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DKCHEePUMEHTAIBHO ¥ TEOPETUUECKH HCCIIEeI0BaIach TeIIonepe ada B MHOTOKOMIIOHCHTHBIX KPHO3AIIUTHBIX CpeiaX IPU BBICOKUX
CKOPOCTSX OXJIaXJEHHs B LIMIMHIPUYECKHX KOHTeWHepax. B kauecTBe mMozmenu cpelsl UCIONB30BaH 1 M pacTBOp miuiepuHa Ha

¢docharaom 6ydepe.

Kniouesvle cnosa: BICOKHE CKOPOCTU 3aMOPAKUBAHUS, IUIHHAPHYECKUI KOHTEHHED, KPUO3aIUTHAs CPefia, PACTBOP NIIUIIEPUHA

Ha docharHoM Oydepe.

ExcrieprIMeHTaBHO i TEOPETHIHO AOCIIDKYBaIach TEIIONepeada B 6araTOKOMIIOHEHTHHIX KPiO3aXHCHUX CEPEIOBUIIAX IPH BUCOKHUX
MIBUIKOCTSIX OXOJIOMKEHHSI B IWIIHAPHIHIX KOHTeHHepax. SIk MoJenb cepeJOBHINA BUKOPHCTaHO 1| M po3unH rmiinepuny Ha hochaTHoMy

Ooydepi.

Knrouosi cnosa: BUCOKI IBUIKOCTI 3aMOPOXKYBaHHS, I HAPUIHHUN KOHTEHHE, KPi03aXUCHE CepEeOBUIIE, PO3UHH IIIIEPHHY Ha

bocharaomy Oydepi.

The heat transfer in multicomponent cryoprotective media under high cooling rates in cylindrical containers was experimentally
and theoretically studied. As the medium model 1M phosphate buffer glycerol solution was used.
Key-words: high rates of freezing, cylindrical container, cryoprotective medium, phosphate buffer glycerol solution.

Hapsiny ¢ Hamenmwum mupoKoe MpUMEHEHHE
KPHOKOHCEPBHPOBAHNEM OMOIOTHUECKHX 00BEKTOB €
IPOTPaMMHBIM 3aMOpaXHBaHUEM IPU HHU3KHUX
CKOPOCTSIX OXJaXIECHHS, B PSA€ CIydaeB HCIOIb-
3yeTCsl BBICOKOCKOPOCTHOE OXJIAXK/IEHUE UX MPSMBIM
MOTPYKEHUEM B XHUAKUH a30T n1uOO B Apyrue
xJagoHocuTenu. KpuokoHCepBHPOBaHUE C BRICOKUMHU
CKOPOCTSIMHU OXJIaXJI€HHUS MO3BOJSIET MOJYyUYUTh
BBICOKYIO COXPaHHOCTb HEKOTOPBIX BHJOB KIIETOK,
3aHUMaeT MEHbLIEC BPEMEHH U IIPH 3TOM He TpeOyeTcst
HCIIOJIb30BaTh JOPOrOCTOSINNE 3aMopaxkuBaTenu. B
paborax [1, 3] 6BITO UCCIIETOBAHO BIMSTHUE BHICOKHX
CKOpOCTEH OXJIaXKI€HHUS Ha BEBDKUBAEMOCTh CIIEPMHUEB
ImocJjie oTorpeBa. 3aMOpakxMuBaHUE MPOBOIUIHU
MIPSIMBIM TIOTPY>KEHHEM KOHTEHHEPOB ¢ 00pasinaMu B
KUK a3oT. KpuosamuTHas cpena mpeacTasisiia
€000l CIOXKHYI0 MHOTOKOMIIOHEHTHYIO CHCTEMY,
COZIepKaIYI0 TIHIEPUH, ITIIOKO3Y, LIUTPAT HATpPHs,
*KeAToK U Bony. [Ipu u3ydyeHuu npoLeccoB TEmiIo-
o0MeHa B 3TUX cpejaxX MOCTaBJeH CHElHaTbHbBIN
SKCIEPUMEHT [2], B KOTOPOM MOJENbIO IJIs KPUO-
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Along with a widely applied cryopreservation of
biological objects with a programmable freezing under
low cooling rates there is sometimes used their high-
rate cooling by a direct immersion into liquid nitrogen
or into other coolants. Cryopreservation with high
cooling rates enables obtaining a high preservation rate
for certain cell types, takes less time and does not
require the usage of expensive freezers. In the papers
[1, 3] there was studied the effect of high cooling rates
on spermatozoa survival after thawing. Freezing was
performed using a direct immersion of containers with
samples into liquid nitrogen. Cryoprotective medium
represents a complicated polycomponent system,
containing glycerol, glucose, sodium nitrate, yolk and
water. When studying the heat exchange processes in
these media there was performed a special experiment
[2] where ethyl alcohol was taken as the model.
Thermophysical calculation and the analysis of heat
exchange in the liquid nitrogen-container-alcohol
system were carried-out. There was obtained a good
coincidence of experimental and calculation data on
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3alIUTHBIX Cpel B3ST 3TWIOBBIA cnupT. IIpoBenen
TeIIoGU3NYECKUHN pacueT U JIaH aHAIU3 TeII000MeHa
B CHCTEME XUAKUH a30T-KoHTeHHep-crupT. [lomyueno
XOpoIll€e COBMAJEHUE 3KCIEPUMEHTAJbHBIX U
PAaCUETHBIX JAHHBIX O CKOPOCTSIX OXJIAXKICHHA CITUPTA,
YTO B YAaCTHOCTH, MOATBEPKAAET KOPPEKTHOCTH
BBIOOpa MCXONHOW MaTeMaTH4ecKOW MOoAeNnu NpH
OTIMCaHHH TETJI000MEHA B CUCTEME a30T-KOHTEHHEP-
criupt [2]. B 3T0# MOomenu nmpeHeOperanoch KOHBEK-
TUBHBIM TETNIOOOMEHOM, BIUSTHHEM TOPIIOB KOHTEH-
Hepa ¥ HeCTAIlMOHAPHOCTHIO TEIII000MEHa Ha TPaHHIIe
KOHTEHEpa C a30TOM.

