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TRANSPORT PROPERTIES FOR REFRIGERANT MIXTURES

A set of models to predict viscosity and thermal conductivity of refrigerant mixtures is developed.
A general model for viscosity and thermal conductivity use the three contributions sum form (the
dilute-gas terms, the residual terms, and the liquid terms). The corresponding states model is rec-
ommended to predict the dense gas transport properties over a range of reduced density from 0 to
2. It is shown that the RHS model provides the most reliable results for the saturated-liquid and
the compressed-liquid transport properties over a range of given temperatures from 0,5 to 0,95.
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BNTACTUBOCTI NEPEHOCY CYMILUEW XONTOOOArEHTIB

Pospobreno nabip mooeneil 0na npoeHo3ysanna 6'a3Kocmi i menionpogioHocmi cymiuell Xo0n000a-
ecenmis. 3aecanvbHa Mooenv 0 8'a3Kocmi i MenionpoGiOHOCMI BUKOPUCINOBYE GUO CYMU MPbOX
6K1A0I6 (81ACMUBOCMI PO3PIOANCEH020 2a3Y, HAOIUWIKOGL GIACMUSBOCMI | 61ACMUBOCMI PIOUHLL).
Mooens 6i0noGioHUX cmaHie peKoMendyeEmMbes OISl NPOSHO3YB8AHH MPAHCNOPMHUX G1ACMUBOCMEl
winbHo20 2azy 6 dianaszowi Hagedenux cycmun 6i0 0 0o 2. Ilokazano, wo modenv RHS 3abe3neuye
Haubibw HAOIlHI pe3ytbmamu 0Jisk MPAHCROPMHUX 61ACMUBOCMEN HACUYEHOT I CMUCHYMOT piou-
HU 8 Olana3oHi HagedeHux memnepamypi 6io 0,5 0o 0,95.

Kniouosi cnosa: Xonoooacenm — Cymiwi — B'asxicmes — Tennonpogionicme — Mooenv — Ilpoeno-

3Y6aHHS.
I. INTRODUCTION

Refrigerant mixtures are likely replacements for
several of the CFC and HCFC refrigerants. Accurate
transport properties are needed for the design of
equipment using refrigerant blends; the transport
properties are particularly important for the design of
the condenser and evaporator.

Transport property data for some of newly
commercialized refrigerant mixtures are now available
in the literature. But there is no comprehensive mix-
ture model for the transport properties. A suitable
comprehensive model would allow data at composi-
tions differing from the commercial blends and even
data on different, but chemically similar mixtures, to
be used to supplement the data available for a particu-
lar blend, allowing extrapolation to higher or lower
temperatures or pressures.

The objective of this work is to carry out a litera-
ture survey and evaluate the available and most relia-
ble transport property (viscosity and thermal conduc-
tivity) data for refrigerant blends, in both the liquid
and vapor phases, and use these data to develop a
comprehensive model for the transport properties of
refrigerant mixtures.

Il. TRANSPORT PROPERTY MODEL AND
CORRELATIONS

General model. The best known models for the
viscosity and thermal conductivity calculations use the
form of the sum of three contributions

4

np.T)=n0(T)+An(p T)+m.(p.T), (1)
Mp.T)=2(T)+ A2, T)+ A0, T), (2

where 77, and A, are the viscosity and the thermal con-
ductivity, respectively, in the zero-density limit,
An=n-n, and A1=A-4, are the residual terms, 4 7n
and A A are the critical viscosity and thermal conduc-

tivity enhancement, T is the temperature, and p is the
density.

Each contribution may be treated independently
by using both theoretical and available experimental
information.

The residual term for the viscosity or thermal
conductivity as a function of both density and temper-
ature describes transport property data over a wide
range of parameters including the high-density region
(liquid at very low temperatures, compressed liquid).
As one can see from the previous survey, the

availability of the transport property data for HFC
refrigerant mixtures at low temperatures is limited
especially for the viscosity (the lowest temperature of
the published viscosity data is 223 K at saturation and
no data are available for the viscosity of compressed
liquid). The critical enhancement is significant for the
thermal conductivity; however, this information is
currently unavailable for the refrigerant mixtures un-
der consideration. The critical viscosity enhancement
is significant only extremely close to the critical point
and may be safely ignored in all practical applications.
Thus, in this representation, the transport properties of
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vapor and the transport properties of liquid are treated
independently. The vapor viscosity and thermal con-
ductivity are composed of two contributions: a dilute
gas term, which is a function only of temperature, and
a residual term, which is considered to be a function
only of density.

