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Cryoprotective Agents and Their Aqueous Solutions

CucreMaTu3UpOBaHbl JINTEPATYPHbIE JaHHbIE 110 TEIUIO- U TEeMIIEPaTypONPOBOAHOCTU BOJIBI, YUCTBHIX KPUONPOTEKTOPOB U MX
BOJIHBIX pacTBOpOB. IlocTpoeHsl aMnuprudeckue MOJUHOMHUANIBHBIE YPaBHEHUS IS pacdyeTa TeIUIo- U TeMIIepaTypOlpOBOIHOCTH
BOJIbI, YUCTHIX KPHOIPOTEKTOPOB U MX BOAHBIX PACTBOPOB B 3aBUCHUMOCTH OT TeMIeparypsl. J[s1 BOXHBIX pacTBOPOB HEKOTOPBIX
KPHOIIPOTEKTOPOB TOJIYyYSHBI SMIINPUIECKHE MOJIMHOMHAIbHBIC YPABHEHUS B 3aBUCUMOCTH OT TEMIIEPATYpPbI P (HUKCHPOBAHHBIX
KOHLIEHTPALMSX WK OT KOHIEHTPALMH P PUKCUPOBAHHBIX TEMIIEpaTypax.

Knrouegvie cnosa: xpronpoTeKTop, TEMIONPOBOIHOCTh, TEMIIEPATYPOIPOBOJHOCTD, SMIMPUUECKUE TOJTMHOMHAIIBHbIE YPAaBHEHHUSI.

CucreMaTH30BaHO JIiTEPATyPHIi JaHi 110 TEIUIO- i TEeMIIepaTypONPOBITHOCTI BOAN, YUCTHX KPIONPOTEKTOPIB Ta IX BOJHUX PO3UMHIB.
[ToGynoBaHo eMmipUYHi OTIHOMIaNBHI PIBHSAHHS ISl PO3PaXyHKY TEIUIO- i TEMIIEPaTypOIPOBiJHOCTI BOJM, YUCTUX KPIOIPOTEKTOPIB
i X BOIHHMX PO3YMHIB B 3aJISKHOCTI Bi TemnepaTypu. st BOMHUX PO3UMHIB KPiONPOTEKTOPIB OTPUMAHO eMITiPUYHI TOJIiIHOMIabHi
PIBHSIHHS B 3aJI€)KHOCTI Bijl TeMIiepaTypH npu GikCOBaHHX KOHIICHTpALisx abo BiJ KOHIEHTpALil Ipy GiKCOBaHUX TeMIIepaTypax.

Kniouosi cnosa: xpionpoTeKTop, TEIUIONPOBIAHICTD, TEMIIEPATYPOIIPOBIHICTh, EMITIPUYHI TOJTIHOMIiaNbHI PiBHSHHS.

The literature data for thermal conductivity and thermal diffusivity values of water, pure cryoprotective agents and their aqueous
solutions are summarized. The empirical polynomial equations for calculation of thermal conductivity and thermal diffusivity of
water, pure cryoprotective agents and their aqueous solutions depending on temperature are derived. The empirical polynomial
equations for aqueous solutions of some cryoprotective agents depending on temperature under fixed concentrations or concentration

under fixed temperatures are derived.

Key words: cryoprotective agent, thermal conductivity, thermal diffusivity, empirical polynomial equations.

Basknas posib TeII0- ¥ TEMIEPaTYpOIPOBOIHOCTH
BOBI, KPHOTPOTEKTOPOB M MX BOJHBIX PAaCTBOPOB B
porecce KPHOKOHCEPBUPOBAHMSI HE BBI3BIBAET COM-
HEHUH, TOCKOJIBKY OT UX BEJIMYMH 3aBHCHT CKOPOCTh
nepeady Teria Npy OXJIaKICHUH 1 HarpeBe 00pasLoB.
Temmeparypa u coctaB 00pasia (Harpumep, KOHIIEHT-
pamus KpHOIIPOTEKTOpa) BIUSIIOT HA BEIMYUHBI €T0
TEIJIO- ¥ TEMIEPaTypONPOBOAHOCTH, OCOOEHHO MpH
¢azoBom nepexone. Hanpumep, Temno- u remnepary-
POTIPOBOAHOCTS JIbAa 3HAYNTENHHO BBIIIE, YEM BOJBI.
[Ipu nepeoxnasxaeHny BOBI (PUCYHOK) U BOIHBIX pacT-
BOPOB KPHOIIPOTEKTOPOB HAOIIOAAETCS CYILIECTBEHHOE
yYBEIMUYEHHUE TEMJIONPOBOJHOCTH IO CPABHEHHUIO C €€
3HAYEHHUSAMH B 30HE TOJIOKHUTEIHHBIX TEMIIEPATYD.