[Ipomomxas uccienoBaHUs TEIJIONepeaadn B
KpUO3alIUTHBIX cpenax [2], B JaHHOU paboTe MbI
paccMaTpuBaeM B KaueCTBE MOJENN KPHO3AILUTHOH
cpensl 1 M pactBop ruuepuHa Ha (ochaTHOM
Oydepe. B skcnepuMeHnTax B mpouecce 3amopa-
KUBAHUS U OXJIAKICHHS 3TOHM cpebl U3MepsIach ee
TeMIeparypa. B pacuerax moiayuyeHsl 3aBUCUMOCTH
JIOKaJIbHBIX CKOPOCTEM OXJaXAEeHUS B Pa3IMUHBIX
TOYKAaX CPeIbl M CPEAHUX CKOPOCTEH OXJIaKIEHUS
CpeIBl OT BPEMEHHU, TEMIIEPATyphl, a TAK)KE ONMHCaHa
JMHAMHKa CMEIICHUS TrepeaHero GpoHTa 3aMopa-
YKUBAHMS CPEJIbl ¥ BBIYHCICHO BPEMS 3aMOPaKHBAHUS
OCHOBHOM €€ MAacCCBl.

Martepnaabl 1 meToAbI

MeToarka npoBeeHUS KCIIEPUMEHTOB Obliia Ta
*ke, yTo u B [2]. Ucnonp3zoBanu oauH u3 3-x
KoHTelHepoB [1, 3] — xarerep, npencTaBIAIOMUN
cO0OH MOJIBIH TOJICTOCTEHHBIN MJIMHIAP C BHELIHUM
paguycom r =0,25 cM 1 BHyTpeHHUM I, = 0,56 1 JIMHO#M
7,26 cM. KoHTeilHEp M3roTOBJIEH M3 MONHAITHIEHA
BBICOKOTO JIJaBJIEHUs] HU3KOM TII0THOCTH. KoHTeiiHep,
3aMOJIHEHHBIN Cpe/loi TPU KOMHATHOW TEMIIepaType
T,=290 K, norpyxanu B cOCyIl ¢ KUIKHM a30TOM,
COXpaHss €ro TOPU3OHTANbHOE TMOJIOXKEeHHe. Temrie-
patypy cpenbl T, B OKPECTHOCTH OCH CUMMETPHU
KOHTEeilHEepa M3MepsIIN MeAb-KOHCTAHTAHOBOU
TepMonapoli ¢ pabounm cnaem auamerpom 0,03 cm.

B pacuerax nng omucaHus Temjaonepenadyd B
CUCTEME a30T-KOHTEHHEp-cpeAa MPUHUMAEM Ty Ke
MaTeMaTUYeCKylo MoAeib, 4yTo U B [2]. Hanuuue
¢dazoBoro nepexona (KUAKOCTH-TBEPAOE TEJIO) B
paccMaTpuBaeMON MOJENIH CpPEAbl YUUTHIBAEM
MeToA0M 3HTadbpnuu [4]. 3a ucxomHoe Oepem
cleayrollee HECTal[MOHAPHOE YpaBHEHHE TEIlIO-
MIPOBOJHOCTH B IMIIMHAPHYECKUX KOOPINHATAX

T 10

c*— ———HAO—TH

ot rorJ or[ >0; O<r<r, (1)

IIpH Ha4aJIbHOM YCJIOBUH
T(r,0)=T, 2)
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cooling rates for alcohol, that, in particular, confirmed
the selection correctness of the initial mathematical
model when describing the heat exchange in nitrogen-
container-alcohol system [2]. In this model we
neglected a convective heat exchange, effect of
container end faces and heat exchange nonstationarity
on the boundary of container with nitrogen.

When being in progress with investigations of heat
transfer in cryoprotective media [2] in this work we
consider 1 M phosphate buffer glycerol solution as the
model of cryoprotective medium. In the experiments
during this medium freezing and cooling we measured
its temperature. Dependencies of local cooling rates
in different points of medium and average cooling rates
of medium on temperature time were obtained in
calculations, as well as the dynamics of anterior front
shift of medium freezing was described with calculating
the time of freezing for its principal mass.

