad [3, 4]. The main
aim of these studies is to identify the advantages of this
technology compared to prior technologies of cooling and
traditional freezing.

Golovkin N. A. et al. [1] conducted the study and practi-
cal implementation of subcryoscopic storage temperature
that was found to maintain the natural taste and nutrition-
al advantages of the products and to significantly increase
the permissible storage time of partially frozen products
compared to chilled ones.

Partial freezing is the initial stage of product freezing,
which is completed after a specified period of time. During
freezing, the heat may be withdrawn by cold air, boiling or
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OTBOJUTb XOJIOLHBIM BO3[YXOM, KUIIALIEH WIM HEKUIIA-
e KUIKOCTBIO, JIbJOCO/IEBOML CMEChI0 WJIVI MOPO3W/Ib-
HOI1 IVTUTOL. B pesynbraTe TEIIOOTBO/IA B TOBEPXHOCTHOM
CJI0e TIPOAYKTa 00pasyeTcs TBepfiasi 3aMOPOXKeHHast KOpKa
HY>KHOI1 TOMIIVMHBIL, @ 32 Hell — 00/IaCTb C TeMIIepaTypoil
Te/la BbIIle TOYKY 3aMep3aHus. TommyHa nepudepuitHo-
TO 3aMOPO>KEHHOTO CJI0S1 IO/DKHA OBITh TAaKOI, YTOObI IpK
HOCTIefyIolleM BHyTPEHHEM TeIIooOMeHe BO BceM 00beMe
Te/la YCTaHAB/IMBAIACh TeMIIepaTypa OT MUHYC 3 1O MUHYC
2°C, paBHas TeMIlepaType XpaHeHMsl.

Ms1co 1 MACHBIE IPOIYKTHI IIPY ITOJIOKNUTENBHON TeMITe-
parype yCIOBHO MOXKHO pacCMaTpuBaTh Kak JIBYX(asHyIo
CHUCTEMY, COCTOSALIYIO M3 MaTpukca u Bogsl. [Ipn orpuna-
TEJIbHOII TeMIlepaType — BO3HUKAeT Oojiee CIOKHAsL, TPeX-
(asHas crucTeMa, COCTOAMIAs U3 MAaTPMKCA, BOABI U JIbA.
OTHOCHUTE/IbHOE KOMMYECTBO BOADI, IIPEBPATYBILENICS B JIeT,
IIpY HOAIMOPKMBAHNUI IPOJYKTOB MOXKET COCTABJIATb OT
50 5o 70% oT 06111ero cofep>KaHMsl BOABI B IPOAyKTe [5, 6].

[Ipn paspaboTke MaTeMaTM4eCKUX MOJEJNel TeIIo-
MacCOIllepeHoca ¢ YIeTOM M3MeHeHMs TeIIo(PU3NIecKux
CBOJICTB, pacyeTe MOTepPb MacChl IPOAYKTA OT YCYUIKU
U YIpaBlIeHM) HPOLECCOM IOAMOPXMBAHUA HeobXo-
[MMO YYUTBIBATh OCOOEHHOCTH, NMPOMCXOAALINE B Msice
npu 06pa3oBaHMUM 3aMOPOXXEHHON KOPKM. Bo-mepBbIX,
BOMM3YM TpaHUIpl (Pa3oBOro IpeBpalieHus, IpU HOHU-
>keHun TemmnepaTypel oT +4°C fo 0°C NI0THOCTb BOJBI
YMEHBIIIAETCS ¥ COOTBETCTBEHHO YBEIMYMBAECTCS 00BbeM
BOZIbI. BO3HMKAIOT TMApOCTaTNYECKIEe CUIBI, KOTOPbIE CO-
[eICTBYIOT OT)KAaTVIO He3aMepa3lllell ellje BOAbI OT GPOHTa
3aMOpaXMBaHNA. Bo-BTOpBIX, 10 Mepe 00pa3oBaHNus IbAa
B MsACe 4YacTb BJIATM OTXKMMAETCA 3a CUeT YBeIMYeHN:
obbeMa IIpy IpeBpallleHNY BOABI B JIef]. DTH /jBa B3aUMOC-
BSI3aHHBIX IIpoliecca SABJAITCA IPUYNHON «IIOPIIHEBOTO
a¢¢deKTa», BBI3BIBAIONIETO MUTPALMIO BJIarM, KOTOpas
u3MeHseT (YHKIMOHAIbHO-TEXHONOIMYECKMEe CBOJICTBA
U XapaKTepPUCTUKYU TPOAYKTa (BIarocoieprkaHue, Bia-
TOCBSA3BIBAIONIAs VM BJIATOYAEP)KMBAIOIAsl CIIOCOOHOCTD,
CTPYKTYPHO-MeXaHIYeCKIe 1 TeIIOpU3NIecKrie CBOMCT-
Ba U T.Jj.) I YBEIMYMBACT PUCK JIOTIOTHUTENbHBIX IIOTEPh
OT YCYIIKM PV IOAMOPKMBAHUU IIPOAYKTA.

