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Thermophysical Properties of Cryoprotective Agents.
l1l. Density, Kinematic Viscosity and Surface Tension of Some
Cryoprotective Agents, Their Solutions and Mixtures

CucteMaTH3MpOBaHbI IUTEPATYPHBIC JaHHBIE 110 3HAYEHUSAM IIOTHOCTH, KHHEMaTHYECKON BA3KOCTH U IOBEPXHOCTHOMY HAaTSDKCHUIO
BOJIbl, YHCTBIX KPHOIIPOTEKTOPOB, UX BOAHBIX PacTBOPOB U cMeceil. [locTpoeHsl sMIupuyecKue NOIMHOMUAIbHbBIE YPABHEHUS AJIS
pacueTa III0THOCTH, KHHEMAaTHUECKOH BA3KOCTH U TOBEPXHOCTHOI'O HATSKEHHS BOABI M YUCTHIX KPUONPOTEKTOPOB B 3aBUCUMOCTH OT
Temneparypsl. [TonyueHbl K03 GUIMEHTHI TOIMHOMOB [UIS THX YPAaBHEHUIA.

Knroueesvie cnosa: KpuonpoTeKTOp, INIOTHOCTh, KHHEMAaTH4eCKas BA3KOCTb, IOBEPXHOCTHOE HATSDKCHUE, IMITUPUYECKHE TOJIMHO-

MHUAJIBHBIC YPABHCHUSL.

CucteMaTH30BaHO JITEpaTypHi JaHi 10 3HaYEHHSM INUIBHOCTI, KIHEMAaTHYHOT B'SI3KOCTI Ta OBEPXHEBOT0 HATATY BOJAHU, YUCTUX
KPiOMPOTEKTOPIB, iX BOAHUX PO34YMHIB i cymireil. [ToOynoBaHO eMIIipuyHi MOJiHOMIaNbHI PIBHSIHHS Ul PO3PaxyHKY LIUIBHOCTI,
KIHEMaTH4HOT B'I3KOCTI i TOBEPXHEBOTO HATATY BOAM 1 YMCTUX KPIOMPOTEKTOPIB B 3aJIeKHOCTI Bl Temmeparypu. OTpuMaHo koe(ilieHTH

MOJTIIHOMIB JIJTs1 ITUX PIBHSHb.

Kniouosi crosa: xpionpoTeKTop, WiJIbHICTh, KIHEMAaTHYHA B'I3KiCTh, TOBEPXHEBUIl HATAT, EMITIPHYHI TTOJIIHOMiabHI PiIBHSHHS.

The literature data for density, kinematic viscosity and surface tension values, pure cryoprotective agents, their solution and
mixtures are summarized. The empiric polynomial equations for calculation of density, kinematic viscosity and surface tension of
water, pure cryoprotective agents, their aqueous solutions and mixtures depending on temperature and concentration are derived.

Key words: cryoprotective agent, density, kinematic viscosity, surface tension, empiric polynomial equations.

IInoTHOCTh, KMHEMATHUECKAs! BA3KOCTh M IIO-
BEPXHOCTHOE HATSKCHHE XHUIKOCTEH SBISIOTCS
OJIHUMH W3 BaXXHEHIHNX (PU3UUECKUX CBOMCTB, O€3
3HAHUSA KOTOPBIX HEBO3MOXXHO PEIIUTh MHOTHE 3a-
JIadd B o0Onactu OMO(U3UKH, TEIJIO- U MaccooOMe-
Ha, TUAPOAVMHAMHUKA M APYrux chep, CBI3aHHBIX C
KpruoOuosorueit u He Toibko. OTHAKO B TOCTYITHON
JUTEpaType OTCYTCTBYIOT CUCTEMATHU3UPOBAHHBIE
JMIaHHBIC M0 YKa3aHHBIM CBOWCTBAM KPHUOIPOTEK-
TOPOB, UMEIOTCS TOJIBKO OTNEIILHBIC UX 3HAUYCHHS B
pa3IUIHBIX CTATHIX.

enp paboTel — 0000IICHNE U CHCTEMATH3AINS
JIATEPATYPHBIX JAaHHBIX HA OCHOBE TTOCTPOCHHUS dM-
nupudeckux GopMyi A pacuera 3HAYCHHUH IIOT-
HOCTH, KHHEMAaTH4E€CKON BS3KOCTU U MOBEPXHOCT-
HOT'O HAaTSKEHUS YUCTBIX KPUOIPOTEKTOPOB, UX BOJI-
HBIX PaCTBOPOB U CMECEU B 3aBUCUMOCTHU OT Macco-
BO# KOHIIEHTpAIMH KPHOIPOTEKTOPA U TEMIIEPaTyPhI.

OKCIepUMeHTalbHbIE JAHHBIEC MO MJIOTHOCTH,
KMHEMaTU4YeCKOM BSI3KOCTH U TIOBEPXHOCTHOMY HATSI-

MHCTUTYT npobAemM KpUMOOMOAOTMM U KPUOMEANLINHDI
HAH Ykpaunbl, r. Xapbkos
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Density, kinematic viscosity and surface tension of
fluids are ones of the important physical properties,
without those it is impossible to solve many problems
in biophysics, heat and mass transfer, hydrodynamics
and other fields, associated not only with cryobiology.
However in available literature the summarized data
for presented cryoprotectant properties are absent, there
are only their single values in different papers.

The aim of this work is to summarize and systema-
tize the literature data on the base of deriving empiric
equations to calculate the values of density, kinematic vis-
cosity and surface tension of pure cryoprotectant agents,
their aqueous solutions and mixtures depending on
cryoprotectant mass concentration and temperature.

The experimental data found in literature for den-
sity, kinematic viscosity and surface tension of cryo-
protective agents, their aqueous solutions and mixtures
were processed with Microsoft Excel 2003 software.

In addition to the data for cryoprotectant agents
there were processed the experimental literature data
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KEHHIO KPUOTIPOTEKTOPOB, MX BOIHBIX PACTBOPOB H
cMeceil, HaliieHHbIe B JIUTepatype, Obln o0pabo-
TaHbl ¢ MoMonIbio nmporpaMmel MS Excel 2003.

Hapsiny ¢ naHHBIMU JIJIs1 KpUOTIPOTEKTOPOB OBLITH
00paboTaHbl 3KCIEPUMEHTAIbHBIC JTUTEPATyPHBIE
JaHHbBIE AJIS1 BOABI, JIbJA U Psiia BOAHBIX PACTBOPOB
BEIIECTB, KOTOPbIe BaXXHBI KaK B KU3HEIESTENb-
HOCTH YEJIOBEKa, TAaK U B KPHOOHOJIOTHH.

3HaueHusl MIOTHOCTH BOJBI B 3aBUCUMOCTH OT
TeMIepaTyphl MPUBEICHBI B JUTEPATYPHBIX UCTOY-
Hukax [9, 10, 18, 29, 39, 43, 44, 48], u3 HCTOYHNKOB
[16, 33, 52, 83] B3ITHI aHHBIC IO TUIOTHOCTH JIbJIA.
[Tony4yeHHble 3aBUCMMOCTH NPEACTABICHBI HA PH-
CYHKE.

BepxHsist kpuBas Ha pUCYHKe, TOKa3bIBaIONIas 3a-
BHCHUMOCTb TUIOTHOCTH BOJBI OT TEMIIEPATyphl, MO-
XKeT ObITh pa30uTa Ha IBE YaCTH (30HA MOJIOKUTEIb-
HBIX TEMIIEPATyp U 30HA MEPEOXIIAXKACHUS ), KasKaast
M3 KOTOPBIX XOPOIIO OMHUCHIBACTCS MOJIHMHOMAaMHU
TPEThEU CTENEHU OTHOCUTENIBHO TeMIlepaTypsl. s
BOJBI IIPH MOJIOKUTEIBHBIX TEMIEpaTypax dSMIIHPH-
YecKoe ypaBHEHHE ISl pacyeTa IUNIOTHOCTH HUMEET
BUJT:

p = 1,0663x107£ — 5,3295x107~ +
+9,3902x107¢ + 999,85,

rme ¢t — Temmeparypa, °C.