OpHako B JOCTYIMHOW JUTEpaType OTCYTCTBYIOT
CHCTEMaTH3UPOBaHHbBIE JAHHBIE MO TEIUIO- U TEMIIEpaA-
TYypPONPOBOIHOCTH ISl KpHOIIPOTEKTOPOB, IPEACTAB-
JIEHBI TOJIBKO OTAENbHBIC MX 3HadeHus. Hakorenne
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The importance of thermal conductivity and ther-
mal diffusivity of water, cryoprotective agents and their
aqueous solutions during cryopreservation is of no doubt,
whereas a heat transfer rate during cooling and warming
of samples depends on their values. Temperature and
composition of the sample (e.g. cryoprotectant concen-
tration) affect the values of its thermal conductivity
and thermal diffusivity, especially during phase trans-
fer. For example, thermal conductivity and thermal dif-
fusivity of ice are significantly higher, than the values
of water. The significant increase of thermal conduc-
tivity during cooling of water (Figure) and aqueous solu-
tions of cryoprotectants if compared with its values
within the range of positive temperatures is observed.

However, in available literature the summarized data
for thermal conductivity and thermal diffusivity for cryo-
protectants are absent, just their single values are presen-
ted. Accumulation and analysis of corresponding expe-
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TEIUIO- ¥ TEMIIEPATYPOIPOBOJHOCTH YUCTHIX KPUOTIPO-
TEKTOPOB U UX BOJHBIX PACTBOPOB B 3aBUCUMOCTH OT
MAacCOBOM KOHIIEHTPALIMHU KPUOMIPOTEKTOPA U TEMIIE-
paTyphl.

OKCIepUMeHTaIbHBIE JAHHBIE 110 TEIUIO- U TeMIIe-
paTypOIPOBOTHOCTH KPHUOIIPOTEKTOPOB U MX BOJTHBIX
pacTBOPOB, IIPUBEIACHHBIC B TUTEpaType, ObLTH 00pa-
6oraHbl ¢ momoIIsio0 nmporpammel Microsoft Office
Excel 2003. Hapsimy ¢ naHHBIME JIJ151 KPHOTIPOTEKTOPOB
ObUTH 00paboTaHBI W DKCIIEPUMEHTANBHEIC JTUTEpa-
TYpPHBIE TJaHHBIE JJIs1 BOJIBL, JIbA U PSZa BOJHBIX PACT-
BOPOB BEILIECTB, KOTOPBIC KPaifHe BayKHBI KaK JJIsl YKH3-
HECATEIBHOCTH YEIOBEKa, TaK U JJIs1 KPHOOHOIOT HH.

3HaueHUA TEIIONPOBOAHOCTH BOJBI B 3aBUCUMOC-
TH OT TEMIIepaTyphl IpuBeaeHbl B [4, 7, 8, 17, 21, 26,
33, 39, 42, 52,75, 76, 92, 93]. IlonyueHHas 3aBUCH-
MOCTH TETUIOTIPOBOJTHOCTH BOJIBI OT TEMIIEPATYPHI
(pucyHOK), MOXeT OBITH pa30rTa Ha JBE YacTH (30Ha
MTOJIOKUTEIBHBIX TEMIIEPATyp W 30HA MEePEOXIIax-
JIEHWs), KaKIass U3 KOTOPBIX XOPOIIO OIHCHIBACTCS
MMOJIMHOMHUATBLHBIMH YPaBHCHUSIMA OTHOCHUTEIIHHO
TeMIIepaTypPHI.

Jlyist BOABI MPU MOJOKUTEIBHBIX TEMIIEpaTypax
SMIIUPUYECKOE YPABHEHHE JIJIsl pacyeTa TEIIOMPOBO/I-
HOCTHU UMEET BUJ;

A=-8,3279x10%2+2,0178%107¢+ 0,5629,

rae A — TertonpoBoaHocts, Br/MIK; £ — Temmeparypa,
0°C. D10 ypaBHEHHE MO3BOJISIET PACCUHTATH TETLIO-
NPOBOJHOCTHh BOJBI B JHalma3zoHe TeMIeparyp
0...150°C npu mucniepen anmpokcumarmu R2=0,9904.

Jiist nepeoxIaxkIeHHON BOJIbI B HHTEPBAJIE TEMITE-
paryp —40...0°C TeronpoBoIHOCTE MOXKET OBITh pac-
curtana o popmyne (mpu R? =0,9989):
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Temnepatypa, °C  Temperature, °C

3aBHCHMOCTD TCIUTOIIPOBOAHOCTH BOABI OT TEMIICPATYPbIL

Temperature dependence of water thermal conductivity

rimental material and its summaryzing enable the more
productive use of cryoprotective properties, significant-
ly affecting the nature and kinetics of crystallization pro-
cesses in bioobjects during their freezing and thawing.