B xonoauipHOI TeXHO/Morny 60bloe BHUMAHIE yie-
JIAIOT 3aMOPO>KEHHO YacTy NMPOAYKTA U YCIOBUAM (op-
MUPOBaHUA B HeMl MEIKOKPUCTA/INYECKON CTPYKTYpbI
NbJa, ONpeferAoNell KadecTBO IpopyKra. OmHaKo, Jo
CHX TIOp He ACHA POJIb BIMAHUA (Pa30BOTO IIePeXOfa BOJbI
B JIefi TPV NOJMOPAKMBAHUN Ha OT>KaTue B/Iary B He3a-
MOPOYXEHHYIO 4YacTb IPOJYKTa.

Llenb pabOThI — 9KCIIEPUMEHTAIBHO IPOBEPUTD TUIIO-
Te3y O BBITECHAIOIEM BJIATONEPEeHOCe IIPU MOAMOPAKM-
BaHUY BOJOCOZIEPKAIINX OOBEKTOB.

Marepuanbl U METOAbI

[l oOHapy»KeHus BBITECHSAIONIETO IIOTOKA BJIary, Ha-
IIPaB/IEHHOTO OT 'PaHMIIbl 3aMOPAXMBAHUA B HE3aMOPO-
JKEHHYI0 4acTb Te/la OblIa CO3JaHa 9KCIepPYMEHTaIbHAsA
YCTaHOBKa, CXeMa KOTOPOJ1 IIpeficTaBIeHa Ha puc. 1.
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not boiling liquid, ice and salt mixture, or freezing plate. As a
result of heat withdrawal, a hard frozen crust of desired thick-
ness is formed in the surface layer of the product, and behind
it there is an area with body temperature above the freezing
point. Peripheral frozen layer thickness should be such that,
in the subsequent internal heat transfer, the temperature
throughout the whole body volume has the value of minus
3°C to minus 2 °C, which is equal to storage temperature.

Meat and meat products at a positive temperature can
be conventionally considered as a two-phase system con-
sisting of matrix and water. At a negative temperature, the
more complex three-phase system occurs consisting of
matrix, water, and ice. Relative amount of water turned
into ice at partial freezing of food products may account
50% to 70% of total moisture content in the product [5, 6].

The development of mathematical models of heat and
mass transfer considering the changes in thermo-physical
properties, the calculation of shrinkage loss and partial
freezing process control must take into account the events
occurring in meat during the formation of frozen crust.
First, near the phase transition boundary, where tempera-
ture is lowered from + 4 °C to 0 °C, the density of water de-
creases and the volume of water correspondingly increas-
es. There are hydrostatic forces that contribute to expulsion
of unfrozen water from the freezing front. Secondly, as the
ice forms in meat, the part of moisture is expulsed due to
volume increase during the conversion of water into ice.
These two related processes are the cause of “piston ef-
fect” inducing the migration of moisture, which changes
the functional and technological properties and charac-
teristics of the product (moisture content, water-binding
capacity and water-holding capacity, structural and me-
chanical characteristics, thermo-physical properties, etc.)
and increases the risk of additional shrinkage loss during
partial freezing of the product.

Refrigeration technology pays great attention to the fro-
zen part of the product and the conditions of fine-grained
ice structure formation, which determines the quality of
product. However, it is still not clear how the phase transi-
tion of water into ice at partial freezing influences the ex-
pulsion of moisture to unfrozen part of the product.