Materials and methods

The methods for experiment performance were the
same as in the paper [2]. We used one of three
containers [1, 3], that was a catheter, representing a
hollow thick-walled cylinder with an external radius
r,=0.25 cm and internal one of r =0.56 and 7.26 cm
length. Container was manufactured from high-
pressure polyethylene. The medium-filled container at
room temperature T =290 K was immersed into a
vessel with liquid nitrogen with keeping its horizontal
position. Medium temperature T, near the symmetry
axis of container was measured with a copper-
constantan thermocouple with a hot junction of 0.3 cm
diameter.

The same mathematical model as in the paper [2]
was assumed in calculations for heat transfer
description in nitrogen-container-medium system. The
presence of phase transfer (liquid-solid body) in the
considered model of medium was registered using the
enthalpy method [4]. The following non-stationary
equation for heat conduction in cylindrical coordinates
was taken as the initial one:

Ot rodr[] Or[] >0; O<r<r, (1)

at an initial condition
T(r,0)=T, )

and at the boundary conditions
0T(0,1) _

oT
T(r, 1) =Ty; @)

05 T(0,1) < 3)
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1 IIPU KPAEBBIX YCIOBUIX

oT(0,71) _ 0

3T ; T(0,T) <00 (3)

T(r,,7)

yCii0BHad yAcCJibHas TCIJIOECMKOCTb

=Ty 4

o(pL)
oT ~°

c*=pc, + (5)

rre T(r, T) — Temneparypa; T— BpeMs; I — paaTuaabHOE
PAcCTOSIHME JI0 OCH CUMMETPUM KOHTEHHEpa; ST —
00bEM, 3aHUMAEMBbIH CPeNOH; I <r< r_ — CTEHKa
UMIMHIPUYECKOTO KOHTEWHEepa, KOTOPhIH B pacuere
cunTaercs 6eckoHedHO JMUHHBIM; O(T) — IITOTHOCTH;
cp(T) — ynenbHas TemoeMKkocTh; A(T) — koaddurmeHt
TemnonposoanHoctH; T — Temmeparypa *HAKOTO
azora.

Kak u B pabote [10], mist ynemsHO# CKPBITOM TEIIIOTHI
maBnenns L(T) paccMarpuBaeMoit MOIIETTH CPEIb
MPUHUMAEM CIIETYIOIIEe BBIPRKEHHUE, TIPEITIOKEHHOE B
[8] nyia GuHApPHOM CHCTEMBI BOJIAa — XJIOPU HATPHSL:

0,530
L=LOH—’—H 6)
0 27315-T[

C IMOJIHOM BEIWYMHOHN yAENBbHOH CKPBITOM TETIOTHI
masienus L =150 Jx/kr 1 M pactBopa ruiepuna
Ha ¢ocdarHom Oydepe [10]. Cornacuo [2] da3oBbrii
nepexon (T.e. 3aMOpaKHBaHWE) MPHU OXJIaXKACHUU
paccMaTpuBaeMOi MOJIENH CpeAbl HAYMHAETCH C
Temneparyper T=T =272,62 K, xorna L=0. Hasoem
ee Temmeparypoil (azoBoro mepexoma (3amopa-
JKHBAHHA), a TIOBEPXHOCT I=T . B TOYKAX KOTOPOii
TEMIIEPATypa CPElIbl OILyCTHIIACH IO T=Tph,f IIOBEPX-
HOCTBIO pasziena ¢a3 (uiau mepesHUM (QPOHTOM
3amMopaxxuBanus). B obmactu r<r  cpena ocraercs
elle B XXHIKOH ¢aze c TeMnepaTypon T>T,, B To
BpeMs KaK B JIIOOOM €JUHUYHOM 00beMe B OerCT—
HOCTH TOYEK 006IacTh r>r TeMmIepaTypa Cpesl
T<T ,» MOITOMY COIJIACHO (6) 4acTh €AWHUYHOTO
061)eMa cpenbl, paBHas L/L , HaxoquTCs yxKe B TBEp-
noii dase, a ocTambHas ero qaCTb OCTaeTCs )KUIKOM.

OTMeTHM, UTO ylneiabHash CKPBITas TEIJIOTA
maBiaeHus L B o0miem cirydae 3aBHCHT OT TEMIIe-
paTypbl Cpeasl U CKOPOCTHU ee oxJyiaxaeHusa. OmHaxo,
kak mokasaHo B [10], 3aBucumocts L oT cropoctu
OXJIQKJICHUS OKa3bIBaET HE3HAYUTENBFHOE BIMSHUE HA
H3MEHEHHE BO BPEMEHH TEMIEePaTyphl CPEIbl.
[TosToMy B naHHO# paboTe MBI IpeHeOperaeM BIIus-
HUEM CKOPOCTH OXJIaXKACHUS Cpelbl Ha e YIEeIbHYIO
CKPBITYIO TEIUIOTY IJIaByieHus (6).
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when the relative heat capacity equals

o(pL)
oT ’

where T(r, T) is temperature; T — time; r — radial
distance to the container’s symmetry axis; r<r_ —
volume, taken by medium; r_<r<r —a wall of cylindric
container, which considered as an infinitely long in
calculation; p(T) — density; c, (T) — specific heat
capacity; o(T) —heat conduction coefﬁc1ent T, - liquid
nitrogen temperature.