More than 100 literature sources were analyzed
and more than 2000 experimental points were chosen
to develop a comprehensive model for the transport
properties of refrigerant mixtures.

I1l. DILUTE GAS TRANSPORT PROPERTIES

Dilute gas viscosity. The dilute gas viscosity can
be well represented by the Chapman-Enskog equation
derived from the kinetic theory for dilute gases

(MT V2 )
o%Q, (1)
where M is molecular mass in kg/kmol; €2,(T*) is the
collision integral; T* = KkT/¢ is the reduced tempera-
ture; k = 1,38066-10% J/K, the Boltzmann constant; T
is the absolute temperature in K; 7 is in pPas; o (in
nm) and gk (in K) are the characteristic potential pa-
rameters.
The collision integral is presented by Kestin et
al. [1], and the characteristic potential parameters o
and ¢ and, correspondingly, &k can be determined
from the dilute gas viscosity data. The optimum val-
ues of the characteristic potential parameters oand gk
for the mixed refrigerants R404A, R407C, R410A,
and R507A derived from the best fit to low-pressure
viscosity measurements are given in Table 1.

1, = 2,6696-1072

Table 1 — Potential Parameters ¢k and o for R404A,
R407C, R410A, and R507C

Refrigerant gk (K) o (nm)
R404A 279,3 0,497
R407C 339,7 0,454
R410A 317,5 0,432
R507A 294,3 0,490

The deviations of these experimental data from
the values calculated by Equation 2 did not exceed
+0,5%. For all available experimental low pressure
data, the deviations did not exceed 2,2%.

The second approach for the dilute gas viscosity
is based on the equation developed by Nagaoka et al.
[2] for pure fluorocarbon refrigerants

ofro 256,75

4
= (0,5124T, —0,0517)*82 2 081 @
where T, is the critical temperature in K, P, is the crit-
ical pressure in MPa, T, = T/T is the reduced tempera-
ture, and Z.=P/p.RT, is the critical compressibility.
Comparisons of the experimental low-pressure
viscosity data for the binary and ternary mixtures with
the values calculated by Equation 4 show that in no
case do the deviations exceed 3%.
We have also applied a modified corresponding
states method to the dilute gas viscosity of mixed re-
frigerants. According to this method

PP Ty pr A By ) =0, )

where P, = P/P,, T, =T/T., and p,. = p/p, are the re-
duced pressure, temperature, and density, respectively;
A; are the defining parameters (criteria) of similarity.
The main questions (which defining parameters
or criteria of similarity are to be chosen and how to
determine the number of those criteria) were consid-
ered by Geller et al. [3]. Based on the analysis of a
large set of experimental viscosity and thermal con-
ductivity data, they proposed to use the stretch coordi-
nates of two different points on the saturated vapor
pressure curve as the criteria of similarity for the
transport properties. The first (dominant) criterion was
found as 4;=100P;, when T} =0,7. This criterion is

responsible for the equality of the type of binary mo-
lecular interaction potential and for the superposition
of transport property surfaces in the dense gas region.
It was also noted that the contribution of the viscosity
in the zero-density limit does not require any defining
parameters.

Based on this approach, the following equation
is obtained for the reduced dilute gas viscosity

1o I 79. =—0,1069+1,2518T, —0,1439'|',r2 , (6)
where 77, is the reference dilute gas viscosity.

The values of 7). for R404A, R407C, R410A,
and R507A are given in Table 2. Comparisons of the
experimental low-pressure viscosity data for available
published results with the values calculated by Equa-
tion 6 show that the deviations do not exceed 1,6%.
Equation 6 has good extrapolation ability, and it may
be applied if at least one experimental low-pressure
viscosity point is available.

Table 2 — Reference Dilute Gas Viscosity 77,
(at T, = 1) and Residual Viscosity A7,

Refrigerant o, (WPa.s) Ane (uPa.s)
R404A 14,02 90,88
R407C 14,87 88,94
R410A 14,88 85,13
R507A 14,07 98,01

Dilute gas thermal conductivity. For the thermal
conductivity, exchange of energy between translation-
al and internal degrees of freedom plays a more prom-
inent part. The theoretical analysis based on Kinetic
theory has to take into account a number of additional
cross sections pertaining to the relaxation and diffu-
sion of the internal energy and its interaction with the
translational energy. Therefore, kinetic theory cannot
be applied to predict the thermal conductivity, espe-
cially in the case of mixtures.