The purpose of this work was to experimentally test the
hypothesis of moisture displacement during partial freez-
ing of water-containing objects.

Materials and methods

The experimental setup was created, which is shown in
Figure 1, to detect the flow of moisture directed from freez-
ing front to unfrozen part of the body.
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Figure 1. Experimental setup: 1 — thermal insulation; 2 — cup for frozen object; 3 — unfrozen product layer; 4 — frozen product layer; 5 — heat
conductor; 6 — thermoelectric module; 7 — cooling surface of the thermoelectric module; 8, 9 — temperature sensors; 10 — fan

Puc. 1. Cxema 9KCIIepMMEHTAIbHOI YCTAHOBKI: 1 — TeIIOM30IAINs; 2 — CTaKaH sl 3aMOPaXKMBaeMoro o0'beKTa; 3- He3aMOPOXKEHHbIII CIIOT
IIPOAYKTa; 4 — 3aMOPOXKEHHBDIII C/I0I MPOAYKTa; 5 — TEIIONPOBOM; 6 — TePMOINIEKTPUYECKIUII MOLY/Ib; 7 — TEIUIOOTBOAALLAA II0BEPXHOCTD
TEPMOIIEKTPUYECKOTO MOAYIA; 8, 9 — marumkm teMmeparypbl; 10 — BeHTUIATOP

[TepBoHa4YaNIbHO OOBEKTOM VCCIEHOBAHMA CITY)XXIIA
«Mofenb Qapiia» — CI0i CTeK/ISHHBIX IIAPUKOB [iaMe-
TpoM 0,001 M, pasMeleHHbIX B IPO3PAaYHOM IJIACTUKOBOM
CTaKaHe 2 C aJIIOMMHMEBbIM JHOM. BHyTpeHHMIT iuameTp
crakaHa 0,057 M. OOmiadg Macca 3achlllaeMbIX B CTaKaH
LIapUKOB M BBICOTA COsA MIAPUKOB cocTaBisanu 0,175 kr
n 0,044 M coorBercTBeHHO. CBOOOIHOE MPOCTPAHCTBO
MeX Ty IapuKamm 3anonssmm sogoit (0,0418 xr). Bo Bcex
OIIBITAaX Macca MIAPUKOB 1 BOAbI OblTa mocTossHHOI. Tlox-
TOTOBJIEHHBIII BOZIOCOAEPIKALVIT 00paser] IpefBapuTe/ib-
Ho oxaxamu 1o 10 °C B xonoguabaoM mkady. [Tpegmer
UCCNIef0BaHNA — MPOLecC OT>KATUsA BOABI IPU ITOAMOPa-
JKMBaHUU BOJJOCOfIEPrKallell CUCTEMBI.

I[Tepen HavasoM 3aMOpaxkyBaHMs obOpasia MOBEPX-
HOCTb BePXHEro CJI0s LIAPMKOB MOACYIIMBAIM OyMaK-
HBIMY (pUIBTPaMU TIOJ, TPY30M ([0 IOHOTO MCYe3HOBe-
HUS C7IefioB Barym). 3areM oOpasel] yCTaHaB/IMBaAU Ha
TOpel, aTIOMUHMEBOIO TEIJIONPOBOJiA 5, 0X/IaXKAaeMOTo
TepMOaIeKTpudeckum Mmoaynem TB-127-1,4-1,5 (Frost-72)
U HaKpbIBa/IM TEIIOM3OIMPYOIINUM KonnakoM. KoHTp-
OJIb TeMIlepaTypbl OCYLIECTB/IANMN IPY IMOMOILIY JaTYU-
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Initially, the object of the study was a «<model of ground
beef», i.e. the layer of glass beads with a diameter of 0.001
m placed in a clear plastic cup (2) with aluminum bottom.
The inner diameter of cup was 0.057 m. The total mass of
beads in the cup and the height of beads layer were 0,175
kg and 0,044 m, respectively. The free space between the
beads was filled with water (0.0418 kg). In all experiments,
the mass of beads and water was constant. The prepared
water-containing sample was precooled to 10 °C in a refrig-
erator. The subject of research was the process of water ex-
pulsion during partial freezing of water-containing system.