The aim of this paper is to summarize and systema-
tize the literature data on the base of deriving empiri-
cal equations to calculate the values of thermal conduc-
tivity and thermal diffusivity of pure cryoprotective
agents and their aqueous solutions depending on cryo-
protectant mass concentration and temperature.

The experimental data found in the reports for ther-
mal conductivity and thermal diffusivity of cryoprotec-
tive agents and their aqueous solutions were processed
with MS Excel 2003 software. We also processed the
experimental literature data for water, ice and some
aqueous solutions of substances, being absolutely es-
sential both for human vital activity and cryobiology.

The values of thermal conductivity and thermal dif-
fusivity of water depending on temperature are pre-
sented in literature references [4, 7, 8, 17, 21, 26, 33,
39,42, 52,75, 76,92, 93]. The obtained temperature
dependence of water thermal conductivity (Figure) has
two parts (zone of positive temperatures and over-
cooling one), each of them is well described with poly-
nomials in respect of temperature. For water at positi-
ve temperatures the empirical equation for thermal con-
ductivity calculation is as follows:

A =-8.3279%10°2 +2.0178x103¢ + 0.5629,

where A — thermal conductivity, W/m[K; ¢ — tempera-
ture, °C.

This equation enables to calculate water thermal
conductivity within the range of temperatures from 0
to 150°C at approximation dispersion of R*=0.9904.
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=-3,957%108 — 3,2094x10°5* — 9,5003%10°¢ —
—1,0482x107# - 1,1432x107¢ + 0,565.

B tabn. 1-3 npuBeneHs! ypaBHEHHS 1711 pacyera
TEIIOTPOBOAHOCTH KPHUOMIPOTEKTOPOB U JPYTUX Be-
IECTB, HAXOSAIINXCS KaK B KHUIKOM COCTOSTHHH, TaK
Y 3aMOPOXKEHHOM (TB. (.).

Kpome nmonnHoMHanbHBIX YpaBHEHUH, B TAOIUIAX
TIPEICTaBIIEHBI IUCIIEPCHH AMIPOKCHMAITHK R, Hara-
30HBI MPUMEHEHUS YPaBHEHUH (TeMITepaTypa i KOH-
LIEHTPANKs) U UCTOYHUKHU JIUTEPATYPHI, U3 KOTOPHIX
B3SThI SKCIIEPUMEHTANIbHBIC JaHHbIE. JlnanazoH npu-
MEHEHUS YpaBHEHUH MTOKA3BIBAET, IIPU KaKUX TeMIIepa-
Typax WK P KAKUX KOHIIEHTPAIMSX ObLIH MOy YCHbBI
SKCIEPUMEHTAJIbHBIE TaHHbIE, IPUBEICHHBIE B JIUTE-
paTypHBIX HICTOYHUKAX.

B Tabmnuiax npuHSTHI CICAYIOIINE YCIOBHBIE 0003-
Ha4YCHUS:

B/l — 6yrananon;

JAMAI — nuMerunaneTaMmI;

AMCO — gumetuncynb(okcu;

JAM®A — numernndpopmamun,

JIOT" — MUATUIICHIIUKOJIb,

[1J]— nponanuonn;

I1D50 — noNMUATUIIEHOKCHUT;

TOI” — TPUATHIICHTITUKOIIE;

DA — dhopmamu;

OT — 3 TUIIEHIIIUKOIb.

JIaHHBIX 110 TEMITEPATyPOTIPOBOTHOCTH PA3THIHBIX
KPHUOIIPOTEKTOPOB U UX BOIHBIX PACTBOPOB B JIUTE-
paTtype nmpuBeneHO oueHb Mayno. OJHAKO €€ MOXHO
paccuuTarh 1o popmyie:

A

a=—-,

C,p

1€ @ — TeMIIEPaTypOITPOBOIHOCTh, M*/C; A — TEILIO-
MIPOBOAHOCTH BeriecTBa, Br/mIK; Cp — €ro TeIUIOEM-
kocTh, JIx/kr[K; p — MIIOTHOCTH BemeCTBa, KI/M>.
JaHHBIE IO TEMIONPOBOAHOCTH Psia KPHOMPOTEK-
TOPOB U MX BOJAHBIX PACTBOPOB MPUBENICHBI B Ta0JI.
1-3, a Mo TeTUTIOEMKOCTH U TNIOTHOCTH — B [24, 25].