Similar to the viscosity, a corresponding states
method was applied to the dilute-gas thermal conduc-
tivity. Based on this approach, the following equation
is obtained for the reduced dilute gas thermal conduc-
tivity

Ao 29 =—0,6138+17177T, —0,1025T7, (7)

where 4. is the reference dilute gas thermal conduc-
tivity at 7, = 1.
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The values of 4. for R404A, R407C, R410A,
and R507A are given in Table 3. Comparisons of the
experimental low-pressure thermal conductivity data
for available published results [4-7] with the values
calculated by Equation 7 are shown in Figure 1. As
one can see, the deviations do not exceed 2,1% except
for the results of Perkins et al. [8]. The largest devia-
tions are seen with R32 + propane, is such an extreme
polar/non-polar blend with large size difference within
range of model.

Table 3 — Reference Dilute Gas Thermal Conductivity
and Residual Thermal Conductivity

Refrigerant Ao MWIMK) A4 (MW/MK)
R404A 16,78 3,424
R407C 17,81 3,267
R410A 16,69 3,494
R507A 16,74 3,181

3
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Figure 1 — Deviation of measured low-pressure ther-
mal conductivity of mixed refrigerants from the ther-
mal conductivity calculated by Equation 7

IVV. DENSE GAS TRANSPORT PROPERTIES

The second contribution in Equations 1 and 2
(the residual term) can be considered as a function
only of density or both density and temperature. The
proper choice depends on the availability and accuracy
of the viscosity and thermal conductivity data in the
dense gas region. In this report, we consider the resid-
ual term as a function only of density.

Dense gas viscosity. For the viscosity, the re-
duced density limit is found to be from 2 to 2,2. Such
an approach allowed us to treat the vapor viscosity
and the liquid viscosity independently and to deter-
mine the viscosity in the reference point not only from
the viscosity data in the vapor phase but using liquid
viscosity data as well. The reduced density o, = 2 was
taken as the reference point for the residual viscosity
treatment.

All mixtures under consideration as well as their
pure components belong to approximately the same
group of similarity defined by Geller and Paulaitis [3]
with the values of the first criterion of similarity in a
range from 4,8 to 5,5. For comparison, A; = 9,9 for
argon and A; = 1,5 to 2 for heavy hydrocarbons. Thus,
all available vapor viscosity data were treated as the
reduced residual viscosity as a function of reduced
density. The results are represented by equation

6

An/An, =0,0039p, +0,4652p? —

—0,3016p2 +0,0956;

where A7, is the reference residual viscosity at o, = 2.

The values of A, are given in Table 2. Compar-
isons of the experimental viscosity data for available
published results with the values calculated by Equa-
tion 8 are shown in Figure 2. As one can see, the devi-
ations do not exceed 4%.
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Figure 2 — Deviation of measured viscosity of R4A04A,
R407C, R410A, and R507A from the viscosity calcu-
lated by Equation 9

Dense gas thermal conductivity. For the vapor
thermal conductivity, the literature data are available
only at reduced densities less than 0,4. Taking into
account that the thermal conductivity shows a signifi-
cant enhancement in a substantial region around the
critical point, the vapor thermal conductivity and the
liquid thermal conductivity were treated independent-
ly. The reference point for the residual thermal con-
ductivity was taken at the reduced density p = 0,2,
that is approximately in the middle of the measured
range of parameters.

All available vapor thermal conductivity data
were treated as the reduced residual thermal conduc-
tivity as a function of reduced density. The results are
represented by equation

AAJAL, =45587p, +19318p2,  (9)
where A/, is the reference residual thermal conduc-
tivity at p, = 0,2.

The values of A4, are given in Table 3. Compari-
sons of the experimental thermal conductivity data for
available published results with the values calculated

by Equation 9 show that the deviations do not ex-
ceed 2%.