OTO ypaBHEHHE MO3BOJSET PacCYUTATH IIOT-
HOCTBH BOJBI B quamna3oHe temmepatyp oT 0 1o
150°C npu aucniepenu anmnpokcumanuu R? = 0,99986.
B pesynbrare pacdera moily4aem 3HAUCHHE IUIOT-
HOCTH BOJbBI B KI/M°.

s mepeoxiiaxAeHHOW BOJBI B HHTEPBaJle TEM-
nepatyp —40...0°C IOTHOCTh PacCYUTHIBACTCS IO
dopmyie (ipu R? = 0,999):

p =5,3242x10£ + 3,0962x1073 +
+0,15454¢+ 999,85.

IInoTHOCTH Jbpaa (HI/I)KHHSI KpuBasA Ha pI/ICYHKC)
OITMCBIBACTCA IIOJJMHOMOM BTOpOI71 CTCIICHU IIpH R2=
0,9526:

p = 1,59x104 — 7,236x102 ¢ + 918.

[danHO€ ypaBHEHHE NIPUMEHUMO B AUana3oHe
temnepatyp —120...0°C.

Jas 4uCTBIX KPUONPOTEKTOPOB 3aBUCHUMOCTH
IJIOTHOCTH OT TEMIIEpaTyphl ONPEAEIAETCS OJUHO-
MOM TPEThEH CTENEHMU:

p=a,f+a t+tat +a (1)
3nauenns kodpGUIUEHTOB a,+a, noauHoma (1)

IUTSE psiia KpUOTIPOTEKTOPOB MPEACTABIEHBI B Ta0M. 1.
Jist coOmonenust pa3sMepHOCTH NPUHUMAETCS: a, —
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3aBHCHMOCTH IJIOTHOCTEH BOABI U JIbJIa OT TEMIIEPATYPHI.
Dependencies of water and ice density on temperature.

for water, ice and some aqueous solutions of the sub-
stances, which are important both for human vital ac-
tivity and cryobiology.

The values of aqueous density depending on tem-
perature are presented in literature sources [9, 10, 18,
29, 39, 43, 44, 48], ice density data are taken from the
sources [16, 33, 52, 83]. The obtained dependencies
are presented in Fig.

The upper curve in Fig, showing the dependence of
water and temperature, can be divided into two parts
(zone of positive temperatures and supercooling zone),
each of them is well described with polynomials of the
third degree in respect of temperature. For water at
positive temperatures the empiric equation for density
calculation is as follows:

p = 1.0663x10F — 5.3295x10°£ +
+9.3902x10-¢+999.85,

where ¢ — temperature, °C

This equation enables to calculate the density of
water within the range of temperatures from 0 to 100°C
at approximation dispersion of R* = 0.99986. Due to
calculation we obtain the value of water density in kg/m>.

For supercooled water within the interval of tem-
peratures —40...0°C the density calculated with the for-
mula (at R?=0.999):

p = 5.3242x107£ + 3.0962x1073# +
+0.15454¢+ 999.85.

Ice density (lower curve in Fig.) is described with
polynomial of the second degree (at R>=0.9526):

p=1.59x10" - 7.236x107% ¢t + 918.
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Tadmuna 1. Koo dpuumenrtsr ypaBaenus (1) [uis pacueTa IIIOTHOCTH PsiJia YUCTHIX KPHOIIPOTEKTOPOB B 3aBUCUMOCTH OT
TEMIIEPATyPhI; AUCIICPCHUH AMMTPOKCUMAITIH U JHAa30HbI TEMIIEPATyp MPUMCHECHUS YPAaBHECHUS

Table 1. Coefficients of equation (1) to calculate the density of some pure cryoprotective agents depending on
temperature; approximation dispersion and temperature ranges of equation application

Apanazon
BemectBo 6 4 1 2 Temneparyp, °C Wcrounuk
Substance 3y x10 ay x10 a, x10 & R Temperature Reference
range,’C
Amvuppt Amides
AMATI _ "
DMAC 0 0 9,704 961,4 0,9952 0+125 [6,32,47,74,83]
D 0 0 —9,538 967,7 0,8835 0:75 (6. 10'33'35'64'74'
MA .
MA 0 0 —823 974,66 0,9988 30+60 [6]
MOA .
MEA 0 0 —8,574 1020,2 0,9976 15+35 [6,63]
(113: 0 0 —8,279 1149,6 0,9989 0+50 [6,10]
Okcuppl Oxides
o 0 0 — 9,826 1119,5 0,9936 15+150 3 12'21‘7‘%'33]2'38'
CrmapTel Alcohols
TAuLepuH [3,8,10,12,13,15,
Gl ucegol —6,992 —9,439 — 4,346 1269 0,9901 0+170 16,32,33,39,52,61,
Y 67,74,78]
A2T 0 0 — 7,245 1131 0,9995 0+100 [6]
MetaHoA _ _ 0. [10,12,13,15,52,
Methanol 0 18,98 7,686 808,2 0,9963 20+180 62,74,83]
MXIT )
GMCH 0 —9,351 —8,1723 1338 0,9999 0+210 [77]
1},‘;8;2;‘;’{‘ 0 —11,4 —7,621 8197 0,9995 0+170 [12,13,74,83]
Tor .
TEG 0 0 —8,139 1142,6 0,9999 10+150 [82]
or _ 0. [3,6,10,15,32,52,
EG 0 31,38 8,46 1127 0,7887 10+60 74,78,80,83,84]
OTaHoA _ _ 90 [9,10,13,52,74,
Ethanol 0 21,28 7,115 805,1 0,9966 20+180 83]
1,2-TTA _ _ . [6,15,52,59,74,78,
12.pD 0 36 4,396 1046,1 0,9772 15+80 80,83,92]

kr/M*x°C?; a, — kr/M’x°C?; a, — kr/M’x°C™; a —
kr/m>. TIomo6OHY0 3aBHCHMOCTD, TOJIBKO OIMUCHIBAE-
MYIO [TOJITMHOMOM BTOPOM CTEIIEHH, HMEET IUIOTHOCTh
pacTBOPOB KPUOIIPOTEKTOPOB OT TEMIIEPATYPHI.

JInst onpeiesIeHust IUIOTHOCTH BOJAHBIX PACTBOPOB
KPHOIPOTEKTOPOB B 3aBUCHMMOCTH OT HX MacCOBOM
KOHIICHTPAIIUK MCIIOIb3YETCs MOJMHOMUAIBHOE YpaB-
HEHHE:

p=bC +bC+bC+bC+b, (2

rae C — maccoBas KOHIOCHTpAaLA KpUOIIPOTEKTOPA, %.

npobnemobl
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This equation is applied within the range of tem-
peratures —120...0°C.

For pure cryoprotective agents the dependence of
density on temperature is determined with the polyno-
mial of the third degree:

p=a,f+a,ttat +a, (1)

The values of polynomial coefficients a,+a, (1)
for some CPAs are given in the Table 1. To keep the
dimensions it is assumed that: a, — kg/m’x°C?; a, —
kg/m’x°C?; a, — kg/m’x°C™"; a, — kg/m’. Density of
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Takol e BUJ UMEET 3aBUCUMOCTb /I pacuera
mIoTHOCTH BOJAHBIX pacTBopoB NaCl n CaCl, a
TaK)Ke cMeceil KpHOMPOTEKTOPOB. 3HAYSHHS KO-
¢unuenTos b 4+b0 royimHOMa (2) 11 BOJIHBIX PacT-
BopoB NaCl u CaCl,, BofHBIX pacTBOPOB psijia KPHO-
MPOTEKTOPOB M MX CMECEH MpelncTaBieHbl B Ta0I.
2-5. Kosdppuuuents b,+b; UMEIOT pasMEPHOCTh
KI/M°.