B Tabin. 4-6 npuBeneHsl ypaBHEHHS 1711 pacyera
TEMIIEPaTypONPOBOAHOCTH BOJBI, Psiia KPUOTIPOTEK-
TOPOB, COJIEN U UX PACTBOPOB.

B Tabxn. 7 npuBeaeHBl ycpenHEHHBIE JTUTEPATYP-
HBIE JaHHBIE TI0 TEMIIEPATYPONPOBOAHOCTH JIbJIA, PAa
KPHOIIPOTEKTOPOB M UX BOAHBIX PACTBOPOB IIPH pa3-
JIUYHBIX TeMIIEpaTypax.
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For overcooled water within the —40...0°C interval
heat conductivity is calculated with the formula (at R* =
0.9989):

A =-3.957x108 — 3.2094%10°¢* — 9.5003%105F —
—1.0482x107# — 1.1432x107¢ + 0.565.

Tables 1-3 represent the equations for calculation
of thermal conductivity of cryoprotective agents and
other substances, being both in liquid and frozen states
(solid phase).

Besides the polynomial equations the Tables repre-
sent the approximation dispersion R, application range
of equations (temperature or concentration) and litera-
ture references from which the experimental data are
derived. The application range of equations shows un-
der which temperatures and concentrations the experi-
mental data, presented in the papers were obtained.

The following abbreviations are used in the Tables:

BD - butane diol;

DMACc — dimethyl acetamide;

DMSO — dimethyl sulfoxide;

DMFA — dimethyl formamide;

DEG —diethylene glycol;

PD — propane diol;

PEO —polyethylene oxide;

TEG — triethylene glycol;

FA — formamide;

EG — ethylene glycol.

The data for thermal diffusivity of different cryo-
protective agents and their aqueous solutions in the lite-
rature are poorly presented. However, it can be calcu-
lated with the formula:

where a — thermal diffusivity, m*/sec; A —thermal con-
ductivity of substance, W/m[K; Cp — heat capacity,
J/kgK; p — density of substance, kg/m®.

The data for thermal conductivity of some cryo-
protective agents and their aqueous solutions are shown
in Tables 1-3 and the ones for heat capacity and den-
sity are given in our previous articles [24, 25].

In the Tables 4—6 there are presented the equa-
tions for calculation of thermal diffusivity of water,
some cryoprotective agents, salts and their solutions.

The Table 7 presents the averaged literature data
for thermal diffusivity of ice, some cryoprotective
agents and their aqueous solutions under different tem-
peratures.
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Ta6auua 1. YpaBHeHus 1 pacyera TeIIONPOBOIHOCTH JIb/Ia U PA/Ia YHCTHIX KPHOTIPOTEKTOPOB B 3aBHCHMOCTH OT
TEeMIIepaTypbl; TUCIIEPCUH AMPOKCUMAIUH 1 IUATA30HbI TEMIIEPATYP IPUMEHEHHS YPaBHEHUS
Table 1. Equations to calculate thermal conductivity of ice and some pure cryoprotective agents depending on
temperature, approximation dispersions and temperature ranges of equation application