As in the paper [10], for specific latent melting heat
L(T) of the considered model of medium we accept
the following expression, proposed in the paper [8] for
water-sodium chloride binary system:

* =
c*=pc, +

®)

B_ 0.530
273.15-TF (6)

with a complete value of specific latent melting heat
L,=150 J/kg of 1M phosphate buffer glycerol solution
[10]. According to the [2] a phase transfer (i.e.
freezing) at cooling of the considered model of medium
starts from the temperature T= T =272.62 K, when
L=0. Let’s define it as the temperature of phase
transfer (freezing) and the surface r=r_, in which points
the medium temperature decreased cf owntoT-T, L will
be the phase boundary (or front edge of freezmg) In
the range r<r, the medium is still in a liquid phase
with T>T , temperature, whereas in any single volume
near pomts of r>r  area the medium temperature is
T<T , therefore accordlng to the (6) a part of the
medlum single volume, equal to L/L  is even in a solid
phase but its rest is liquid.

Of note is that a specific latent melting heat L in
general case depends on the medium temperature and
its cooling rate. However, as it is shown in the paper
[10] the dependency L on cooling rate causes a slight
effect on a change in time of medium temperature.
Therefore in this work we neglect the effect of cooling
rate of medium on its specific latent melting heat (6).

Thermophysical characteristics of nitrogen-
container-medium system are shown in the Table. For
the medium and container they were taken from the
papers [10] and [5-7], correspondingly. The Table data
for container were approximated by polynomials.

The equation for heat conduction (1) was quasi-
linear with ruptured coefficients with breaks on the
phase boundary r= L and on an internal surface of
container r=r_.

Boundary problem (1)-(4) was solved using the
finite-difference method by a proper implicit scheme,
a non-linear differential boundary problem, to which
the boundary problem is reduced and the iterative
method for its solving are described in the paper [2].
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Tennodusnueckne XapakTEePUCTHKH CHUCTEMBI
a30T-KOHTEWHep-cpena mpuBeAeHbl B Tabmue. st
cpeasl oHM 3auMcTBOBaHbI U3 [10], a nus KoHTE-
Hepa —u3 [5-7]. TabnuuHbie NaHHBIC TSI KOHTEHHEepa
anmnpoOKCUMHUPOBAIIM MHOTOWICHAMH.

YpaBuenue tennonpoBogHoctu (1) — KkBa3zu-
JUHEWHOE C pPa3phIBHBIMU KOX(DGUIMEHTAMU C
pa3pbeiBaMH Ha MMOBEPXHOCTHU pasnena a3 I=r W Ha
BHYTPEHHEH MOBEPXHOCTH KOHTEHHEPA I=T .

KpaeBas 3amaua (1)-(4) pemanack KOHEYHO-
Pa3HOCTHBEIM METOJIOM II0 YHCTO HESBHOW cXeme,
HeTMHEHHas pa3HOCTHAs KpaeBas 3ajada, K KOTOpoi
CBOJIMTCS KpaeBas 3a/Jaqa, ¥ UTEPAIHOHHBIA METOM
€e pelIeHuns onmucansl B [2]. OTMETHM, 94TO Ha KaXKAOM
are HTEpaIiy MOJ0KEHUE IOBEPXHOCTH pa3zena (a3
I=r OHpejelseM IO IOJIK TeMIEparyp T(r,1),
BBIYUCIICHHOMY Ha IPEIbIAYIIEM LIare Mo BPEMEHHU.
[To xoopaunate r OblIa TPUHATA KYCOYHO-PaBHO-
MepHast ceTka ¢ marom, pasabiM 0,02 1 0,002 r. [llar
BpeMeHHoM cetku paBHsuica 0,02 1 0,01 c. Ha kaxxnom
mare UTEpanuy JUHEapu30BaHHAS Pa3HOCTHAS
KpaeBas 3ajada pemajgach METOJOM IPOTOHKH.
Pesynberarsl pacuera nmpuBeneHsl Ha puc. 1-6.

Puc. 1 mumroctpupyetr u3MeHEHHE BO BPEMEHH
TEMITepaTyphl B CHCTEME a30T-KOHTEHHEep-cpea: Ha
CTEHKax KOHTEHHEepa, B CPe/Ie BIOJIb OCH CHMMETPHH
KOHTEWHEepa 1 Ha rpaHuIIe IEHTPAILHON 4acTH 00bheMa
CpeIIbl, BHYTPH KOTOPOH (COTIIacHO pacderaM paboThl
[2]) cpenHuE CKOPOCTH OXJIAXKICHHUS H3MEHSIOTCS
HE3HAauUTeNbHO. B Kakoil Mepe 3TO sABIEHHE UMEET
MECTO U B paCCMaTPUBAEMOM CIIy4ae MpeAcTaBICHUE
MOXHO MOJIYYUTh TaK)Ke MPU aHAJIM3€ KPUBBIX PUC. 2
4 5, Ha KOTOPBIX IMOKAa3aHO COOTBETCTBEHHO pacIipe-
JIETICHUE TEMITEPATyPBI U JIOKATEHBIX CKOPOCTEH OXJTaK-
JIEHUSI B paaua bHOM HAIIPaBIICHUU B CHCTEME KOH-
TeHHep-cpea Py Pa3InIHBIX 3HAYCHUSIX BPEMEHH T.