Kpome koadduiineHToB MONTMHOMOB B Ta0NHIIAX,
MIPEACTABIICHBI IUCIIEPCUH ANMIPOKCUMAIINH, AUAala-
30HBI MPIMEHUMOCTH YpaBHEHHH (TemMIepaTypa win
KOHIIEHTpAIMA) ¥ UCTOUYHHUKHU JIUTEPATYphl, U3 KO-
TOPBIX B3STHl dKCIIEpUMEHTAIbHbIE NaHHBIE. J(na-
[1a30H MPUMEHUMOCTH YPAaBHEHHH MMOKA3BIBAET, IPU
KakuX TeMIlepaTrypax WiK MPH KaKuX KOHLEHTPaLusIxX
OBLIM MOJIy4YEeHBl SKCIEPUMEHTANbHbIE NaHHEIE,
MIpUBEJICHHBIE B CTaThiX. [IpH BBIUMCICHUAX 3TOT
IMamna3oH MOXeT OBITh pacmupeH 0e3 cymiect-
BEHHOW MOTEPU TOUHOCTH, OCOOCHHO IS JIMHEHHBIX
YpPaBHEHHUH, ONUCHIBAEMBIX MOJMHOMOM MEpBOH
cTerneHu. B TabnuIax NpuHATHI CIeIyIOIINe yCIOB-
Hble 0003HAYEHNUS:

b/l — Gyranamon;

I'O3K — ruapoKCHITHIKpaxMal;

JAMA — nuMeTuIaneTaMu/I;

IMCO — mumetuncynb(okcun,

AM®A — numetrunpopmamui;

JOT — IMATHIICHIIINKOIb;

M — MaJlbTONEKCTPUH;

MAI1 — MeTHIIalleTaMu/I;

M®A — metundopmamuz;

MXIT — MOHOXJIOPTUIPHUH MNIULEPHUHA;

OOI — OKCHATWIIMPOBAHHBIN NNINLIEPHH;

[IBII — nOAMBUHUINUPPOIUAOH;

I1J] — nporranino;

[I3T" — NONMUATHUIICHIIINKOJIb;

1190 — noIUATHICHOKCHU/T,

TOI' — TPUATUIICHTIIUKOE;

®A — popmamun;

OI" — 5TUIEHIIINKOIB.

JlaHHBIX 110 KHHEMAaTHUYECKOH BA3KOCTH KPHOIIPO-
TEKTOPOB M UX PacTBOPOB B IOCTYNHOM JIUTEpaType
ype3BbIYaiiHO Majo. OJHaKo KMHEMaThyecKas Bsi3-
KOCTb V MOXET OBITh OIpeZesieHa KaK OTHOIICHHUE
JUHAMUYECKON BAZKOCTU [ KUAKOCTH K MJIOTHOCTH
p TOM KHIKOCTH: V = L/P.

JaHHble 0 TUHAMUYECKON BSI3KOCTH KPUOIPO-
TEKTOPOB M UX BOJHBIX PACTBOPOB MOKHO MOJIY4YHUTh
u3 [20], a maHHBIC IO TUIOTHOCTHU MIPHUBEICHBI BHIIIIE.
Kunemarnyeckas BA3KOCTh V MMEET pPa3MEpHOCTH
caatrctoke (1 ¢cCt = 10°¢ m%/c).

J1st BOJBI M 4MCTBIX KPHOMPOTEKTOPOB 3aBUCHU-
MOCTb KHHEMaTH4ECKOH BA3KOCTH OT TEMIIEpaTyphl
OTMCHIBAETCS MTOJTMHOMOM:

— 5 3 2
v=ct tette,fte,t+ct tc. (3)
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cryoprotectant solutions on temperature has the same
dependence, described only with the polynomial of the
second degree.

To determine the density of cryoprotectant aque-
ous solutions depending on their mass concentration
there is used the polynomial equation:

p=>b,C*+b,C+bC*+bC+b, 2

where C — mass concentration of the cryoprotective
agent, %.

The same appearance has the dependence for cal-
culation density of aqueous solutions of NaCl and
CaCl,, as well as the mixtures of cryoprotective agents.
The values of coefficients b,+b, of polynomial (2) for
aqueous solutions of NaCl and CaCl,, aqueous solu-
tions of some cryoprotective agents and their mixtures
are given in the Tables 2-5. Coefficients b,+b, have
the dimensions of kg/m?>.

Except the polynomial coefficients there are pre-
sented in tables the approximation dispersion, applica-
tion range of equations (temperature and concentra-
tion) and literature sources wherefrom the experimental
data are derived. The application range of equations
shows under what temperatures and concentrations
the experimental data, presented in the papers were
obtained. During calculation this range may be extended
without significant loss of accuracy, especially for lin-
ear equations, described with the polynomial of the
first degree.

The following symbols are shown in the tables:

BD — butane diol

HES — hydroxiethyl starch

DMACc — dimethyl acetamide

DMSO — dimethyl sulfoxide

DMFA — dimethyl formamide

DEG —diethylene glycol

M — maltodextrin

MAc — methyl acetamide

MFA — methyl formamide

MChHG —monochlohydrin glycerol

OEG — oxyethylated glycerol

PVP —polyvinylpyrrolidone

PD — propane diol

PEG —polyethylene glycol

PEO - polyethylene oxide

TEG —triethylene glycol

FA — formamide

EG — ethylene glycol.

The data for kinematic viscosity of cryoprotective
agents and their solutions in the available literature is
extremely insufficient. However kinematic viscosity v
may be determined as ratio between of dynamic vis-
cosity of fluid, |, and its density: v = /p.

The data for dynamic viscosity of cryoprotective
agents and their aqueous solutions can be obtained from
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Tadmmumna 2. Kooddunmentsr ypasuenust (1) asst pacyera j0THOCTH psijia BOAHBIX PACTBOPOB KPUOIIPOTEKTOPOB

1 JUana3oHbl TEMIICPATYP IPUMCHCHU YPABHCHUA

Table 2. Coefficients of equation (1) to calculate the density of cryoprotective agents’ some aqueous solutions at given
concentration depending on temperature; approximation dispersion and temperature ranges of equation application

npu 3a£[aHHOI>'I KOHICHTPAWU B 3aBUCUMOCTH OT TEMIICPATYPbI; AUCTICPCUU aHHpOKCI/IMaHI/Iﬁ

Kounnenrpanus, Apnanazon
Bemectso Macc. % 4 . 2 TeMmiepartyp, ‘°C VicTounuk
Substance Concentration, ay x10 a, x10 & R Temperature Reference
% (wW/w) range,”C
T'anniepun _ _ o [10,12,14,16,44,
Glycerol 50 4,416 4,655 1136 0,9463 30+60 73,74,82]
MertaHon X
Methanol 40 0 — 5,488 945,89 0,9999 0+120 [12]
= 50 — 15,77 — 5938 1075 0,9982 —20:25 (3, 65]
20 —6,794 —4,912 978,2 0,999 0+120
STaHOA 40 —1,391 —6,1 9472 0,9999 0+120
Ethanol [12]
60 —4,882 —6,418 904 0,9998 0+120
80 —0,604 — 7,421 8577 0,9997 0+120