Auanazon
Bemectso Dopmyra R2 TeMmrepartyp,’C VicTounuk
Substance Equation Temperature Reference
range,”C
Aep, A = —8,3631x10" 7t — 73293x10°t* — T [7,8,18,28,61,
Ice 1,3049%10-2 + 2,18 0,9831 170-0 73— 75, 79]
Taunepun [3,4,13,14,
Glu I; 1 A = 1,381x10* + 0,281 0,9127 0+155 18—20,26,27,41,52,
yeero 55,84,90, 93]
A = —6,055x107% + 0,2612 1,0 5+100 [44]
A2T
DEG
A = 6,913x107%t + 0,204 0,9038 —7+150 [4,14,72]
MeTtaHOA _ _ _ — -~
Mothanol A = 3,7464x1077t> — 3,1711x10~* + 0,2106 0,9614 100+150 [3,4,11,55,83]
A = —5484x107% + 0,2445 1,0 5+100 [44]
ToTr
TEG
A = —2,044x107°t + 0,1969 0,9186 —7+150 [4,14]
CrupThl
Alcohols
_ _ one [5,13,14,26,
A = 1,443x10*t+ 0,2517 0,9142 20+150 48,52,84]
or
EG
A = —7367x107% + 0,2991 0,9591 10+150 [44,72]
OraHoA _ N [3,4,8,11,
Ethanol A = —0,00028t + 0,1749 0,9245 100+150 45.59,93]
A = —3,764x107°t + 0,2017 0,9238 —25+130 [10,65,78,82,83]
1,2-TIA,
1,2-PD
A = —289x107°t + 0,1167 0,9461 4+150 [4,44]
ll,zi-i% A = —4,4019x10~°t + 0,2113 0,9992 30+100 [38]
AMAL _ .
DMAC A = —0,0004t + 0,1798 0,9299 15+90 [4,72,81]
Amupbt AMOA _ u
Amides DMFA A = —0,000235t + 0,1916 0,9262 5+140 [4,43,64,71]
?:): A = 7,482x1077t* — 2,474x10~“t + 0,361 0,8672 30+150 [4,64]
BoaopacTBopu- 190-400 (8. ¢b.)
MBbIe IOAUMEPBL _ 642 - — 160+ —
Water-soluble (5(1;’1115(?-4}(13256) A = —52301x107%> — 1,8001x10~*t + 0,4363 0,9955 160+—10 [23]
polymers p
Caxaposa _ _ -
Sucrose A = —7371x107°t + 0,2418 0,9996 0+50 [32]
YraeBoABI
Carbohydrates
®pyKro3a _ _ -
Fructose A = 3,6x107% + 0,2371 1,0 0+50 [69]
304 problems
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Taduuna 2. YpaBHeHUs 15 pacueTa TEIIONPOBOIHOCTH Psijia BOAHBIX PACTBOPOB COJICH M KPUOIIPOTEKTOPOB B
3aBUCHUMOCTH OT KOHIICHTPAIMHU [TPpU (PUKCUPOBAHHBIX TEMIIEPATYPAaX; TUCIIEPCHH allIPOKCUMAIIUH 1 TUANIa30HbI
KOHIICHTPALMI TPUMEHEHHSI YPaBHEHUS

Table 2. Equations to calculate thermal conductivity of some aqueous solutions of salts and cryoprotective agents
depending on concentrations under fixed temperatures, approximation dispersions and concentration ranges
of equation application

T Aparnazon
SMOCPATYPa, KOHITeHTpPaIHii
BemectBO °C Dopmyara p '"| Wcrounuk
) R? Macc. %
Substance Temperature, Equation c . Reference
°C oncentration
range, W/W %
10 A = 9,528x107°C? — 3,958x107°C + 0,581 0,9991 0+100
20 A = 1,176x107°C?* — 4,394x10°C + 0,6 0,9966 0+100
30 A = 1,129x107°C? — 4,477x1073C + 0,614 0,9988 0+100
40 A =1,214x107°C? —4,739x10~°C + 0,6305 0,9988 0+100
T'aunepun
Glycerol [5.22,56,82]
50 A = 1,279x107°C? — 4,961x107°C + 0,646 0,9988 0+100
60 A = 1,07x107°C? — 4,861x1073C + 0,6532 0,9979 0+100
70 A =9,625%107°C? —4,869x10°C + 0,6624 0,9968 0+100
80 A = 7,24x107°C? — 4,722x107°C + 0,6687 0,9935 0+100
0 A = 3,295x107°C? — 3,417x1073C + 0,565 0,9972 0+100
10 A = 5925x107°C? — 3,893x1073C + 0,581 0,998 0+100
20 A = 9,458x107°C? — 4,482x1073C + 0,6 0,999 0+100
%gg [5,30,66]
CrpTeL 30 A = 1,149x10-°C? — 4,881x10-°C + 0,614 0,9989 0+100
Alcohols
40 A =1,427x107°C?* —5,376x10°C + 0,6305 0,999 0+100
50 A = 1,674x107°C?* — 5,832x10*C + 0,646 0,9989 0+100
- - 0+100
10 A = 1,512x107°C? — 5,08x10*C + 0,581 0,9995
MeraHon 0100
Methanol 40 A = 1,986x10~°C? —6,277x107°C + 0,6305 0,9997 [34,51]
70 A = 1,938'107°C?* —6,818x107°C + 0,6624 0,9985 0+100
A = 1,589x1077C® — 2,05x10-°C? — .
0 Z2,736x10-°C + 0,565 0,9997 0+100 [5,30,82]
A = 1,465x1077C® — 1,711x107°C? — .
10 Z3.173x10-°C + 0,581 0,9995 0+100
A = 1,121077C® — 9,741x107°C? — .
20 o i 0,9983 0+100
Tor 3,82x1073C + 0,6
TEG 30 A = 1,143x1077C® — 9,009%x10~°C? — 0.9969 0+100
— 4,117x107°C + 0,614 ! )
A = 9,822x1078C3 — 4,958x107°C? — .
40 —"4,50%10-°C + 0,6305 0.9949 0+100
A = 8,949x1078C® — 2,235x1075C? — .
30 — 4,992x10-°C + 0,646 0,9927 0+100
305 problems
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IIponoskenue Ta6AUbI 2