Prior to the freezing of sample, the surface of the top
layer of beads was dried with paper filters under load (un-
til moisture traces completely disappear). The sample was
then installed on the flat end of the aluminum heat conduc-
tor (5) cooled by the thermoelectric module TV-127-1,4-1,5
(Frost-72) and was covered with a heat insulating cover.
Temperature control was performed by means of tempera-
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k0B TemnepaTypsl 8 n 9 (TC-1288). TounocTb N3MepeHUA
temnepaTypsl 0,2 °C. IIpu aToM flaT4MK 8 MCIIONIb30BAI-
CA A U3MepeHUs TeMIlepaTyphl TEIVIONPOBOJja B MeCTe

KOHTAaKTa CO CTaKaHOM, a JaT4uK 9 — A KOHTPOJA
TeMIIepaTyphl TOpsiYeil CTOPOHBI TePMO3IEKTPUIECKOTO
MOZLYIA.

[Ipofo/mKUTETbHOCTD TOAMOPAKMBAHNS BBIIEP)KUBA-
M TaKo¥, 4TOOBI 06Pa30BasCs 3aMOPOKEHHBIIT Tepude-
PUITHBII CJIOV HY>KHOVI TOJIIIVHEI,

[To OKOHYaHMIO TOMOPAKMUBAHVS U3MEPSI/IN TOJILIV-
HY 3aMOPOKE€HHONM KOPKM C TOYHOCTBhIO 0,5 MM, a copep-
KMIMOe CTaKaHa Pasje/sUlM Ha 3aMOPOXKEHHYIO U Hesa-
MOPO>KEHHYIO YaCTH, KOTOpbIe B3BELIMBA/IN C IIOMOLIBIO
BecoB BM 1502 OKBb BECTA (HIIB=1500 r, e=100 wmr,
HMIIB=0,51, d=10 mr).

Brary, BbITeCHEHHYIO 32 BpeMsI IOMOPa)XMBaHMs Ha
IIOBEPXHOCTb BEPXHETO CJIOS IIAPUKOB, OTHE/S/INA METO-
JIOM BIUTBIBaHMA €€ 6ymMaxxHbIMM (unbTpamu [7] ¢ mo-
CIeyIOIIVM B3BelBaHMeM ¢ TOYHOCThIO 0,001 1.

Ha BTOpOM 3Tame MCCIeoBaHMs B Ka4eCTBe 00beK-
Ta BbIOpaH rosspxmit ¢apur. Ilepen HawamoM mogmopa-
JKVBAHUS OXIAKJEHHOE MACO pas3pesay Ha HeOoblle
KYCOYKY, M3Me/TbYani UX Ha 9/eKToMsAcopybke Straune
" dapi TIIaTeIbHO MepeMelnBai. 3aMOpasKMBaIOII NI
CTaKaH HaMONMHAMM (papiieM M HOMeN[anu B XOTOMUIIb-
HBIII WIKad A1 BBIpAaBHUBAHUA TeMiepaTypsl o 10 °C.
[Tocnenyromye omepanyy BBIIOMHSAMN TAaKXe, KaK U C
06pasioM, cofep>KalM CTeK/ISTHHbIE MIAPUKIAL.

MaccoByio oMo Biary MsCHOTO ¢apiia oIpefensiim
nepey saMopaxuBanueM (W) 1 mocie 3ajaHHO¥ IPOAOTI-
JKUTETbHOCTY ITOAMOpaXyBaHus. [1py aToM npo6sl oTOU-
pastu B pa3HbIX TOYKAX 10 BBICOTE HE3aMOPOXKEHHON YaCTH
obpasua 1 Iocje OmnpefeneHNsi BIaXHOCTH BBIYMUCIISIN
cpennee sHavyenue (W P) ITo Benmumue (ch/ W,) — ore-
HVBA/I OTHOCKUTE/TIbHOE YBJIQ)XKHEHUE He3aMOPOXKeHHOI
vacTy ¢apina 3a BpeMs nmopMopaxupanus. Ompenenenne
MacCcOBOJI [OMM BJIAr¥ HPOBOAVIN METOLOM BBICYIIN-
Bauua npu 105°C B anmapare MOISTURE ANALYZER
ML-50, A&D Co., LTD (0,1% / Max 51 g).