Taéauna 3. Kosgdurmentst ypaBaenus (2) 1uis pacyera riioTHOCTH BOAHBIX pacTBopoB NaCl

u CaCl, B 3aBUCHMOCTH OT KOHLIEHTPAIUH TIPH 33JaHHOH TeMIIepaType; IMCIepCuu
annpoKCUMAaluil ¥ AUana3oHbl KOHIEHTPAaUUui IPUMEHEHHS ypaBHEHH

Table 3. Coefficients of equation (2) to calculate the density of NaCl and CaCl, aqueous solutions depending on
concentration at given temperature; approximation dispersion and concentration ranges of equation application

T AparnazoH
eMIieparypa, .
BemrectBo ° KOHIEHTPal i HcrouHuk
b, x107* b, x1072 b, b, R? C, macc. %
Substance Temperature, 3 2 1 0 c K Reference
oC oncentration
Oy
range, % (W/w)
15,6 0 4,688 7,933 999, 1 0,9999 0+30 [35]
CaCl,
20 0 4,736 8,0285 998,3 1 0+40 [54]
15 3,963 0,5603 7,369 999, 1 1 0+25
§ [10,17,48,
NaCl 20 0 2,346 7,02 998,2 1 0+-30 52,59,60]
25 —1,818 3,351 7,553 997,1 1 0+-60

3HaueHus k0>PPUIMEHTOB ¢ +c, monuHOMa (3)
JUTSL BOJIBI M PSAJIa KPUOTIPOTEKTOPOB MPEICTABICHEI
B Tabm. 6. Jlns coOnroneHusi pa3MepHOCTH TIPUHU-
maetcsa: ¢, — cCtx°C>, ¢, — cCTx°C™, 3 -
cCrx°C?, ¢, — cCrx°C?, ¢, — cCrx°C", ¢, — cCr.
[TonoOHyt0 3aBHCHMOCTD, ONpEAEIAEMYI0 TOJIHHO-
MOM TPETbel CTENEeHHU, UMEeT KHHeMaTH4YecKast Bsi3-
KocTh BogHBIX pacTBopoB NaCl u pactBopa Punre-
pa-Jlokka (tabmn. 7).

Kunemarnueckasi BA3KOCTb BOIHBIX PacTBOPOB
KPHOIIPOTEKTOPOB B 3aBUCUMOCTH OT MX MacCOBOM
KOHIICHTPAIIUW OTHUCHIBACTCS MOJHHOMHUAIbHBIM
YpaBHEHUEM:

V=dC+dC+dC+d,CHdC+d, (4)
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[20], but the data for density are shown above. The v
kinematic viscosity has centistoke dimension (1 ¢St =
10 m?/s)

The dependence of kinematic viscosity on tempera-
ture for water and pure cryoprotective agents is de-
scribed with polynomial:

v=cl+ctc Ptc, f+ct +c,. 3)

The values of ¢ +c, polynomial coefficients (3) for
water and some cryoprotective agents are presented
in Table 6. To keep the dimensions it is assumed that:
¢, — cStx°C7, ¢, — ¢Stx°C™, 3 — ¢Stx°C?, ¢, -
cStx°C?, ¢, — c¢Stx°C™, ¢, — ¢St. Kinematic viscosity
of NaCl aqueous solutions and Ringer-Lock solution
has the same dependence, determined only with the
polynomial of the third degree (Table 7).
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Taomnua 4. Koadduiuentsr ypaBaeHust (2) 1Uis pacdyera INIOTHOCTH Psifia BOAHBIX PACTBOPOB
KPHOIIPOTEKTOPOB B 3aBHCUMOCTH OT KOHIICHTPAIIUH IPH (PUKCHPOBAHHBIX TEMIIEPaTypax;
JUCTIEPCHH aNIPOKCUMAIIHI U TUAITa30HbI KOHIICHTPAUN IPAMEHEHUS ypaBHCHIS

Table 4. Coefficients of equation (2) to calculate the density of some aqueous cryoprotective agents depending on
concentration at fixed temperatures; approximation dispersion and concentration ranges of equation application

Temneparypa, Amanazon
BermrectBo °C KoHLeHTparni VicTouHuK
b, x107° b, x10~* b, x1072 b, x1072 b R? C, macc. %
Substance Temperature, 4 3 2 ! 0 ! Reference
° Concentration
range, % (W/w)
Amuapr Amides
25 —3,265 3,52 —0,8382 —2,098 997,1 0,9998 0+100
AMAL 47
DMAc [47]
35 —3,191 3,581 —1,019 —3,337 994,1 0,9999 0+100
25 0,5065 —2,283 1,502 —25,86 997,11 0,9997 0+100
DA
NN [11,47]
35 0,1592 —1,524 1,038 —272 994 0,9998 0+100
20 0 0 0,5554 260,5 998,2 0,9999 0+50
Mogepra [54,68,76]
25 0 0 0,4355 262,5 997,1 1,0 0+40
25 0,6901 —1,724 0,6834 36,48 997,1 0,9995 0+100
MOA
MFA [11,47]
35 0,7056 —1,836 0,8495 23,91 994,1 0,9992 0+100
BopopacrBopumele nmoaumepnsl Water soluble polymers
ASKCTPE‘H 20 0 0 0 387,8 998, 1 0,9997 0+10 [54]
extran
25 0 —2,127 1,855 184,7 997,1 0,999 0+50
TBIT 35 0 9,124 —5,398 278,7 994,1 0,9924 0+50
(M.};\l]%OOO) (37, 60]
(m.w. 10000) 45 0 8,781 —5,344 274,2 990,3 0,9981 0+50
55 0 12,1 — 7317 290,1 985,7 0,9969 0+50
25 0 —1,264 1,022 148,2 997,1 0,9998 0+100
27 0 —1,192 0,977 1451 996,5 0,9999 0+100
30 0 —1,161 0,3889 148,9 9957 0,9998 0+100
35 0 —1,145 0,8871 1451 994,1 0,9998 0+100
T1oT-400 .
PEG-400 37 0 —1,239 1,057 137,3 993,3 0,9998 0+100 [34, 42, 68]
40 0 —1,159 0,9318 139,7 992,2 0,9999 0+100
45 0 —1,103 0,8752 137,8 990,3 0,9998 0+100
50 0 — 1,068 0,8398 136,1 988,1 0,9998 0+100
55 0 —1,088 0,839 132,9 9857 0,9998 0+100
[IponomxeHue Ha cieayroIel cTpaHuLe.
Next page to be continued.
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Iponoskenue Tad. 4
Table 4. (Continued from the previous page)