Table 2 (continued)
BemectBo °C Dopmyra 2 - POH '"| HctouHmK
! R Macc. %
Substance Temperature, Equation c . Reference
°C oncentration
range, W/W %
—10 A = 292x107°C? — 2,602x10°C + 0,54 0,9933 0+100
0 A = 7,244x107°C? — 3,337x107°C + 0,565 0,9961 0+100
10 A = 1,202x107°C? — 4,214x1073C + 0,581 0,9712 0+100
CrnupTel or [1,5,7,30,65,
Alcohols EG 66,89]
15 A = 9,477x107°C? — 3,984x1073C + 0,595 0,9902 0+100
20 A = 1,265%107°C? — 4,501x1073C + 0,6 0,9849 0+100
50 A = 1,699x107°C? — 5,48x10~°C + 0,646 0,9977 0+100
BoaopacTeopu-
MBble OAUMEpPbI _ - -
Water-soluble I150-400 20 A = —2901x107°C + 0,4633 0,9985 10+80 [22]
polymers
A = 7,965%1078C3 — 1,768x107°C? — .
0 — 2,249x1073C + 0,565 0.9997 0+100
A = 6,195%1078C® — 1,567x107°C? — o
10 — 2,443x1073C + 0,581 0,9998 0+100
I el B I I
Caxapo3sa ' ' [68,69,84,
Sucrose A 1,917x107%C® — 1,034x10°C? o1l
=1, x10~ — 1, x10~ - -
30 — 2,899x107*C + 0,614 10 0+100
A = —2212x107°C® — 7,671x107°C? — o
40 —3,127x107*C + 0,6305 10 0+100
A = —1,622x107°C® — 6,331x107°C? — .
YraeBoAbL 0 — 3,286x107°C + 0,646 10 0+100
Carbohydrates
0 A = —3,379x107°C? —2,964x107°C + 0,565 0,9985 0+100
10 A = —3,994x107°C? —3,021x1073C + 0,581 0,9979 0+100
20 A = —3,705x107°C? — 3,192x1073C + 0,6 0,998 0+100
®pykTo3a
Fructose (69]
30 A = —4,922x107°C? —3,173x1073C + 0,614 0,9967 0+100
40 A = —5,387x107°C?— 3,249x10~°C + 0,6305 1,0 0+100
50 A = —6,152x107°C? — 3,288x1073C + 0,646 1,0 0+100
CaCl, 20 A = —00013C + 06 0,9975 0+40 2]
KC1 20 A = —0,002C + 0,6 0,9991 0+20 [2]
Coan
Salts
15 A = —5,486x107°C + 0,5886 0,9974 0+25
[2,10,12,54,
NaCl 65,70]
20 A = —0,0011C + 0,6 0,9991 0+20
A = 4,261x1075C® — 7,296x10~C? + .
25 ' o 0,9979 40+100 [71]
CyABDOKCHARI AMCO + 2,824x1072C + 0,4143
Sulfoxides DMSO
—20 A = 2,564x107°C? — 6,386%107°C + 0,5822 1,0 50+100 [46]
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Ta0nuna 3. YpaBHeHUs A7 pacueTa TEIIONPOBOJHOCTH PsAia BOAHBIX PACTBOPOB COJIEN U KPHOIIPOTEKTOPOB B
3aBHCHMOCTH OT TeMIIEpaTyphl IPU (PUKCHPOBAHHBIX KOHLEHTPALUSX; JUCIICPCHH alIPOKCUMAIMH 1 IMaa30Hb
TeMIIepaTyp MPUMEHEHHUS ypaBHEHUS

Table 3. Equations to calculate thermal conductivity of some aqueous solutions of salts and cryoprotective agents
depending on temperature under fixed concentrations, approximation dispersions and temperature
ranges of equation application