Pe3syAbTatbl M 00Cy)xAeHue

[IpoBenenHbIe HAMU pacyeThl MOKA3aH, YTO TPU
MOTPYKEHUH B KHUAKHH a30T KOHTEHHEepa co cpeaon
MPOUCXOTUT OXJIAXACHUE Cpebl, a HauuHas ¢ 0,92-i
CEKYH/bI — €€ 3aMOpaXMBaHUE B MPUCTECHHOM CJI0€
cpenbl (=T ), 1€ TEMIEPaTypa CPe/bl CHUKAETCA K
3TOMY MOMEHTY JI0 TeMIIepaTypbl (a30BOro nepexoaa
(3amopaxuBaHus) T=Tph. [danee moBEepXHOCTh
pasnena ¢as r=r (T.c. MOBEPXHOCTh, HAa KOTOPOH
TeMIepaTypa Cpeabl CHU3WJIACh [0 TeMIEpaTypshl
dhazoBoro mepexona T=Tph) CMEIAaeTCsI K OCH
CUMMETpHUH KOHTelHepa, focturas ee mpu 8,92 ¢
(puc. 4). KpuBas 3aBucumocTun rph( T) cXOIHA C
COOTBETCTBYIOIIMMH KPUBBIMH, OTy4eHHBIMH B [ 10]
IIpY aHAJIM3€E 337a49 KPHOXUPYPTHH.

[Ipouecc 3amopaxuBaHMUsI OCHOBHOM 4acTH Kax-
JIOTO 3JIEMEHTAapHOro 00beMa cpeabl (T.e. 3aMOpaKu-
BaHUA 95% ero mMacchl Ipy CHUKEHUU TEMIIEPaTyphbl
ot —0,53 10 —10,6°C) nmpoucxoaur B Teuenue 0,83 cy
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Temnodusnyeckre XxapaKTePUCTHKH MaTEPUAIIOB, HCIIOJb-
3yEMBbIX B MOZIEJIM CUCTEMBI a30T-KOHTEHHEP-Ccpeaa

Thermophysical characteristics of materials used in the
model of nitrogen-container-medium system

HaumenoBanue
BEAMYUH U
Cucrema EAUHUILBI UX UncAeHHBIe 3HAYEHUS
Svstem U3MepeHust BEAUYUH
Y Values and Numerical values
units of
measurement
Cucrema
System T,K 190
JKupkuii azor
Liquid Nitrogen TwK 77.2
Pacteop 1 M
TAMIIEpUHA Ha
docdarmom Ly JA/’K/ r 150
O6ydepe PBS with d
1 M glycerol
Cpepa
NMediom T, K 272,62
p, r/cm?
g/cm? 0,999
JKupkas cpepa Co Aor/T-K 4,2
Liquid medium J/g-K
A, Br/cm-K -
W/em-K 0,00552
p, r/cm®
g/cm? 0,921
3aMOpO>KeHHasd
cpeaa Cpr MR/ K 0,138 + 0,00716T
Frozen medium g
A, Br/ecm-K : 5 Ty 1156
W/em-K 0,0224+ 5,975:107° (273—T)
p, r/cm? 0,932[1—a-10— 4(T—273)]
g/cm?
KownTeitnep ¢, AX/TK 17711+ (T—273)]]
Container J/gK
A, Br/emK _ i
W/em-K 0,00324[1+  (T—273)1]

TNpumeuanus: ¢,=7,0677-107; c¢,=4,4580-107; ¢,=1,8357-107;
C,=2.43810"%; 0=5,1 (T=273); A,=-1,9813-10%; A =3,401-10°;
)\3=1,3043~10'7; )\4=2,560'10'1°; a=4,7 (T<273).
Notes: ¢,=7.0677-107; ¢,=4.4580-107%; ¢,=1.8357-107;
C,=2.438-10"%; 0=5.1 (T=273); A, =-1.9813-10%; A =3.401-10°;
)\3=1.3043'10'7; )\4=2.560'10'1°; a=4.7 (T<273).

It should be noted that to the each iteration step the
position of phase boundary r=r_ is determined by the
temperature field T (r, 1), calculated at a previous step
by the time. According to co-ordinate r there was
accepted a sectionally uniform mesh with the step,
equal to 0.02 and 0.002 r_. The step of time mesh was
equal to 0.02 and 0.01 sec. At each iteration step a
linearised differential boundary problem was solved
using the double-sweep method. The calculation results
are presented in the Fig. 1, b.

The Fig.1 demonstrates the temperature change in
nitrogen-container-medium system in time: on container
walls in the medium along the container’s symmetry
axis and at the boundary of central part of medium
volume, inside of which (according to calculations of
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npucteHHoi obxactu u 0,33 ¢ — B IIeHTpaIbHON YacTh
KOHTeWHepa. MTak, mporecc 3aMOpakKUBaHUS CPEIBI
pacmpocTpaHsieTcs 1Mo ee 00beMy B TeUeHue ~ 8 ¢, a
3aMOpakKMBaHNE OCHOBHOM MacChl Ka)KJI0T0 JIEMEH-
TapHOTO 00beMa cpelpl IPOUCXOJUT CO CpeIHEe
ckopocThio 730-1830 rpag/mMuH, IpUYeM CKOPOCTH
3aMOpaXMBAHUSA TEM BBIIIE, YEM OJIMKE K OCH
CUMMETpPHUHU KOHTEHHEpa pacIoJIOKEH paccMar-
pUBaeMBIN 3JIEMEHTApHBIH 00BEM CpEbI.