T Anana3oH
eMIeparypa, KOHIJeHTpalui
BerrectBo ° o patl HNcTouyHnk
b, x10-° b, x10~* b,, x10~2 b, x10~2 b, R? C, macc. %
Substance Temperature, 4 3 2! 1 0 Concentration Reference
°C
range, % (W/w)
BoaopacTBopumele noauMepsl Water soluble polymers
27 0 0 0,891 140,9 996,5 0,9945 0+40
37 0 0 0,7302 139,3 993,3 0,996 0+40
40 0 0 0,5998 143,1 992 0,9953 0+40
T13r-4000 134]
PEG-4000
45 0 0 0,585 139,8 990,3 0,9958 0+40
50 0 0 0,4554 142,1 987,7 0,9959 0+40
55 0 0 0,4192 140 985,7 0,9953 0+40
27 0 0 0,3748 160,7 996,5 0,9996 0+40
37 0 0 0,3217 156,2 993,3 0,9998 0+40
40 0 0 0,2598 157,2 992 0,9996 0+40
T13r-6000 34
PEG-6000 [34]
45 0 0 0,2544 152,9 990,25 0,9995 0+40
50 0 0 0,2047 151,5 987,8 0,9986 0+40
55 0 0 0,4393 139,1 985,7 0,9977 0+40
I13r-8000 .
PEG-8000 25 0 0 —0,016 174,9 997,1 0,9999 0+40 [68]
Oxkcuppr Oxides
20 0 —1,88 1,775 108,6 998,2 0,9972 0+100
24 0 0 — 0,447 146,3 997,32 0,9893 0+100
AMCO _ . [27,32,51,62,
DMSO 25 0 1,719 1,637 106,2 997,1 0,9996 0+100 66,74,83,90]
45 0 — 1,565 1,446 96,79 990,25 0,9997 0+100
65 0 —14,23 1,271 89,96 980,6 0,9996 0+100
CrupTh Alcohols
—30 0 0 —0,763 3723 983,9 0,9995 30+70
—20 0 0 —0,132 310,3 993,6 0,9975 20+80
—10 0 0 —0,08 292,2 998, 1 0,9985 10+80
-5 0 0 0,0668 2737 999,3 0,9996 30+80
T'aunepun [10,12,14,44,
Glycerol 0 0 0 0,9382 226,1 999,85 0,9954 0+60 48,54,67,76]
15 0 0 0,1797 2499 999,1 0,9998 0+100
20 0 0 0,2091 244,6 998,2 0,9995 0+100
25 0 0 0,2316 240,3 997,1 0,9988 0+100
30 0 0 0,2091 240,8 995,6 0,9998 0+100
[IponomxeHue Ha cieayroIel cTpaHuLe.
Next page to be continued.
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Iponoskenue Tad. 4
Table 4. (Continued from the previous page)

TemnepaTypa, AparmnazoHn
BerrectBo ° ' KOHUeHTpaluii HNcTtouHnk
b, x10-° b, x10~* b,, x10~2 b, x1072 b, R? C, macc. %
Substance Temperature, 4 3 2! 1 0 c trati Reference
°C oncentration
range, % (w/w)
CrupTsl Alcohols
ﬁaHH?‘T 20 0 0 1,034 347,2 998,2 0,9999 0+15 [54]
annite
0 0 —0,518 —0,142 —124,8 999,8 0,9994 0+100
10 0 —0,49 —0,12 —138,6 999,6 0,9997 0+100
15 0 —0,548 —0,026 — 1475 999,1 0,9997 0+100
MeraHoa [12,36,54,58,
Methanol 75,88,89]
20 0 —0,46 —0,085 —151,7 998,2 0,9996 0+100
25 0 —0,427 —0,10 —159,7 997,1 0,9996 0+100
30 0 —-0,319 —0,298 — 1558 995,6 0,9998 0+100
répo“aﬁo" 25 0 68,35 —1,393 —121 997,1 0,9996 0+100 [89]
Tropanol
Cop6ur 25 0 0 —0,689 375,4 997,1 0,9999 0+40 [91]
Sorbitol
—17,8 0 0 —0,48 174,49 1030,9 1,0 50+90
10 0 0 —0,29 152,32 1011,1 1,0 10+100
378 0 0 —0,55 175 991,01 1,0 10+100
ToT
TG 65,6 0 0 —0,44 153,95 979,42 10 10+100 (82]
933 0 0 —-0,35 140,54 961,74 1,0 10+100
121,1 0 0 —0,28 131,92 940,36 1,0 10+100
148,9 0 0 —0,21 124,98 916,78 1,0 10+100
—10 0 0 —0,554 194,5 998,1 0,9989 0+50
-5 0 0 —0,36 176,8 999,3 0,9993 0+50
15,6 0 0 —0,307 1722 994,3 0,9996 25+65
ar [3,25,52,54
EG 65,68
20 0 0 —0,239 139,9 998,2 0,9979 0+100
25 0 0 0,01366 128,7 997,1 0,9997 0+50
26,7 0 0 —072 156,0 995,2 0,9996 25+65
15,6 0 0 —0,838 —122,5 999,1 0,9993 0+100
Sran [10,12,36,50,
aHOM 20 0 0 —0,782 —130,8 998,2 0,999 0+100 56,74,75,83,
Ethanol 89]
25 0 0 —0,736 —1359 997,1 0,9988 0+100
[IponomxeHue Ha cieayroIel cTpaHuLe.
Next page to be continued.
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Iponoskenue Tad. 4
Table 4. (Continued from the previous page)

AparmazoH
Temneparypa, KOHIIeHTpaIui
Bemrectso °C 6 4 s s 2 P Vcrounuk
b, x10 b,, x10 b, x10 b, x10 b, R C, macc. %
Substance Temperature, 4 3 2 1 0 c K Reference
°C oncentration
range, % (w/w)
CrupTsl Alcohols
4,4 0 —1,54 0,748 112,6 1000 0,9988 20+65
15,6 0 —1,098 0,627 91,62 999 0,9985 20+65
20 0 —0,85 0,479 74,4 998,2 0,9986 0+100
30 0 —0,708 0,279 75,27 995,7 0,9972 0+100
1,2-TTA, 3
12-PD 40 0 —0,701 0,274 71,51 992,2 0,9969 0+100 [26,54,92]
50 0 —0,683 0,252 67,53 988,1 0,9962 0+100
60 0 —0,67 0,2397 64,35 983,2 0,9957 0+100
70 0 —0,661 0,234 62,07 9778 0,9953 0100
80 0 —0,646 0,22 59,12 971,8 0,9947 0+100
Yraesoapr Carbohydrates
20 0 0,4623 1,144 382,4 998,2 1,0 0+60
T
é‘fﬁ‘ég:: [10,54,59,68]
25 0 0 3,08 352,6 997,1 0,9998 0+25
K)gm"aa 25 0 0 —1,34 365,6 997,1 1,0 0+40 [86]
ylose
20 0 — 3,369 1,481 393,5 998,2 0,998 0+26
AakTo3za
Lactose [53:54]
25 0 0 0 390,97 997,1 0,9953 0+15
20 0 0 1,669 380,1 998,2 1,0 0+60
ManbTo3a
Maltose [54,86]
25 0 0 —1,272 389,3 997,1 1,0 0+80
15 0 0 2,383 352 999,1 0,9988 0+100
20 0 1,889 —0,134 414,3 998,2 0,999 0+100
Caxaposa [10,41,48,
25 0 0 1,322 390,6 997,1 0,9998 0+40 54— 56,
Sucrose
68,76]
30 0 0 1,782 372,7 995,6 0,9991 0+60
60 0 0 — 1,077 663,6 905,6 0,9823 50+100
Tperanosa 20 0 82,84 —30,61 696,8 998,2 0,9369 0+25 [87]
Trehalose
Dpyxrosa 20 0 0,2821 1,312 389,8 998,2 1,0 0+65 [54]
Fructose
424 problems
of cryobiology

T. 20,2010, Ne4 Vol. 20, 2010, Ne4



Taonuua 5. Kosddunments! ypasHeHus (2) a1 pacyera INIOTHOCTH PacTBOPOB psia caxapos B IMCO B 3aBHCHUMOCTH
OT KOHIICHTPAIIUHU CaXapoB MPH PUKCHPOBAHHBIX TEMITEPATYPax; TUCIICPCHH AMTPOKCUMALINHN U JHATIa30HBI
KOHIICHTPAIIH IPUMCHEHUS yPaBHEHIS

Table 5. Coefficients of equation (2) to calculate the density of some sugars in DMSO depending on sugars’
concentration at fixed temperatures; approximation dispersion and concentration ranges of equation application