Kounnenrpanus, Aunanazon
Bemectso macc. % Dopmyra R? Temneparyp,’C Wcrounuk
Substance Concentration, Equation Temperature Reference
% W/W range,’C
25 A = —1,043x107°t2 + 1,713x10~%t + 0,2495 0,9983 29+38
égé 50 A = —8,644x10-°t> + 9,027x10~°t + 0,03987 0,9997 30+38 [30,66]
75 A = 4,888x10%* — 3,224x107% + 0,7243 0,9971 28+38
25 A = —7,172x107°%t*> + 1,877x107% + 0,401 0,9984 32+55
MertaHoA = _ _ N
Methanol 50 N = 7,367x107°%2 — 4,561x10~% + 0,3359 0,999 31+55 [34,51]
75 A = 3,032x10~°t* — 6,769x10~° + 0,2588 0,9648 30+55
20 A = 0,0002t> — 0,0124t + 0,4305 0,984 29+37
Tar _ —5¢2 -3 :
TEG 50 A = —3,131x107°t> + 3,587x107% + 0,1374 0,9248 29+39 [30,82]
75 A = 0,00012t* — 0,00637t + 0,27177 0,9623 28+38
11 A = —8,329x10-°t> + 1,855%107% + 0,5106 0,9996 —1+121
21,8 A = —6,81x1075> + 1,528x10~3t + 0,4695 0,985 —10+121
32,4 A = —5933x10752 4+ 1,333x1073t + 0,4289 0,9998 —12+121
36,5 A = —506x10""t> + 1,887x10~'t + 0,4661 0,9979 —20+100
or [1,7,30,47,
EG 62,66,89]
42,7 A = —4,729x10-°%> + 1,1x107% + 0,3946 0,9996 —17+121
CrupThl
Alcohols
52,8 A = —3,825x10752 4+ 9,006x10~*t + 0,3637 0,9996 —28+121
54,7 A = —0,0002t + 0,4061 0,992 —40+100
81,7 N = —1,487x107% + 4,156x10"* + 0,2896 0,9989 —34+121
25 A = 4,233x107°%* + 8,187x10~*t + 0,4086 0,9984 28+60
OTaHOA _ _ _ N
Ethanol 50 A = —1,84x107% + 6,187x10t + 0,2956 0,9962 29+66 [34,53]
75 A = 2,514x1077t? + 7,378x107°t + 0,2251 0,8297 2760
10,3 A = —8477x107°* + 1,837x10~°t + 0,509 0,9996 —1+162
20,6 A = —7102x10752 + 1,506x10%t + 0,4641 0,9994 —6+162
25,7 A=1,779x10"°t* + 4,623x10~*t+ 0,4698 0,9984 —10+100
308 N = —5054x107% + 1,222x107% + 0,4222 0,9996 —12+162
1,2-TIA,
1,2-PD [7,47,89]
389 A = 0,0002t + 0,4246 0,9989 —20+100
40,9 A = —4,834x107%2 + 9,54x10~*t + 0,3843 0,9993 — 17+162
47,9 A = 5265%107°%* — 5,412x10~°t + 0,395 0,9901 —30+100
50,9 A = —3,854x107t> + 7,119x10~ %t + 0,3942 0,9989 —28+162
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IIponoskenue TadaunbI 3

Table 3 (continued)
Konnenrparnus, Anamnazoxn
Bemecto Macc. % Qopmyra R Temneparyp,’C | McTouHuk
Substance Concentration, Equation Temperature Reference
% W/W range,’C
1208 80,6 A = — 1431107 + 9,155x103 +0,2504 0,9663 —34+115 [7,47.89]
CrupTht '
Alcohols 1 4B
1'4:B% 50 A = —9,229x10-7t> + 4,611x10~*t+0,3504 0,9938 20+150 [38]
NaCl 15 A= —5251x10°° + 1,821x10-% + 0,5492 0,9998 1+45 [10,16,33,
Co 54,80]
AN
Salts
CaCl, 299 A= —1,527x107%2 + 1,341x107% + 0,471 0,9998 —50+50 [26]
YrAeBOABI I'Atoko3a , o0
Carbohydrates Glucose 38,3 A = —0,0011t* — 0,0638t + 0,0324 1 20+—9 [67,68]
AMCO _ -
DMSO 10 A = 0,0015t + 0,5276 1 0+20
CyAbhOKCHABI
Sulfoxides AMCO [36]
(TB. dbaza) 10 A= —3,367x10"°t*— 3,32x10~*t* — 0,9847 —40:—2
DMSO —1,153x10~2t2— 1,784x10~ 't + 1,088 '
(solid phase)

Ta6auua 4. YpaBHEHUs 1S pacuyeTa TeMIEPaTypOIPOBOIHOCTH BOJBI U PAJIa YHCTHIX KPHOIPOTEKTOPOB B 3aBUCUMOCTH
OT TEeMIEPaTypPbl; TUCIICPCHHU allIIPOKCUMALIMH U AUAIIa30HbI TEMIIepaTyp IPUMEHEHHS yPaBHEHUSA
Table 4. Equations to calculate thermal diffusivity of water and some pure cryoprotective agents depending on
temperature, approximation dispersions and temperature ranges of equation application

