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Modeling of Freezing Process for Biological Objects

Using Low Cooling Rates

[IpoBeneH aHanM3 CyIIECTBYIOLIMX MaTeMaTHYECKUX Mojesel TemoooMena. Beibpana Moaens, koTopas HanboJjee ageKBaTHO
OIKCBIBACT IMPOLECC TeIIooOMeHa TepMobioka B ropiioBuHe cocyna [proapa. [Ipu moMomiy Monenu onpeieneHbl mapaMeTphl
yCTpOiicTBa, MO3BOJISIOIIETO PeaI30BbIBaTh CKOpocTH TeroodMena ot 0,01 1o 4°C/MuH 10 pa3IHyHbIX KOHEYHBIX TeMieparyp ot 0
10 —70°C npu n1acCMBHOM OCTBIBAHUH TepMOOIIOKa B TOPIIOBHHE cocyaa J(proapa.

Kniouesvie cnosa: maremarnueckasi MOZEJIb TSIUIOOOMEHA, HU3KUE CKOPOCTH TEIJIOOOMEHa, MEPUCTEMaIbHbIE KICTKH.

IIpoBeneHo aHaii3 iCHYIOUMX MaTeMaTHYHUX Mozeei TemnoooMiny. O6paHo Mozeb, 0 HalHOIIbII aIeKBAaTHO OMKCYE MPOLIEC
TeII000MiHy TepMOOIOKa y TOpioBUHI cynuHu [Iproapa. 3a ZOMOMOro MOJEi BU3HAYCHO HMapaMeTpH MPUCTPOIO, IO JI03BOJISIE
peaiizoByBaty mBHAKOCTI TeruioooMiny Bix 0,01 1o 4°C/xB no pi3Hnx KiHueBux temmeparyp Bix 0 1o —70°C npu nacMBHOMY OCTUTaHHI

TepMOOJIOKa y ropiioBUHI cynuuu J[proapa.

Kniouosi cnosa: maremarinuHa MOJieNb TEIUI0O0OMIHY, HU3bKI IMIBUAKOCTI TEIJIO0OMiHY, MEPHCTEMabHI KIITHHH.

Existing mathematical models of heat exchange were analyzed. There was chosen the model which more adequately describes the
process of heat exchange for thermal block in the neck of Dewar vessel. Using the model the parameters of device enabling to apply
the rates of heat exchange from 0.01 to 4°C/min down to various final temperatures from 0 to —70°C at passive cool-down of thermal

block in Dewar vessel neck.

Key-words: mathematical model of heat exchange, low rates of heat exchange, meristemal cells.

IIpu 3aMopaXuBaHWM HEKOTOPHIX BHIIOB PACTH-
TETHHBIX KJIIETOK ONTHMAIBHBIC CKOPOCTH UX OXJIAXK-
nenust coctaasior 0,01+0,5°C/mun [7-9]. dnsa
peanu3alnyy TaKuX CKOpPOCTel Hauboliee mpuemiie-
MBIM MOKET OBITh METO]T TACCHBHOTO OCTHIBAHUS TEP-
MOO0JI0Ka B TOPIOBHHE cocy/a J[proapa, Tak Kak OH He
TpeOyeT AOPOTrOCTOANUX MPOrPAMMHBIX 3aMOPAXKH-
Bareneil [6]. OnHaKo Takue Mallble CKOPOCTHU HEBO3-
MOXHO pealiu30BaTh, NPUMEHSsI CYIIECTBYIOIIUE
METOJIbI TACCUBHOTO OCTHIBAHUS, BCIEICTBUE YETO
BO3HHUKAET MpobIeMa Co3IaHus yCTPONUCTBa, o0ectie-
YUBAIOMIETO PEaTU3aIliI0 CBEPXHUZKHUX CKOPOCTEH
OXJIKICHHSI.

C moMOIIBI0 MaTEMaTUYECKOTO MOJCITUPOBAHUS
Mporiecca OXJIAXKIACHUS MOXHO 3HAYUTEIBHO TOBBI-
CUTh 3PPEKTUBHOCTH MOUCKA PabOYMX [1apamMeTpPOB
yKa3aHHOTO ycTpoiicTsa. [Ipr 3ToM MUHUMI3HPYOTCS
MOTEePH BPEMEHU U MaTepHaIbHBIC 3aTPaThl Ha JIOCTH-
JKeHue nocraBieHHoM nenu [1]. CyiecTByeT HeCKOIb-
KO BHJIOB MaTeMaTHYECKHX MOeNel TeruiooOMeHa
[3-5], mpu moMOILIK KOTOPBIX MOXKHO OIHCATH MTPOLIECC
OCTBIBaHMI TEPMOOIIOKA B TOPIIOBUHE cocyna Jlproapa
1, KaKk CJIEICTBUE, BO3ZHUKAET mpobiieMa BeIOOpaA
Haubosee aJeKBaTHON U3 HUX.
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During freezing of some species of plant cells
optimal rates of their cooling make 0.01+0.5°C/min
[7-9]. To apply these rates the most proper method is
the one of passive cool-down of thermal block in
Dewar vessel neck since it does not require expensive
programmable freezers [6]. However these low rates
are impossible to be realized by using existing methods
of passive cool-down resulting in the appea-rance of
the problem of creation of the device provi-ding
ultralow cooling rates.