PesyanaTm n 06CY)KJ.ICHI/IC

B cooTBeTCTBUM C COBPEMEHHBIMY CUCTEMHBIMU BO3-
3peHMAMM TIPY MU3YYEHUU XOJIOAM/IBHBIX TEXHOIOTMI
UCTIONBb3YIOT pas3/INMYHble BUABI Mopeneil (dusmdecke,
MaTeMaTn4yeckye, Mopgonorndeckne, GyHKIVOHANbHbIE,
nHGOPMALMOHHbIE U [Ip.), OTOOpaXKaIoIue OIpefesieH-
HYIO TPYIIIy CBOWCTB cucTeMbl. IIpu s3TOM BBIOOp ab-
TEPHATMBHBIX CPEACTB pealN3alyyl TeXHOTOTMYECKNX
(GYHKIMIT OCYIIECTB/IAIOT Ha PasHbIX YPOBHAX abcTpa-
rupoBaHus [8, 9]. B ucTopum Haykyu HeMajo IPUMEPOB
BBeJIeHNA TIOHATHII V1 MICIIO/Ib30BaHM, TaK Ha3bIBAE€MBbIX,
«MJleaIbHBIX MOfienelt» (MjjeaIbHbII a3, Mean bHbIil KOM-
peccop, oOpaTUMBIl Ipoluecc u Ap.). Mbl mpemmaraeM
HOHATIE «MEaIbHBI MPOJYKT», B KOTOPOM HaMepEeHHO
VICKJTIOYEHO JIeVICTBYE PAAJia BIUAIOMMNX (PaKTOPOB «peasib-
Horo mpopykra» (Msaca). K xuM orHOCATCA:

46

ture sensors (8 and 9) (TC-1288). Temperature measure-
ment accuracy was 0,2°C. The sensor 8 was used to mea-
sure temperature of heat conductor in the point of contact
with cup, and the sensor 9 was used to control the tem-
perature of the hot side of thermoelectric module.

The duration of partial freezing was such that the fro-
zen peripheral layer of desired thickness has been formed.
Upon completion of partial freezing, the frozen crust
thickness was measured with an accuracy of 0.5 mm, and
the contents of the cup was separated into the frozen and
unfrozen parts that were weighed with BM 1502 OKB VES-
TA scales (upper weight limit = 1500 g, e = 100 mg, lower
weight limit = 0.5 g, d = 10 mg).

Moisture displaced during partial freezing to the sur-
face of the top layer of beads was separated by soaking it
with paper filters [7] followed by weighing them with an
accuracy of 0.001 g.

At the second stage of experiment, ground beef was
selected as the object of the study. Prior to partial freez-
ing, the chilled meat was cut into small pieces and minced
with Straune electric mincing machine. Then the ground
beef was mixed thoroughly. Cup was filled with ground
beef and placed in a refrigerator for temperature equal-
ization at the level of 10 °C. Subsequent operations were
carried out in the same way as with the sample containing
glass beads.

The moisture content of ground beef was determined
prior to freezing (W) and after the predetermined duration
of partial freezing. The samples were taken at different points
along the height of the unfrozen part of the sample and, af-
ter determination of moisture content, an average value was
calculated (ch)' The value (ch /' W,) was used to evaluate
the relative hydration of the unfrozen part of ground beef
during partial freezing. Determination of moisture content
was carried out by drying at 105°C in MOISTURE ANA-
LYZER ML-50, A&D Co., LTD (0,1% / Max 51 g).