Apnanaszon
BemiectBo Temmnepatypa, °C b x10-3 b b R Kogu;l;’ggal;nn Vcrounuk
Substance Temperature, °C 2! 1 0 c ! s e Reference
oncentration
range, % (W/w)
25 5,067 3,745 1095,5 1,0 0+35
35 3,662 3,811 1085,5 1,0 0+35
T'arokosa
Glucose (7]
45 5,258 3,797 1075,7 1,0 0+35
55 4,363 3,846 1065,7 1,0 0+35
25 8,414 3,677 1095,5 1,0 0+40
35 9,109 3,69 1085,5 1,0 0+40
Csaxaposa [70]
ucrose
45 9,299 3,708 1075,7 1,0 0+40
55 8,527 3,775 1065,7 1,0 0+40
25 6,246 3,533 1095,5 1,0 0+40
35 6,623 3,544 1085,5 1,0 0+40
®pykrosa
Fructose [70]
45 6,119 3,586 1075,7 1,0 0+40
55 6,49 3,592 1065,7 1,0 0+40

Tabéauna 6. KosddurmenTs! ypaBHenus (3) aist pacdera KHHEMAaTHIECKOH BSI3KOCTH BOJIBI
U psAZla YUCTBIX KPHOMPOTEKTOPOB B 3aBUCUMOCTH OT TEMIIEPATYPbI; AUCTIEPCUU
aNMNpOoKCUMAaLM{ U AUAaNa30Hbl TEMIEPATyp NPUMEHEHUS YPABHEHUS

Table 6. Coefficients of equation (3) to calculate the kinematic viscosity of water and some pure cryoprotective agents
depending on temperature; approximation dispersion and concentration ranges of equation application

AmnamnazoH
BerjecrBo s 7 s 3 s 2 Temnepartyp, °C HcroyHuk
Substance ¢y x10 ¢y x10 ¢y x10 €y x10 ¢ x10 o R Temperature Reference
range,”C
Boaa 0 0,3129 0,879 0,9675 5,49 1,784 0,9997 0+100 18,49,71
woe , -0, , -5, : , - [18,49,71]
rgf;g;gf 0 47117 — 66427 35010 —84253 8331,9 0,9916 0+50 [3.52,77]
AT 1318 60,78 — 1088 0,9606 — 4375 90,81 0,9989 0+150 25
BRG , , : , : . , - [25]
o100 0 0 —356,3 461,3 —2144 387,2 0,9988 25:50 [42]
Tor .
THG — 1,266 60,99 —115,2 108,1 —5238 114,1 0,9997 4+150 [25]
= —626 1957 —237,7 142,8 — 4474 67,62 1,0 0-100 [3,52,78,84]
12-TIA 392,4 6368 3891 1175 2083 27,6 0,999 12:60 2
2-PD B B B ' ' o (23]
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Tadauna 7. Koadouunents! ypaBaenus (3) 1uis pacdera KHHEMaTHYECKOH BI3KOCTH BOAHBIX pacTBopoB NaCl npu
3aJJaHHOW KOHIICHTpALUK 1 pacTBopa PuHrepa-Jlokka B 3aBUCHMOCTH OT TEMIIEPATyPhl; TUCTIEPCHH alllIPOKCUMANN U
JMaIla30Hbl TEMIIEpaTyp NPUMEHEHNUS ypaBHEHUS

Table 7. Coefficients of equation (3) to calculate the kinematic viscosity of NaCl aqueous solutions
at given concentration and Ringer-Lock solution depending on temperature; approximation
dispersion and temperature ranges of equation application

Kounnenrpanus, Aunanazon
PactBop macc. % _6 _4 9 2 Temneparyp, °C Wcrounuk
Solution Concentration,% ¢y x10 ¢y x10 ¢, x10 S R Temperature Reference
(w/w) range,”C
29 —1,279 3,377 —3,361 1,565 0,9997 20+100
58 —1,28 3,392 —3,393 1,597 0,9997 20+100
87 —1,302 3,451 —3,46 1,64 0,9997 20+100
11,6 —1,334 3,54 —3,556 1,693 0,9997 20+100
14,5 —1,379 3,66 —3,68 1,756 0,9997 20+100
17,4 —1,434 3,808 —3,831 1,829 0,9997 20+100
NaCl [49]
20,3 —1,504 3,991 —4,012 1,913 0,9997 20+100
23,2 —1,568 4,171 — 4,204 2,005 0,9997 20+100
26,1 —1,67 4,429 — 4,447 2,11 0,9997 20+100
29 — 1,772 4,692 — 4,704 2,224 0,9997 20+100
31,9 —1,842 4,902 —4,939 2,341 0,9997 20+100
34,8 —1,992 5271 —5274 2,479 0,9997 20+100
Punrepa-
AOKKa - —5,253 8,879 — 5,648 1,884 0,9982 5+40 [5]
Ringer-Lock

e Ko3QphuuuenTsl d +d, MMeroT pasMepHOCTh cCT
U MpenCTaBICHbI B Ta0M. §.

B cBs3u ¢ Tem, 4TO A7 psAAa KPHOMPOTEKTOPOB
U WX PacTBOPOB MMEETCS HEJIOCTATOYHO JKCIIEpH-
MEHTAJbHBIX JAaHHBIX ISl TTOCTPOCHUS SMITHPH-
yecKkux Gopmyll, Mbl IPUBOIUM KOHKPETHBIE 3HAUE-
HUSI KHHEMAaTHYECKOM BA3KOCTH HEKOTOPBIX BELIECTB
U UX BOJIHBIX pacTBOpoB (Tabdi. 9).

Hapsiny ¢ nmpuBelleHHBIMU BBINIE JAHHBIMH IO
IUIOTHOCTU U KMHEMAaTHYECKOW BA3KOCTH AJIS MOJie-
JUPOBaHUs, HalPUMEP MPOLECCOB KPHOKOHCEPBU-
pPOBaHUS MEIKOIMCIEPCHBIX CHUCTEM, HEOOXOIUMO
YYHTHIBATh MIOBEPXHOCTHOE HATSKEHHE BHEKIIETOU-
HBIX cpel. [ToaTomy HaMu ObuH 006paboTaHbI THTE-
paTypHbIe JaHHBIE 0 IOBEPXHOCTHOMY HATSKCHHIO
BO/JIBI, YACTHIX KPHOTIPOTEKTOPOB U UX BOJIHBIX PACT-
BOPOB.

[ToBepxHOCTHOE HATSKEHHE G UMEET pa3Mep-
Hocth aun/cM (1 mus/cm = 107 H/m).

JJis BOJIBI U YUCTBIX KPUOTPOTEKTOPOB 3aBUCH-
MOCTb ITOBEPXHOCTHOTO HATSDKEHUS OT TEMIIEPaTyphI
OTpeeNsieTcs MOJIUHOMOM:

KpnoGMOnOr MM

T. 20,2010, Ne4

Kinematic viscosity of aqueous solutions of cryo-
protective agents depending on their mass concentra-
tion is described with polynomial equation:

v=dC+dC+d,C+dC+dCHd, (4

where d+d coefficients have cSt dimension and are
presented in Table 8.

Due to the fact that for some cryoprotective agents
and their solutions there are insufficient experimental
data for derivation of empirical equations we present
the certain values of kinematic viscosity of some sub-
stances and their aqueous solutions (Table 9).

In addition to the presented above data for density
and kinematic viscosity to simulate, for example the
cryopreservation of finely divided systems, it is neces-
sary to consider the surface tension of extracellular
media. Therefore the literature data about surface ten-
sion of water, pure cryoprotective agents and their
aqueous solutions were processed also.