By means of mathematical modeling of cooling
process one can increase significantly the efficiency
of the search of operating parameters of the device
mentioned. Herewith the losses of time and material
expenses are minimized for achieving the task set [1].
There are several types of mathematical models of heat
exchange [3-5] due to which it is possible to describe
the process of thermal block cool-down in Dewar
vessel neck and as a result the problem of choosing
the most adequate among them appears.

The research aim is to determine optimal parame-
ters of the device for freezing meristemal cells under
field conditions using mathematical modeling of heat
exchange process.
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Lens pabGoTel — ONMpeneNuTh ONTHMAIbHBIE
rapaMeTpbl yCTPOMCTBA AJIs 3aMOPAKUBAHKS MEPH-
CTeMaJIbHBIX KIIETOK B ITOJIEBBIX YCIOBUAX C IPUMEHE-
HHUEM MaTeMaTHYeCKOTO MOJIEIMPOBAHUS IMpOIlecca
Temoo0MeHa.

Matepunanbl 1 meToAbl

TeopeTrueckre 3HaYEHUS CKOPOCTEHN OXITAXKASHIIS
TEpPMOOJIOKA 3aJaHHBIX MMapaMeTPOB MOTYyUEHBI PU
IIOMOIIM MaTeMaTH4YeCKUX MoJeJiel TeriooOMeHa
[3-5]. Pacuer napameTpoB TepMOOIOKa, HEOOXOAUMO-
0 JJI5 3aMOPa’KUBaHusl 00BEKTOB C HU3KHMH CKOPOC-
TAMU, IPOU3BOAMIIH C IIOMOLIBIO KOMIIBIOTEPHOH TPO-
rpaMMel B cpee C++.

[IpoBepka BBIBOIOB, BBITEKAIOLINX U3 MaTeMaTH-
YECKHUX MOJIENIeH, Ha NIEPBOM JTare MpOBOAMIACH Ha
CYIIECTBYIONIEM TEPMOOIIOKE (CTaTbHOW IMIINHAPH-
YEeCKHU CTaKaH CO CIUIOIIHBIMHA CTEHKaMH, TOMEIIeH-
HEIH B TOpIoBUHY cocyna Jproapa X34b) [2], a 3aTtem
Ha M3TOTOBJICHHOM B XOJI€ IIPOBEACHUS UCCIIESIOBAHHIA.
OKcIeprMeHTaIbHBIE 3HAaUEHUS CKOPOCTEH OXJIax/ie-
HUS TEPMOOIIOKOB ITOTyY€HBI IPY TOMOIIH H3MEPEHHUS
3aBUCUMOCTH TEMIIEpaTyphl OT BPEMEHH XPOMEIb-
KOTIEJIEBOH TepMomnapoi (quaMeTp U3MEpUTENbHON
royioBkH paseH 0,2 MM), OTKaIMOPOBaHHOM C TOYHOC-
1610 710 0,1°C. 3aBUCUMOCTH U3MEHEHUS TEMIIEPATYPBI
peructpupoBanu rpadonoctpouteiaem H-307.