Results and discussion

In accordance with current knowledge, the studies of
refrigeration technologies use different types of models
(physical, mathematical, morphological, functional, in-
formational, etc.) representing a certain group of system
properties. The selection of alternative means for imple-
mentation of technological functions is carried out at dif-
ferent levels of abstraction [8, 9]. In the history of science,
there are many examples of concepts introduction and use
of so-called «ideal models» (ideal gas, ideal compressor,
reversible process, etc.). We propose the concept of «ideal
product», in which number of factors affecting the «real
product» (meat) are excluded. These factors include:
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— XUMIYeCKUII COCTaB MsICa;

— Ipynmna xadectBa MscHoro ceipbs: NOR (HOpMaib-
Hoe), DFD (Dark, Firn, Dry) — temHoe, TBeppoe, cy-
xoe u PSE (Pale, Soft, Exsudative) — 65egHoe, MATKOE,
BOJISTHICTOE;

— Kpnockonmueckas TtemrepaTypa Msca, OIpeferIsaio-
11ast CTelleHb [IepeXofa BOIbL B JIef;

— SIBneHne ocMmoca;

— CKOpOCTb 3aMOpaKMBAHMS U JP.

B kadecTBe «1JIeaJbHOTO IPOAYKTa» U (PU3NIECKON
MOJIe/I TOBSDKbero (papira BbIOpAaH CIOJ CTEK/IAHHBIX
IIAPUKOB, CBOOOJHOE MPOCTPAHCTBO MEXIY KOTOPBIMMU
3aIl0/THEHO BOJIOIA.

Panee Hamu yctaHoByieHO [10], 4TO mpy mogMOpaXKu-
BaHNY MsICa MOPO3VJIBHOI IVINTOM TOIIIVHA 3aMOPOKEH-
HOJT KOpPKM § HapacTaeT B COOTBETCTBUN C ypaBHEHVEM
§=[3\/€, r7ie p — MOCTOSTHHBI KO3 PUILINEHT, T — IIpPo-
IOJDKUTENBHOCTD MPOLecca MOAMOPaKMBaHMI MsIca.

B cryvae ajjeKBaTHOCTY MOJIE/N «VI€a/IbHOTO IIPOAYK-
Ta» JaHHBIE TI0 €T0 MOAMOPAKMBAHUIO, TIPEICTaBIEHHbIE
B KOOpAMHATax & OT T, JO/DKHBI IPYIIIMPOBATHCS Ha TIPsi-
MOJI TMHNY, IPOXOJALIEN Yepe3 Hadya/Io KOOPAMHAT.

Pe3ynbrarhl, mOMy4YeHHBIE N0 MTOAMOPAXIBAHNIIO BO-
JOCOfiepyKAILeTo C/10s1 CTEK/IAHHBIX LIAPVIKOB, CBUJETE/Ib-
CTBYIOT, YTO TOJIIIVMHA 3aMOPOXKEHHOTO C/I0S B KBafipare
NVHEVHO U3MEHS/Iach CO BpeMeHeM (puc. 2), ¥ MOJenb
«MJIeaIbHOTO NIPOAYKTa» aJleKBaTHA.

— Chemical composition of meat;

— Quality grade of raw material: NOR (normal meat),
DFD (Dark, Firm, Dry meat) and PSE (Pale, Soft,
Exudative meat);

— Cryoscopic meat temperature that determines the
degree of water transformation into ice;

— The phenomenon of osmosis;

— Rate of freezing, etc.

The layer of glass beads, the space between which is
filled with water, is selected as the «ideal product» and as
the physical model of ground beef.

We have previously established [10] that, during the
partial freezing of meat by freezing plate, the thickness of
frozen crust § increases according to the equation &= [3\/;,
where [ is a constant factor, and 7 is the process duration
of meat partial freezing.

In the case of «ideal product» model adequacy, the data
on its partial freezing represented in the coordinates of &
vs T should be grouped together in a straight line passing
through the origin of coordinates.

The results obtained by partial freezing of water-con-
taining layer of glass beads indicate that the squared thick-
ness of the frozen layer varies linearly against time (Fig. 2)
and the «ideal product» model is adequate.
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Figure 2. Comparison of patterns for increase of frozen crust thickness (triangles) and the mass of expulsed water (rhombuses) during the partial

freezing of «ideal product» by freezing plate

Puc. 2. CpaBHeHIe 3aKOHOMEPHOCTY HapaCTaHMA TOJIIIVHbI 3aMOPO>KeHHOI KOPKM (TPeyTroJIbHUKI) M Macchl 0T)KATOI BOABI (pOMOBI) IIpy OA-