[Tocne 3aBepmieHus mporecca 3aMOpaXKUBAHUS
OCHOBHOM MacChl Cpeabl CPEeAHSA CKOPOCTh €€
OXJIXKJACHUS PE3KO BO3PACTAET B IEHTPAIBHOM 9acTH
KoHTeWHepa, nocturas 3600 rpan/mud Ha 9-10-i
CeKyH/Ie, 1 HaunHasl ¢ 10-i CeKyH/IbI, OXJIaXKAEHIE BCEX
3J€MEHTapHBIX O0BEMOB CpeAbl UIET MOYTH CHH-
XpOHHO cO cpegHel ckopocThio ~2200 rpaa/muH,
KoTopast ¢ ~13-i ceKkyHAbl HAUNHAET MOHOTOHHO
yoniBaTh. Takum 00pa3om, A0 Havana mpouecca
3aMOpPaXUBAHUS JIOKAJIbHAS CKOPOCTh OXJIAXKICHHS
cpeabl TeM BblIIE, YeM OJM)Ke K BHYTpPEHHEH
MMOBEPXHOCTH KOHTEWHEpa PAaCIOJIOKEH paccMar-
pHBaeMbIi dJIeMEHTapHBIH 00beM cpeabl. ITO
sBJICHUE MBI HaOIIOMan B OOJIBIIOM JHATa30HE
TEeMIEepaTyp NP OXJIKASHUH CIUpTa [2], 4TO nMeeT
MECTO ¥ B TUIIOTETUYECKON MOJIENH CPEebl, Opee-
nsiemoit popmynoit (6) U Tabnuuel, B KOTOPOW
W3MEHEHO JIMILIb 3HaY€HUE TeMIepaTypsl (pa3oBoro
rnepexona TPh ¢ 272,62 K na 100 K (moy4eHHbIe HAMU
pe3ynbTaThl BHIYMCIEHUH NpuBeneHs! Ha puc. 6). C
HayaJioM Mpolecca 3aMOpPakKUBaHUSA MPOUCXOIUT
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Puc. 1. V3MeHeHne BO BPEMEHH TEMIICPATYPbl CUCTEMBI
a30T-KOHTEeHHep-cpena: 1 — TeMmneparypa Ha BHEIIHEH
MOBEPXHOCTH KOHTEHHepa; 2 — Ha BHYTPEHHEH MOBEPXHOCTH;
3 — B OKPECTHOCTH OCH CUMMETPHUH KOHTeiHepa; 4 — Ha
TpaHUIIe IEHTPAITEHON YacT 00BbeMa cpesibl (1 SO,44rC).

Fig. 1. Temperature change in time of in nitrogen-container-
medium system: 1 — temperature on external surface of
container; 2 — temperature on internal surface; 3 —
temperature near symmetry axis of container; 4 — temperature
on boundary of central part of medium volume (r<0.44r).
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the paper [2]) the average cooling rates change
insignificantly. In which extent this phenomenon occurs
even in the considered case we can judge when
analysing the Fig. 2 and 5 curves as well, where there
is shown the distribution of temperature and local
cooling rates, respectively, in a radial direction in
contained-medium system under different values of
time T.

Results and discussion

The performed calculations demonstrated that when
immersing container with medium into liquid nitrogen
the medium cooling occurred and starting from 0.92
sec there was its freezing in a wall layer of medium
(r=r_), where the medium temperature reduced to that
moment down to the phase transfer temperature
(freezing) T=T . Then the phase boundary r=r_ (i.e.
the surface where the medium temperature decreased
down to the phase transfer temperature T=Tgh) is
shifted to the container’s symmetry axis by reaching it
at 8.92 sec. Dependency curve r_(7) is similar to the
corresponding curves, obtained in the paper [10] when
analysing the cryosurgery problems.

Freezing process of the main part of each
elementary volume of medium (i.e. freezing of 95%
of its mass under temperature decrease from —0.53
down to —10.6°C) occurs within 0.83 sec in a wall
area and for 0.33 sec in a central part of container.
Thus, the process of medium freezing spreads on its
volume within ~8 sec and the freezing of a principal
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Puc. 2. I3smeHeHne TeMIiepaTypsl B painalbHOM HaIlpaB-
JICHUH B CHCTeME KOHTelHep-cpena npu 7= 1,5,7,10u 11 ¢
(yka3aHO Ha pUCYHKE B IPSIMOYTOJIbHHUKAX ).