Pe3yAbTatel M 00CYy)XAeHHe

CxopocTH oxnaxkaeHus TepmooOnoka [2], paccuu-
TAaHHBIC C UCITOJIB30BAHUEM MATEMATHYCCKUX MOZICHCI\/II
[3-5], B HECKOIBKO pa3 MPEBAIMIAIOT SKCIICPUMEHTAITb-
ueie (puc. 1). HecoBnaaenne skcriepruMeHTaNbHBIX U
pacyeTHBIX 3aBUCHMOCTEH MOKHO OOBSICHUTD pa3HbI-
MU Ha4yaJbHBIMH YCIOBHSIMH. MaTemMaTHueckasi Mo-
JIeTb TETMJI000MEHA OMMCHIBAET MPOLIECC OXJIaXKICHHS
OJHOPOTHOTO LMJIMHAPUYECKOTO TENa, a B SKCIIEPH-
MEHTaX IPUMEHSETCS TEPMOOIOK, KOTOPBIA COAEPKUT
HEOIHOPOTHOCTH PA3IMYHOTO THIIA: CTaKaHOOOpa3Hast
(dopma, BO3TylITHASI IPOCIIOKA, IITATUB U KPETeKHbIC
MPUCIIOCOOIEHUS, CO3/IAI0IINE JIOTOIHHUTEIbHBIN
TeHHOO6MeH, HEC y‘-IPITBIBaCMBIﬁ B TCOPETUYCCKUX
MOZEIAX. YIOBICTBOPUTEIHEHOTO PUOIMKEHHS TEO-
PETHYECKH PACCUNTAHHBIX 3aBUCHMOCTEH 1 IKCIICPH-
MEHTAJIBHBIX JAHHBIX MOXXHO JOCTHYb MOJOOPOM
norpaBoyHoro ko3¢ ¢unuenta (k=0,125) nns hopmy-
JIbI TEIUIONPOBOHOCTH (O) HCCISyEeMOro OObEKTa:

a=k L,
\C

rae Y— ko3¢ GUIHEeHT TETTONPOBOAHOCTH MaTepHaa;
C — TEIJIOEMKOCTD; P — IUIOTHOCTb.

[lpu ucnonb30BaHUU TakoTO KO3 dHUIHeHTa
HaOnmiogaeTcss OMpeJleIeHHOe HEeCOBIaJeHHe
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Materials and methods

Theoretical values of thermal block of given para-
meters were obtained using the mathematical models
of heat exchange [3-5]. Calculation of thermal block
parameters required for freezing of objects with low
rates was performed with computer program in C++
environment.

The conclusions proceeding from mathematical
models were checked in elaborated cylinder thermal
block (steel cylinder-shaped cup with solid wall,
placed into the neck of Kh34B Dewar vessel), and
then on the newly-elaborated one (details in the text
further). Experimental values of the thermal block
cooling rates were obtained by measuring with
chromel-coppel thermocouple (diameter of measuring
head is 0.2 mm) calibrated with the accuracy of 0.1°C.
Temperature changes were recorded with H-307 graph
plotter.

Results and discussion

Theoretically calculated cooling rates of thermal
block exceeded experimental ones in several times
(Fig. 1). Non-coincidence of experimental and calcu-
lated indices may be explained with their various initial
conditions. Mathematical model of heat exchange
depicts the cooling process of cool-down of cylinder
body and in experiments thermal block comprising
inhomogeneities of different types: glass-like form,
air gap, the containers with biological objects, stand
and mounting hardware creating an additional heat
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Puc. 1. TeopeTnueckue u 3KCIIEPUMEHTAIBHBIC 3aBUCH-
MOCTH TEMIIEpaTyphl TEPMOOIOKa, B OCHOBAaHHH KOTOPOTO
HAXOIWUTCS CIOH BO3IyXa, OT BPEMEHHU €0 OXJIAXKICHUS:
O — skcnepuMenTanbHeie ganHbe; @ — paccuuTaHHbIE
no [3]; A — paccunranusie 1o [4]; B — paccynTaHHBIE 1O
[5].

Fig. 1. Theoretical and experimental dependences of tem-
perature vs. cooling time for thermal block with air filled
double walls: O — experimental data; @ — data calculated
according to [3]; & — data calculated according to [4];
B — data calculated according to [5].
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AKCIEPUMEHTANBHBIX JAHHBIX C PE3yJbTaTaMU pacye-
TOB COTJIACHO NMPHUBEACHHBIM MoaensiM (puc. 2).
Haunbonee anexBarHoe coBIajeHUE C MOIyYECHHBIMH
AKCIIEPUMEHTAIbHBIMU JAHHBIMU JIEMOHCTPHUPYIOT
MozenH, mosrydeHHsie B [3] u [5]. Y3 aTux aByx moze-
neit olree ymoOHOM IS MPAKTUYECKOTO TPUMEHEHUS
13-3a MEHBIIEH CIOKHOCTH SIBISICTCS MOJIENh [3]:

T=T % 4y sintamoL) (/L) DEXP% 7“21220(% %

n=1 n

rae T — Tekymas remneparypa; T, — temneparypa B
HayaJbHBIA MOMEHT BPEMEHH; X — PACCTOSHHUE TIO
MeCTOTOJIOKeHHsI 00bekTa; L — mimuHa umuHapa; o —
k03() PULIMEHT TEIIOMPOBOJHOCTH; t — BpeMs OCTHIBA-
HUS UUIAH]pA.