MOP@KIBAHIM MOPO3V/IbHOJ IIUTOI «Mf1€a/IbHOTO IIPOLYKTa»

Ipyroit, Hanbomee BakKHBIN I JAHHONM CUTyaIL[UN
BBIBOJ] 3aKJ/II0OYA€TCA B TOM, YTO KOIMYECTBO BbITECHEH-
HOJI BOJIbI HAPACTAJIO II0 TOMY JK€ 3aKOHY, II0 KOTOPOMY
yBeIN4MBaIach TOMIMHA (Macca) 3aMOPOKEHHOTO CIIOA.
Takum 06pasoM, KOMMYECTBO BBIMOPOXKEHHOI MacChl
B TeJle SAABJIAeTCA K/II0UeBBIM (aKTOPOM, OIpefe/ oM
COCTOsAHME YBJIAXHEHU HE3aMOPOXKEHHON 4YacTU Ipo-
IYKTa.
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Another most important conclusion for this situation
is that the amount of displaced moisture increases by the
same law, according to which the thickness (weight) of fro-
zen layer increases. Thus, the amount of frozen mass in the
body is a key factor determining the state of hydration of

the unfrozen part of the product.
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Ipommu u ap. [11, 12] uccnepoBany BINsAHNE TeMIlepa-
TYPHBIX PeXJIMOB XpaHEHNUA PANA NMUIIEBBIX IPOAYKTOB,
npu temieparypax munyc 60, muayc 30 u temmeparyp-
HBIX Kone6aumsax —30 > -10 > -33 °C. B vacTHOCTH, TIpH 3a-
MOP@)XVMBAaHWM NI, 0OCBITAHHON CBIPOM, U3MEpPEHMA
IPOBOAWINM Ha BepXHeil IOJIOBMHE KaXKIOTO KOPXKMUKA,
Y aBTOPbI 0OpaTIWIN BHUMAaHME Ha TO, YTO «...ITUIILA, BBI-
fiep>KaBIIasi PeXXUM Koje6aHMil TeMIlepaTypbl UMena ca-
Moe BBICOKOe cofiepykanue Biaru (38.6, 38.0 m 40.0%), uro
HaBOJMT Ha MBICTIb O NepeMelleHUM BIaryu 13 BepxHeil
9acTy KOpXKuKa» [11]; mpy 3ToM aBTOpBI pabOTHI He fanu
00'BsICHEHVS IPOUCXOJALLEMY PUBNIECKOMY SIB/ICHNUIO.

Ham HaG/mrofeH1s 1 M3MepeHus II0Ka3am, 9To B OT-
MYUYN OT «MJI€a/IbHOTO IPOAYKTa» IOSIBJIEHNE OT>KaToil
BJIaTYl Ha TIOBEPXHOCTM «PEaJbHOTO NMPOAYKTa» — TOBS-
Xbero (apira — He mpoucxoput. Ecimn mpepnonoxnrs,
4TO OT>KMMaeMasl BJIara CBS3bIBAETCA U YJep>KUBaeTCs
MSACHBIM (papIeM, TO 3TO LO/DKHO IPUBOANTD K YB/Ia)KHe-
HUIO €T0 He3aMOPO>KEeHHOII 30HBL

Pe3ynbraThl NpPOBEIEHHBIX 9KCIIEPUMEHTOB CBUJIe-
TETbCTBYIOT, YTO MAcCOBasA JIO/IA BIArM B HE3aMOPOXKEH-
HOJI 30He IIOAMOpPaKMBaeMOro ¢aplira CTaHOBMIACh TeM
Oorblite, 4eM OOJIblile TOMIIMHA 3aMOPOXKEHHOTO CIIOS
(puc. 3). CnemoBarenbHO, IPOILECC BBITECHSIOIETO Mac-
COIlepeHOCa COYTCTBYeT 3aMOPXXMBAHNIO U TOJIBKO eMY
CBOJICTBEHHO.