The surface tension ¢ has a dyne/cm dimension
(1 dyne/cm = 107 n/m).
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Taomua 8. Koadduiiuentsr ypaBueHust (4) 11 pacueta KHHEMAaTHUCSCKOM BI3KOCTH Psifia BOIHBIX PACTBOPOB
KPHOIIPOTEKTOPOB B 3aBUCUMOCTH OT KOHIICHTPALUH PpU (PUKCHPOBAHHBIX TEMIIEpATypax; JUCICPCHU
ANIPOKCUMAITIH U AWANa30HbI KOHIICHTPANI TPUMEHEHUS ypaBHCHIS
Table 8. Coefficients of equation (4) to calculate the kinematic viscosity of some aqueous solutions

of cryoprotective agents depending on concentration at fixed temperatures; approximation
dispersion and concentration ranges of equation application

Temmeparypa, Amanazon
PacTtBO °C KOHLEHTP AL HcTtouHuk
;op d, x1077 | d, x107° | d,x10* | d,x1072 | d,x10"? d R C, macc. %
Solution Temperature, 5 4 3 2! 1 0 c ! Reference
e oncentration
range, % (W/w)
BopopacrBopumele noanMepsl Water soluble polymers
T19T-4000 .
PEG-4000 25 0 1,552 —6,36 2,067 —1,423 0,893 0,9995 0+45 [55]
T131-6000 .
PEG-6000 25 0 8,336 —30,1 6,837 —1525 0,893 1,0 0+45 [59]
Cnupret Alcohols
—20 0 0 24,3 —30,02 1280 —173 1,0 35+50
—15 0 0 2,278 2,862 — 83,67 12,98 0,9994 25+50
—10 0 0 —0,987 1,241 —26,43 5,574 0,9985 20+50
or .
EG 0 0 0 0 0,1228 4,124 1,792 0,9987 0+-50 [3]
10 0 0 —0,92 0,42 0,101 1,308 0,989 0+25
20 0 0 0 0,0668 1,529 1,005 0,9942 0+50
50 0 0 0,139 —0,059 1,734 0,5537 0,9914 0+50
20 0 0,347 — 4,862 2,297 —24,53 1,004 0,9981 0+100
1,2-B,
170 136]
40 0 0,078 — 1,045 0,5066 —3,975 0,655 0,9991 0+100
20 0 0,742 —104 4,847 — 58,86 1,004 0,9969 0+100
1,3-B,
1,3—B§ [36]
40 0 0,183 —2,512 1,199 — 1331 0,655 0,9961 0+100
20 0 —0,1416 3,66 —1,958 33,51 1,004 0,9941 0+100
1,4-BA,
1,4-BD [36]
40 0 0,08 —0,751 0,2838 —0,357 0,655 0,9999 0+100
YraeBopwl Carbohydrates
20 7,046 —8,004 32,81 —5,379 32,05 1,005 0,9998 0+60
Caxapoaa [41,46,81]
30 1,167 — 1,063 3,812 —0,486 4,052 0,801 1,0 0+50
c=et'tel tef+et +e, (%) The dependence of surface tension on tempera-

3nauenns ko>GPUUMEHTOB e,+e, monuHoma (5)
JUISL BOJBI M Psia KPUOIIPOTEKTOPOB MPEACTaBICHBI
B Tabn. 10. ns coOmroneHus: pa3MepHOCTH TPUHU-
maetcsa e, — (qun/cm)xX°C™*; e, — (aun/cm)°C;
e, — (qun/cm)°C?; e, — (aun/cM)°C™'; e, — quH/CM.
[TogoOHYI0 3aBHCUMOCTB, TOJIBKO OIHCHIBAEMYIO I10-
JUHOMOM TIEPBO# CTEMEHH, UMEIOT BOJHBIC PaCT-
BOPBI INIHIEPUHA, KOHIICHTPAIIXS KOTOPBIX 3a7aHa B
00beMHBIX %. 3HayeHus KOOPOUIMEHTOB €, U e,
npencTaBieHsl B Tabm. 11.

T. 20,2010, Ne4

ture for water and pure cryoprotective agents is deter-
mined with polynomial expression:

— 4 3 2
C=et'tel telftet +e. ®))

Coefficients e,+e, for polynomial (5) for water and
some cryoprotectants are presented in Table 10. For
keeping the dimension we assumed: e, — (dyn/cm)x°C*;
e, — (dyn/cm)°C?; e, — (dyn/cm)°C?; e, — (dyn/cm)°C™;
e, — dyn/cm. The similar dependence described only
with a polynomial of the first degree is characteristc to
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Tadnnua 9. Kunemaruueckasi BI3KOCTh HEKOTOPBIX BEIIECTB M HX PACTBOPOB

Table 9. Kinematic viscosity of some substances and their solutions

o N Kunemaruueckas
BerrectBo Konuenrpanus, macc. % Temneparypa,”C BA3KOCTE, COT HNcrounuk
Substance Concentration, % (w/w) Temperature, °C Kinematic Viséosity oSt Reference
A2l
DEC 100 211 32 [78]
Tor
TEG 100 211 40 [78]
T'aunepun
Glycerol 50 20 529 [78]
OTaHoA
Ethanol 80 20 1,25 [40]
NacCl 25 15,6 24 [78]
CaCl, 5 18,3 1,156 [78]
CaCl, 25 15,6 4,0 [78]

Taonanua 10. Koaddummentsr ypaBaeHus (5) [1st pacyeTa MOBEPXHOCTHOTO HATSDKCHHUS BOIIBI M Psijia
YUCTBIX KPUOTPOTEKTOPOB B 3aBUCUMOCTH OT TEMIIEPaTypPhl; JUCTIEPCUU ANMPOKCUMAITAN
U 1MaIia30Hbl TEMIIEpaTyp NPUMEHEHUS] YPaBHEHUS

Table 10. Coefficients of equation (5) to calculate the surface tension of water and some pure cryoprotective agents
depending on temperature; approximation dispersion and temperature ranges of equation application

Apnanazo
e | oo | g0t | oo . R
range,’C
No 3,357 —7,448 2,0185 —0,1487 75,683 0,9991 — 40+130 (7 15362582]2 .
Caumepun 0 0 37,94 ~0,4273 69,51 07186 15460 (1021485279,
ycero ]
ﬁgggfﬁ 0 0 0 —0,0832 24,272 0,9916 0+60 [6'612'71% g]ﬁz,
1}53;2;‘3? 0 0 0 —0,0783 25,306 0,9997 20+90 [13,15]
T 0 0 0 —0,088 47,33 0,999 20+150 [82]
mG 0 0 —131 0,4735 43,84 0,7645 15+30 [51,7895,?0,84,
onamon 0 0 0 ~0,0017 24,132 0,9798 0+60 [6,10,52,69,79]

st onpeneneHusi MOBEPXHOCTHOTO HATSKEHUS
BOJIHBIX PACTBOPOB KPHUOMPOTEKTOPOB B 3aBUCUMOC-
TH OT UX MAaCCOBOM KOHIIEHTPAIIMU HCIIOIB3YETCsI T0-
JIMHOMUATBHOE YPaBHEHUE!
_ 7
6—f4C+f3C3+f2C2+flC+ﬁ), (6)
rae Kod3puiueHTH f4+f0 HMEIOT Pa3MEepPHOCTH
JIMH/CM U TIPEACTaBJICHBI B Tabu. 12.
JIOTMOHUTENBHO K PAaCYSTHBIM JaHHBIM IPUBO-
JATCS CPEIHUE 3HAYCHUS MOBEPXHOCTHOI'O HATSIKE-

HUS Pa3IHYHBIX KPUOTPOTEKTOPOB M UX PACTBOPOB
(Tabmn. 13).