CKOpOCTh OCTHIBAHUS TEPMOOIIOKA B 3HAYUTEITHLHON
CTEICHH OnpeaessaeTcss Ko3hUIUEHTOM TEIIONPO-
BomgHOCTH. [103TOMY 17151 CO3TaHUS MaKeTa yCTPOUCT-
Ba, MO3BOJISIONIETO 3a7aBaTh Pa3IUIHBIC CKOPOCTHU
OXJIAKJICHUS B TIOJICBBIX YCJIOBHSX, IEJIECO00pa3HO
BapbUPOBATH XapaKTEPHOE BPEMsI OCTHIBAHUS M3MEHE-
HUEM MapaMeTpoB TepMoOioka. PacueTsl cormacHo
Mojienu [3] mokazanu, 4To Jyis JOCTHIKESHHS MTOCTaB-
JICHHOW IIETH CJIEyeT BOKPYT TEpMOOIOKa cO37aTh
BO3IyIIHYIO POCIONKY, TEIIONPOBOIHOCTH KOTOPOH
MOXXHO PErylIMpoOBaTh, U3MEHSSI JaBICHUE BO3yXa B
Hel. J11 5Toi eI MOXKHO UCTIOIB30BaTh LIMIUHAPU-
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Puc. 2. Teoperndeckue U SKCIEPUMEHTAIBHBIC 3aBUCH-
MOCTH TEMIIEPaTypbl TEPMOOJIOKA C IBOWHBIMH CTEHKAMH,
3aII0JTHEHHBIMH BO3TyXOM, OT BPEMEHH €T0 OXJIAKICHUS C
y4eToM ronpasounoro kodgpduuuenra k: O — skcnepu-
MEHTaJIbHbIE JIaHHBIE; — paccuutannsie 1o [3]; A —
paccuutanssie 1o [4]; M — paccuuTanHbie 1o [5].

Fig. 2. Theoretical and experimental dependences of tempe-
rature vs. cooling time with introduction of correction coef-
ficient k for thermal block with air filled double walls: O —
experimental data; @ — data calculated according [3]; A —
data calculated according [4]; B — data calculated accord-

ing [5].
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exchange not taking into account in theoretical models.
Ifintroducing corrective coefficient (k=0.125) into the
equation of heat conductivity of the studied object
satisfactory approaching to calculated data to experi-
mental ones may be achieved (Fig. 2):

Y

clp

where Y — coefficient of heat conductivity of material,
¢ — heat capacity, p — density.

When using this coefficient there is certain diffe-
rence left between experimental data and the results
of calculations on the models. The most adequate
fitting with experimental data give the models from
[3] and [5]. From these two models the one [5] is more
convenient for practical use due to less complications:

T=T, % 4y SinfamL) (/L) ep E» 7nzfza2t %

a=k

n=1 n

where T is the current temperature; T, is the initial
temperature; X — distance to object; L —cylinder length;
o — heat conductivity coefficient; t — time of cylinder
cooling-down.

The rate of cool-down of thermal block is mainly
determined by the coefficient of heat conductivity.
Therefore to create the device model enabling to set
different cooling rates in filed conditions characteristic
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Puc. 3. TeopeTnueckue 3aBUCUMOCTH TEMIIEpaTyphI TEPMO-
0JI0Ka ¢ JIBOMHBIMU CTEHKAMHU, 3aIIOJTHEHHBIMU BO3IyXOM,
IO/ Pa3JIMYHBIM IaBIICHHEM, OT BPDEMEHH €TO OXJIaXICHHS,
paccuuTaHHBIE COTJIACHO MoZenH [3] ¢ yueToM MmomnpaBoy-
Horo kodd¢uuuenta k: M — napnenue 0,01 atm; @ — 1 arm;
A -3 arm.

Fig. 3. Theoretical dependences of temperature vs. cooling
time found according the model [3] with introduction of
correction coefficient k for thermal block with air filled dou-
ble walls under various pressure: ll —0.01 atm; @ — 1 atm;
A 3 atm.
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Puc. 4. Cxema ycrpoiicTBa 115 3aMOpakUBaHUSI 00BEKTOB
co ckopoctsamu oT 0,01 go 4°C/mun: 1 — cocyn JIproapa;
2 — MUIMHAPUYECKUN CTakaH ¢ JBOWHBIMU CTEHKaMH,
3aM0JHEHHBIMU BO3AYXOM; 3 — HacocC JJisl U3MEHEHUs
JTaBJICHUS BHYTPH CTEHOK CTaKaHa.