Gormley et al. [11, 12] studied the effect of tempera-
ture modes during the storage of different food products
at temperatures of minus 60, minus 30, and temperature
variations of -30 °C to -10 °C to =33 °C. In particular, when
freezing the pizza with cheese the measurements were
performed on the upper half of each cake and the authors
noted that «...the pizza bases from the fluctuating regime
had the highest moisture content (38.6, 38.0, 40.0%) and
suggests moisture migration from the topping. The
treatments had no effect on moisture content in the bot-
tom half of the base (mean 38.6%), or in the topping (mean
53.6%)...» [11]; although, the authors of the work did not
give an explanation for that physical phenomenon.

Our observations and measurements showed that,
in contrast to the «ideal product”, the appearance of ex-
pulsed moisture on the surface of the «real product», i.e.
beef ground beef, did not take place. Assuming that the
expulsed moisture is bound and held by the ground meat,
this fact should lead to hydration of unfrozen parts of the
product.

The experimental results show that the greater the
thickness of frozen layer in partially frozen ground beef the
greater the moisture content in its unfrozen part (Fig. 3).
Consequently, the freezing is accompanied by mass trans-
fer due to displacement of moisture, which is characteristic
only of freezing.
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Figure 3. Change in moisture content in the unfrozen part of ground beef against the frozen layer thickness during the partial freezing
Puic. 3. VI3aMeHeHIe OTHOCUTE/BHOII BIXKHOCTY He3aMOPOXKEHHOI! 4aCT TOBSDKbEr0 (apliia 0T TOMIIMHBI 3aMOPOXKEHHOTO CII0S TIPH OMOpa-

JKMBaHUN

AHanmu3 ONBITHBIX JJAHHBIX O MAacCCOIIEPEHOCe, COIpPO-
BOXK/IaeMbI/l ~ OLIEHKOJ AMHAMUKYU JIbJOOOpPa30OBaHus,
3HAYNTE/IbHO JOIONHAET M pacliupseT OOIIyI KapTUHY
TEIIOMAacCOOOMEHHBIX SIB/IEHNUIL, IPOMCXOAILNX IPY TOf-
MOP@KMBaHUU MSICHOTO apiia MOPO3UIbHOI TUIATON,
I IIOATBEPYK/IaeT TUIIOTe3y O BBITECHAIOLIEM MacCOIIEPEHO-
ce ripu (pa3oBOM Iepexofie BOLOCOMEPKAIIIX CUCTEM.

BeiBogbI

C moMOIIbI0 NPEeAIOKEHHOTO MOHATUA «JJealbHbIN
IPORYKT» Vi peanusaliuy ero B p13MIeCKOM SKCIIepUMeH-
Te JI0Ka3aHO, YTO «IOPIIHEBOM 3((eKT», BbI3BIBAOLINIL
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Analysis of experimental data on the mass transfer fol-
lowed by assessment of ice formation dynamics signifi-
cantly complements and enhances the overall picture of
heat and mass transfer occurring during partial freezing
of ground meat by freezing plate. Also, it confirms the hy-
pothesis of mass transfer due to displacement of moisture
during the phase transition of water-containing systems.

Conclusions

By using the concept of «ideal product» and its imple-
mentation in a physical experiment, it is proved that the
«piston effect» causing the migration of moisture is due
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MMTPALVIO BIIATY, BO3HMKAET 32 CYeT 0Opa3oBaHNsA 3aMO-
POXKEHHOIT KOPKIL IIPY ITOfMOPKMBAHNI TEA.

[TogMopakuBaHue «MIeaTbHOTO IIPOAYKTa» BbI3bIBAET
IIepPeHOC BJIaT¥ Ha MOBEPXHOCTb HE3aMOPOXKEHHOI YacTy
TeIa.

[Ipy mogMopaXxuBaHUM MACHOTO (haplira o6pasyrola-
SICST 3aMOPOYKEHHas KOPKa OT)XKMMAeT JacTb BJIarM B He-
3aMOPO>KEHHYIO 30HY (apliiia, COOTBETCTBEHHO MOBBIIIAs
€0 BJIQXKHOCTb.
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to frozen crust formation during partial freezing of the
body.

Partial freezing of «ideal product» causes the transfer
of moisture to the surface of the unfrozen part of the body.

During partial freezing of ground meat, the frozen
crust formed expulses part of moisture to the unfrozen
area of the product, correspondingly increasing its mois-
ture content.
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