Fig. 2. Temperature change in a radial direction in container-
medium system at 7=1, 5,7, 10 and 11 sec (shown on plot in
squares).
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Puc. 3. I3meHeHue BO BpeMEHHU TEMIIEPaTyphl, CPEAHEH 1O
qacTH o0bema cpensl (r<0,12 r)) B OKPECTHOCTH OCH
CHMMETPHH KOHTCHHEpa: — — pacueTHas Temreparypa,
cpemHss mo Jactu oobema cpensl (r <0,12r ), B KoTOpoi
Haxouics crait repmonapsr; L1 — TeMnepaTypaT (pacTtBOp
1M TIMIEPUHA HA dbocharaom Oydepe), M3MEpCHHAs
TepMorapoii; &N — TeMiepaTypa KpHo3auTHO# cpensi [ 1,
3], coneprkaiei Bomy, NIUIEPHH, IIIFOKO3Y, IUTPaT HaTpHs,
SUYHBIHN )KETTOK, U3MEPEHHAs TEPMOIapO.

Fig. 3. Change in time of temperature, being average by a
part of medium volume (r<0.12r,) near container’s symmetry
axis:— — specified temperature, average by a part of medium
volume (r<0.12 r_,), where thermocouple junction was
placed; O - temperature T (1 M phosphate buffer glycerol
solution), measured with atthermocouple O —temperature
of cryoprotective medium, containing water, glycerol,
glucose, sodium citrate and egg yolk [1, 3], measured with a
thermocouple.
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Puc. 5. I3MeHeHME JIOKAIBHBIX CKOPOCTEH OXJIaXIACHUS
Cpelsl B paauaidbHOM HampasieHuu mpu T=1,7,10,11 ¢
(Yka3aHO Ha pUCYHKE B IIPSIMOYTOJIBHHUKAX ).

Fig. 5. Change in local cooling rates of medium in a radial
directionat 7=1, 7, 10 and 11 sec (shown on plot in squares).
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Fig. 4 Shift of interface (of phases) r=r atT=T .

mass of each elementary medium volume occurs with
an average rate of 730-1830 grad/min, at that the
freezing rate the higher is, the closer the considered
elementary medium volume to symmetry axis is.
After completing the freezing for the principal mass
of medium an average rate of its cooling is sharply
increased in a central part of container by reaching
3600 grad/min to the 9-10 sec and starting from 10
sec the cooling of all elementary medium volumes
proceeds almost synchronously with an average rate
~2200 grad/min, which starts monotonely decrease
from ~13 sec. Thus, prior to freezing begins, a local
cooling rate of medium is the higher the closer to
internal container surface is the considered elementary
volume of medium. We observed this phenomenon in
a wide temperature range under alcohol cooling [2],
that occurs in hypothetical model of the medium,
determined by the formula (6) and Table, where only
the value of phase transfer temperature T . changed
from 272.62 K to 100 K (the results of calculatlons
we obtained were presented in the Fig. 6). With
beginning of freezing process the release of latent
melting heat occurs and as a result the distribution of
medium cooling rates on its volume changes. In such
a case the presence of a break on time-temperature
curves in the points, close to container’s symmetry
axis is typical. The same situation occurs during
freezing with slow cooling rates. To compare the Fig. 7
shows the taken from the paper [9] results of a change
in medium temperature with time when cooling the
container’s external surface with a comparatively slow
rate (20 grad/min). It should be noted as well, that in
contrast to the medium freezing with high cooling rates,
after completing the process of medium freezing using
slow cooling rates no approach of temperature-time
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Puc. 6. PacueTHble 3aBUCUMOCTH TEMIIEPATyPa-BpeMsI st

runoreTnaeckor cpensl ¢ T=100: 1 — Temneparypa Ha

BHEIIIHEH IMOBEPXHOCTH KOHTEHHepa; 2 — Ha BHYTPeHHEH

MIOBEPXHOCTH; 3 — B OKPECTHOCTU OCHU CHUMMETPHUHU
KOHTENHepa.

Fig. 6. Calculated temperature-time dependencies for
hypothetical medium with T;=100: 1 — temperature on
external surface of container; 2 — temperature on internal
surface of container; 3 — temperature near symmetry axis of
container.

BBIJICJICHHE CKPBITOM TEIIOTHI IJIABJICHUS U, KaK
CIIEJICTBUE, PaCHpPEAEICHUE CKOPOCTEN OXIIaXKIEHUS
cpeabl 1o ee 00beMy U3MEHAETCS. XapaKTEePHBIM IIPH
3TOM SIBJISIETCS] HaJIMYKE M3JI0Ma Ha KPUBBIX TeMIIe-
paTypa-BpeMs B TOUKax, OJU3KUX K OCH CHMMETPHUHU
KOHTelHepa. Takas ke cuTyarust HMEeT MECTO U IIpU
3aMOpaXMBAaHUH C MAJIBIMH CKOPOCTSAMH OXJIAKICHHS.
s cpaBHEHUs Ha puc. 7 IpUBEIEHBI 3aMMCTBOBAHHBIE
n3 [9] pe3ynbTaTsl U3MEHEHUS! TEMIIEPaTyphl CPeb
CO BpEMEHEM IPH OXJIAKAECHUH BHEITHEW TOBEPXHOCTH
KOHTEIHepa co CpaBHUTEIBHO MO CKOpocThio (20
rpai/MuH). 3aMETHUM TakXe, 4TO B OTJIHYHE OT
3aMOpa)XUBaHUSA CPENBI C BBICOKUMHU CKOPOCTSIMHU
OXJIAXJEHHUs NIPU MaJbIX CKOPOCTSIX OXJIAKIECHUS
[IOCJIE 3aBEPIIEHHUS TPOLIECCa 3aMOPAKUBAHMSI CPEbI
He HaOmromaeTcsi CONMMKEHHE KPUBBIX 3aBUCHMOCTH
TeMIepaTypa-BpeMsi, TOCTPOCHHBIX I Pa3IHYHbIX
TO4eKk oObeMa cpeibl (CM. MOBEJeHUE KPUBBIX Ha
puc.1u7).