Fig. 4. Scheme of device for freezing of objects with rates
0f 0.01 to 4°C/min: Dewar vessel; 2 — cylinder cup with air
filled double walls; 3 — pump for changing the pressure
inside the cup walls.

YeCKH OJIOK C ABOMHBIMH CTEHKaMU, 3aII0JTHEHHBIMH
BO3yXOM. [11OTHOCTE M TEMIONPOBOAHOCTH OCHOBA-
HUS TEpMOOJIOKa MOYKHO KOHTPOJIUPOBATH H3MEHEHH-
€M JIaBIIEHHA BO3AYXa, TP 3TOM IPOUCXOIUT U3MEHE-
HUE peKUMa OXJIaXACHUS TepMobiIoka (puc. 3).

[Tocie TeopeTH4eCKUX pacyeTOB C MCIOIB30Ba-
HHEM BBIOPAHHOW MOIETH TEIUIONPOBOAHOCTH [3] 1
rmonpaBoIHOT0 K03 prummenTa k ObLT H3rOTOBIIEH 1TH-
JUHIPUYECCKANA TEPMOOJIOK ¢ JBOWHBIMUA CTCHKAMHU,
3aloIHEHHBIMH Bo3nyxoM (puc. 4). M3meHenue
JABJICHUST BO3MIyXa MEXIy cTeHkamu Omoka ot 0,01
70 3 aTM NMPHUBOAMIO K U3MEHEHHIO CKOPOCTH €ro
OXJIaXAEHHA B ropioBuHe cocyaa ptoapa ot 0,01 no
4°C/muH (puc. 5). Huzkue ckopocTH 3aMOpaKUBaHus,
HeoOXoauMBIE ISl HU3KOTEMIIEpaTypHOTO KOHCEp-
BHPOBaHUS MEPUCTEMAIIBHBIX KJIETOK pacTeHHi [7-9],
MOKHO peaju30BaTh NPHU AABICHUU BO3JyXa B
npocnoiike ot 0,01 mo 0,2 armocdep.

BbiBOADI

[Ipn momommm MaTeMaTH4eCcKOro MOAETUPOBAHUS
pa3paboTaHo YCTPOHCTBO, TO3BOJIAIONIEE PEaTH30BhI-
BaTh CKOPOCTH OXJAKICHHS HCCIETyeMOTo 0OBheKTa
B nauamnaszone ot 0,01 mo 4°C/muH kak B 1aboparop-
HBIX, TaK U MOJEBbIX YCIOBUSIX.

Jlntepatypa
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Puc. 5. Teoperuueckas 1 SKCIIEpPUMEHTaJIbHAs 3aBUCUMOC-
TH CKOPOCTH OXJIaXACHHS TEpMOOJIOKA OT NaBICHUS
BO3yXa MEXJy CTEHKAaMU OCHOBaHHUs (TeOpeThdecKas
3aBHCHMOCTh PAacCUUTaHa COITIACHO MofenH [3] ¢ yueTom
nonpaBo4Horo kodpdunuenta k): O — skcrepuMeHTab-
uele nanubie; @ — TeOpeTHUECKUE TaHHBIE.

Fig. 5. Theoretical and experimental dependences of cool-
ing rate vs. air pressure in the double base of thermal block
(theoretical dependence was calculated according to the mo-
del [3] with introduction of correction coefficient k: O —
experimental data; @ — theoretical data.

time of cool-down should be varied. Calculations
according the mathematical model [3] has shown that
for achieving the set aim around the thermal block it
is necessary to create an air gap the heat conductivity
of which may be regulated by altering air pressure.
Therefore it is necessary to manufacture a cylinder
block with double walls, an inner part of those would
be air-filled. Due to variation of air pressure by means
of either its pumping-out or compression both density
and heat conductivity of thermal block base changed
that significantly affected cooling regimen of thermal
block (Fig. 3).

After theoretical calculations using the chosen mo-
del of heat exchange [3] and correction coefficient k
we produced thecylinder thermal block with air filled
double walls (Fig. 4). Air pressure variation between
the walls of the block from 0.01 to 3 atm results in
the change in the rate of its cooling in the neck of
Dewar vessel from 00.01 to 4°C/min (Fig. 5). Low
cooling rates essential for low temperature preserva-
tion of meristemal cells of plants [7-9] in particular
may be applied at air pressure in layer from 0.01 to
0.2 atm.

Conclusions

Using the matematical modeling a device allowing
the realisation of an object cooling rates in 0.01 to
4°C/min range both in laboratory and field conditions
was elaborated.
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