ApnanaszoHn
BemectBo Dopmyra R Temmneparyp,’C VcTounuk
Substance Equation Temperature Reference
range,”C
Boaa _ a3 52 _3 s ane [6,15,17,21,26,29,39,
Water a = (8,065%1075t3— 3,7338x10~°t> + 6,57x10 3t +1,314)x10 0,9907 40+150 41,52,63,76,88,93]
/I\ceg a = (0,101t + 8,43)x10~7 0,99 —100+0 [57,58,65]
Tannepun a = (—7,323x10-% +9,487x10-52— 1,669x 10t -+ 0,988) x10~7 09495 0+150 [1,26,49,52.55,57,76,
Glycerol 93]
ﬁg{ggf{)’i a=(—0,003t+1,098)x10~7 0,9787 —15+110 [49,57,63,85]
]:;é a=(—5,3303%x10"°t>+2,7144x10~*t+0,9348)x10~7 0,9957 —5+130 [1,26,52,55,88]

Tabauua S. YpaBHeHus U1l pacueTa TEMIIEPaTypPOIIPOBOAHOCTH Psiia BOAHBIX PACTBOPOB KPUOIIPOTEKTOPOB B
3aBHCHMOCTH OT KOHIICHTPAIINHY TP PUKCHPOBAHHBIX TEMITEPATyPax; JUCIICPCHH AMMIPOKCUMALINHN U JHaNna30HbI
KOHLICHTPAIH IPUMEHEHHUS yPaBHEHUS

Table 5. Equations to calculate thermal diffusivity of some aqueous solutions of cryoprotective agents depending on
concentration under fixed temperatures, approximation dispersions and concentration ranges of equation application

Aunamnazon
BemectBO Temmeparypa,’C Dopmyra R? KOHﬁsggp;uHH' HcrouHuk
Substance Temperature,”C Equation Concenfra;ion Reference
range, % w/w

20 a = (3,1366x107°C? — 7,9118x1073C + 1,43)x10~7 0,9704 0+100

30 a = (3,2997x107°C? — 8,727x107°C + 1,48)x10~7 0,9742 0+100
I'annepun
Glycerol (63]

40 a = (4,6079x107°C?—1,0511x1072C +1,519)x10~7 0,997 0+100

50 a = (4,837x107°C?—1,1285x107*C + 1,556) x10~7 0,9977 0+100
Csaxap°3a 23 a = (—0,0082C + 1,44)x10~" 0,9946 0+50 [35]
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Tadauuna 6. YpaBHeHuUs U1 pacyeTa TeMIepaTypOIPOBOAHOCTH PSAAa BOAHBIX PACTBOPOB COJIEH U KPHOIIPOTEKTOPOB B
3aBHCHMOCTH OT TEeMIIEpaTyphl IPU (PUKCHPOBAHHBIX KOHLCHTPAUSX; JUCIICPCHH alIPOKCUMAIIMH 1 IMaa30Hbl
TeMIepaTyp MPUMEHEHHUS ypaBHEHUS

Table 6. Equations to calculate thermal diffusivity of some aqueous solutions of salts and cryoprotective
agents depending on temperature under fixed concentrations, approximation dispersions and temperature
ranges of equation application

Konnenrpanus, Aunanaszon
BemiectBo Macc. % Dopmyra R Temneparyp,’C VicTouHuk
Substance Concentration, Equation Temperature Reference
% W/W range,*C
10 a = (0,0039C + 1,2855) %107 0,9984 0+20
AMCO
DMSO 0 [36]
. a = (—9,2079x107°t> — 1,3406x10- %2 — 0,712t — 1,5541)x10~7 0,9984 —40+—2
(TB.¢b./solid)
CaCl, 29,9 a = (—6,1305x10~%t* + 3,0564x10 %t +1,3323)x10"* 0,9998 —50+50 [26]
Tab6auuna 7. TemnepaTyponpoBOHOCTh OT/IENBHBIX BEIIECTB U X PACTBOPOB
Table 7. Thermal diffusivity of some substances and their solutions
BemrectBo Konnenrparus, macc. % Temmneparypa,’C a,x1077,m*/c VcTounuk
Substance Concentration, % w/w Temperature,”C a,x1077 m?%/s Reference
20 0,9581 [31,49,50,57,64,93]
Jranoa 100 2 0,947 [40]
Ethanol !
25 0,878 [87]
0,5 25 1,438 = 0,002
MeraHoa
Methanol (371
1 25 1,425 = 0,004
80 20 0,782
Fannepun
Glycerol (921
50 20 1,04
100 25 0,93
AMCO
DMSO [48]
15,6 25 1,53
DA
FA 100 20 1,02 [64]
AMOA
DMFA 100 20 0,78 [64]
Aragosbm TeAb _ 22,5 1,459 [86]
gar gel
0,03 25 1,442 = 0,003
NaCl [37]
0,1 25 1,439 = 0.004
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