npobnemobl

*) Kpmobuonorumn
T. 20,2010, N4

aqueous solutions of glycerol, which concentration is
gven in % (vol/vol). Table 11 represents e, and e, values.
To determine the surface tension of aqueous solu-
tions of cryoprotective agents depending on their mass
concentration the polynomial equation is used:
o=fC+fCH+C+fCHf, (6)
where f,+f, coefficients have dyne/cm dimension and
are presented in the Table 12.
Additionally to the calculated data the average val-
ues of surface tension for different cryoprotective
agents and their solutions are given (Table 13).
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Taommua 11. Koaddunuentsr ypasaeHus (5) 11 pacuera HOBEPXHOCTHOTO HATSDKCHHS BOIHBIX PAaCTBOPOB
TIUICpUHA TP 3aJaHHON 00hEMHOM KOHIICHTPAIIUHU B 3aBUCHMOCTH OT TEMIICPATyPhI; TUCIICPCHU
ANMPOKCUMAIINN U UATIa30HBI TEMIIEPATyp MPUMCHEHUS YPAaBHECHUS

Table 11. Coefficients of equation (5) to calculate the surface tension of aqueous solutions of glycerol at given volumetric
concentration depending on temperature; approximation dispersion and temperature ranges of equation application

KoHIleHTpanusa rAuleprHa, Amnamazoxn
oObeMHBIE % o o R? TeMnepatyp,’C HcTounuk
Glycerol concentration, 1 0 Temperature range, Reference
% (v/v) °C

10 —0,0458 71,235 1,0 — 1+40 [19]

20 —0,0616 70,619 0,9985 —5+40 [19]

30 —0,0526 69,55 0,9987 —10+40 [19]

40 —0,0489 68,088 1,0 —15+40 [19]

Taonuua 12. Koaddurments! ypaBHeHus (6) 11 pacuera HOBEPXHOCTHOTO HATSHKCHHUS Psijia BOMHBIX PaCTBOPOB
KPHOIPOTEKTOPOB B 3aBUCUMOCTH OT KOHI[SHTPAIUH NPH (PUKCUPOBAHHBIX TEMIIEPATYpPaX; TUCIIEPCUH AlIPOKCUMAIIN T
Y AMaTa30HbI KOHIICHTPALMK MTPUMEHEHHsI YpaBHEHHUS
Table 12. Coefficients of equation (6) to calculate the surface tension of some aqueous solutions
of cryoprotective agents depending on concentration at fixed temperatures; approximation
dispersion and concentration ranges of equation application

TemnepaTypa Apanason
Bermjecrso °lé P 5 KOHIeHTparuii cTounuk
f, x107° f, x10~° f, x1073 f f R? C, macc. %
Substance Temperature, 4 3 2! 1 0 Concentration Reference
C range, % (W/w)
Amuabl Amides
AM®DA —_ s
DMFA 26 0 0 0 0,0324 37,149 0,9997 10+100 [45]
BoaopacTBopumele moanMepel Water soluble polymers
LK 2 0 — 17,88 9,695 —0,1685 72,12 0,8574 1440 [90]
ASKCTpaH 24 0 0 0 —0,016 70,726 0,8442 1+30 [90]
extran
Oor'n=1 .
OEG n=1 20 9,484 — 87,16 29,88 —0,5449 70,91 0,9857 0,5+30 [1.2]
O3I'n=2 X
OEG n=2 20 15,14 —118,5 36,663 —0,6729 70,94 0,9864 0,5+30 [1,2]
O3Ir'n=3 .
OEG n=3 20 0 — 27,54 18,45 —0,5358 70,46 0,9862 0,5+30 [2]
O32r'n=5 .
OEG n=5 20 0 — 4527 25,09 —0,5751 70,3 0,9999 0,5+30 [17,21]
O3Tr'n=10 .
OEG n=10 20 0 — 38,44 15,82 —0,2808 65,99 0,902 1+30 [1,2]
O3T' n=20 _ _ . [2]
OEG n=120 20 0 31,03 13,51 0,2857 65,09 0,9669 0,5+30
O3I'n=30 .
OEG n=130 20 64,67 —4433 96,58 —0,8342 66,27 0,8763 5+30 [1,21]
TBI1
(m.M. 10000)
PVP 24 0 —69,3 24,94 —0,3191 68,36 0,8452 1+20 [90]
(mol. weight
10000)
IIponomkenue Ha cienyolei cTpaHuLe.
Next page to be continued.
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Iponomxkenue Tadma. 12
Table 12. (Continued from the previous page)

T ApanazoH
eMIieparypa, .
o KOHIIeHTpanui
Bemecrso £,x10° | f,x10° | f,x10-3 £ f R? C, macc. % Hicrounmx
Substance Temperature, 4 3 2 1 0 c ! e Reference
°C oncentration
range, % (wW/w)
BoaopacTtsopumble noauMepsl Water soluble polymers
I190-100 .
PEOL100 20 0 0 13,31 —0,9241 72,93 0,9975 1430 [1,14]
[190-400 )
PEOLA00 20 0 0 1,197 —0,309 69 0,9687 1+100 [1,14,21]
190-500 .
PEG.500 20 0 0 17,78 —0,6345 72,27 0,9582 1420 [14]
T190-4000 .
PEO4000 20 0 0 4,662 —0,2571 67,47 0,9858 1+30 [1,14,21]
Okcupbr Oxides
AMCO _ .
DMSO 24 0 0 0 0,2587 70,106 0,9956 1+100 [90]
CrupTel Alcohols
Thuuepun 24 0 0 —0,3267 —524 72 0,9938 1+100 [90]
Glycerol
Tar .
TEG 25 0 —1,522 4,2399 —0,5343 72,1 0,999 0+100 [82]
gé 30 0 —1,242 2,88 —0,414 71,2 0,9815 0+100 [57]
1.3-BA 30 1,876 46,55 40,86 1,624 71,2 09924 0+100 57
1,3-BD , — 46, : -1, . ) : [57]
1,4-BA, 30 1,487 36,3 31,08 1,236 71,2 0,9956 0+100 56
48D , - 36, . ~1, . , ; [56]
121 30 0 —5836 12,65 — 1,048 71,2 0,9926 0+100 [57]
RN 30 1,015 —26,91 2476 —1,043 712 0,9884 0:100 [57]
YraeBopsl Carbohydrates
M100 25 0 0 —04 —0,0008 71,43 0,9987 5+20 [23]
M150 25 0 0 0,02857 0,01757 71,39 0,9944 5+35 [23]
M200 25 0 0 -03 0,0321 71,43 0,9999 5+20 [23]
24 0 0 0 0,0438 71,453 0,9978 1+80
Caxaposa [23,90]
Sucrose !
25 0 0 0 0,0354 71,328 0,9758 5+40
npo6nembl 430 problems [,
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Taomamua 13. [ToBepxHOCTHOE HATS)KEHHE HEKOTOPBIX KPHOIIPOTEKTOPOB U UX PACTBOPOB
Table 13. Surface tension of some cryoprotective agents and their solutions

Kounenrpanus, TToBepxHOCTHOE
BemrectBo oObeMHEBIe % Temneparypa, °C HATSKOHITe, AMH/CM Vcrounuk
Substance Concentration, Temperature, °C Surf sl AHd. Y, Reference
% (v/v) urface tension, din/cm
20 35,35 [79]
AMAL
DMAc 100
20 44,73 [10,14]
23,7 43 [24]
AMCO
DMSO 100
25 42,98 [10,14]
oo 100 20 36,7 [6,79,85]
AT 100 37 337 6
Do 100 20 435 (79]
o 100 25 451 6]
20 58,4 [6,79,85]
Dopmamup,
Formamide 100
23,7 57 [24]
100 25 37 [72,80]
1,2-TIA
1,2-PD
50 25 45 [80]
oL 50 25 56 [80]
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