Ha puc. 3 maercs cpaBHeHHE pacdyeTHOH Temrie-
paTypsl, cpeaHel 1o yactu o0bema cpenpl 10,12 r,,
re HaXOAWJICS B SKCIEpUMEHTax pabdouuii craii
TEpPMOINaphl, C TEMIEPATYPOI Cpellbl, K3MEPEHHOH B
SKCIIEPUMEHTE TEPMONApoOid B OKPECTHOCTH OCH
CUMMETpHUH KOHTeHHepa. OKazanoch, 4YTO pacueTHHIE
U 3KCIIEPUMEHTAJIBHBIE PE3YIbTAThl JOCTATOYHO
OJIM3KH BCIOAY, KPOME HEKOTOPOH OKPECTHOCTH TOUKH
n3ruba Ha pacdetHod kpuBoit 1. Ha puc. 3 takxke
MpUBEACHBl dKCIIEPUMEHTAIbHBIE PE3YIbTATHI,
MOJIy4YeHHBIE HAMH B 3TOM HCCIEIOBAHHUU MPHU
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Puc. 7. PacueTHble 3aBHCUMOCTH TeMIepaTypa-BpeMs,
MOJy4YeHHBbIE B [8] MPU MalbIX CKOPOCTAX OXJKICHHS
(20 rpag/muH): 1 — Temiieparypa Ha BHEIIHEH HOBEPXHOCTH
KOHTeHHepa; 2 — Ha BHYTPEHHEH MOBEPXHOCTH; 3 — B
OKPECTHOCTH OCH CHMMETPHUHU KOHTEIHEepa.

Fig. 7. Computational temperature-time dependencies,
obtained in [8] at low cooling rates (20 grad/min): 1 —
temperature on external surface of container; 2 — temperature
on internal surface of container; 3 — temperature near
symmetry axis of container.

dependency curves, built for different points of medium
volume is observed (see the curve behaviour in the
Fig. 1 and 7).

The Fig. 3 shows the comparison of specified
temperature, being average by a part of medium volume
rd”0.12 r_, where the hot junction of thermocouple was
placed in the experiment, with medium temperature,
measured in the experiment with thermocouple near
the container’s symmetry axis. It occurred to be that
the specified and experimental results were well close
everywhere, except certain neighbourhood of bend point
on specified curve 1. The Fig. 3 demonstrates the
experimental results, obtained by us when freezing one
of cryoprotective media, used in the papers [1, 3].
When comparing the curve 3 with a specified curve 1
of Fig. 3 we conclude, that the considered binary
model of medium repeats satisfactorily a qualitative
picture of temperature change with time in poly-
component cryoprotective medium in a central part of
container.

Conclusions

Thus, the used model (see (6) and Table) of binary
medium (1M phosphate buffer glycerol solution)
describes quite well the change with time of medium
temperature in a central part of container during its
immersion into liquid nitrogen. This model can be used
when qualitatively analysing a change with time in the
temperature of complicated polycomponent cryo-
protective medium under high rates of its cooling.
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3aMOpaXMBaHUH OJHOM M3 KPHUO3AIIUTHBIX Cpel,
KOTOpBhIe OBLIM HMCITOJIb30BaHBI B padortax [1, 3].
CpaBHuBas KpUBYIO 3 ¢ pacueTHOH kpuBoii 1 puc. 3,
3aKJII04aeM, YTO paccMaTpuBaeMasi 37ech OMHapHas
MOJIENb CPEAbl YAOBIETBOPUTEIBHO BOCIPOU3BOAUT
KauyeCTBEHHYIO KapTUHY W3MEHEHHs CO BpEMEHEM
TeMIIepaTypbl B MHOTOKOMIIOHEHTHOM KpHO3aIUTHON
cpele B LIEHTPaJIbHON 9acTH KOHTEHWHepa.

BbiBOADI

Taxkum 00pa3om, HCTOIB3yeMas MOAENb (cM. (6)
u Tabnuity) OnHapHOU cpeapl (1 M pacTBop mimmeprHa
Ha ¢ocharHoM Oydepe) AOCTATOUYHO XOPOIIO
OIIMCBHIBAET U3MEHEHUE CO BPEMEHEM TEMIIEPATYPHI
Cpelbl B IIEHTPAJIbHOM YacTH KOHTEWHepa MpH ero
MOTPY>KEHUH B )KUAKUH a30T. DTY K€ MOJENIb MOKHO
UCIIONIB30BaTh IPH Ka4e€CTBEHHOM aHAJIN3€ N3MEHEHHS
CO BpEMEHEM TeMIIepaTypbl CIOXHOH MHOTO-
KOMIIOHEHTHOM KPUO3AIUTHON Cpeabl MPU BBICOKUX
CKOPOCTSX €€ OXJIaKICHUSI.
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