V. TRANSPORT PROPERTIES OF LIQUID

In recent years, a number of successful correla-
tions of liquid viscosity and thermal conductivity have
been based on the rough hard-sphere (RHS) model.
The modified RHS model was applied by Assael et al.
[9, 10] to the transport properties of many different
fluids including hydrocarbons and alcohols, as well as
pure refrigerants from the methane and ethane series.
Most recently, Gao et al. [11] have used this model for
prediction of the viscosity and thermal conductivity of
binary and ternary refrigerant mixtures based on HFC
refrigerants. Bleazard and Teja [12] presented parame-
ter tables for the viscosity of 58 polar fluids including
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refrigerants R124, R125, and R134a. Laesecke and
Hafer [13] applied the RHS model for the viscosity of
fluorinated propane isomers R245fa, R245ca, and
R227ea. The RHS model is also used for the correla-
tion of the liquid viscosity and thermal conductivity of
mixed refrigerants in the present work.

Viscosity of liquid. The experimental viscosity
data were converted to reduced viscosity according to

*=6,0349-10° — L (10

" ey

where 7 is the experimental viscosity in Pas, p, is the

mole density in kmol/m®, and R = 8,314 J/(molK) is
the universal gas constant.

This reduced viscosity is considered that of a
rough hard-sphere fluid and fitted to the reduced vis-
cosity of a smooth hard-sphere fluid whose density
dependence is represented by the empirical and uni-
versal-for-all-fluids correlation

* 7
n i
Iog[ Rﬂ] g}:a,vr ,
a,=1,094510° a, =-9,263210° a, = 7,1039101
a; = -3.0190'10° a, = 7,976910° as =-1,2220'10°
a; = 9,8756'10° a; = -3,194610°.

The reduced molar volume is defined as V, =
VIVy, where V, is the temperature-dependent close-
packed molar volume. Adjustable parameters are the
roughness factor R, and the temperature dependence
of the close-packed molar volume. These parameters

are determined from the available experimental data
for pure fluids. R,, is usually fitted as a constant, and

(11)

Vo(T,) can be fitted as a linear function of reduced
temperature (for a limited temperature range) or as a
polynomial function.

Prediction of the viscosity of liquid mixtures is
based on the assumption that the mixture behaves as a
hypothetical pure fluid with molecular parameters
given by the mole fraction average of the pure compo-
nent values

i
Vomix = inVO,i : (12)
i1

i
Ry mix = ZXqu,i ,
i=1

where x; are the mole fractions of the pure compo-
nents, and the subscripts mix and i denote the mixture
and the pure components, respectively.

Adjustable parameters in Equation 12 (R, and
Vo) were determined as follows: for R22 and R134a,
these parameters are taken from the work of Gao et al.
[11]; for R32, R125, R142b, R143a, R152a, and R290,
these parameters were found from the most recent
experimental viscosity data [13, 14]. The roughness
factor R, was fitted as a constant, and V, was fitted as
a polynomial temperature function

3
Vo-10° = aT,
i=0
The values of R,, and the coefficients a; of Equa-
tion 14 are listed in Table 4.

(13)

(14)

Table 4 — Roughness Factor R,, and Coefficients a; in Equation 15

R32 R125 R134a R142b R143a R152a R290
R, 1,224 1,407 1,100 1,222 1,268 1,092 1,041
ag 92,609 -34,353 49,759 89,676 -84,278 111,17 50,705
a -277,90 321,10 -9,0398 -97,339 504,52 -237,97 -9,9289
a, 378,77 -407,53 7,1778 54,912 -656,80 257,28 0
as -177,13 159,24 -7,2956 0 271,30 -93,345 0
8 . a range of +5% except for a few experimental points
o oo e S Roomios Eﬁi"ﬁ;; where the deviations are up to 8%.
< . .2 A4 L) A R32/R134a (Heide)
R R R N R it Thermal conductivity of liquid. The experi-
= R s T ‘n;Av"!".A B | ruzsir134a (Heice) mental thermal conductivity data were converted to
30 S e ey s &) tha reduced thermal conductivity according to
s =t n ﬁ:i’f ¢ .t - R125/R134a (Ripple)
o A g g ] o ' ¢ A a (Heide,
A PP A X 5 S iyt 2 =1936-10" 2 | M (15)
a Ao PP 0a,) © m R143a/R134a (Heide) 2/3 RT
« %o o|® %a - R32/R290 (Laesecke) 'DH
8 o RsdaR290 (Leesecke)]  \where A is the experimental thermal conductivity in
0.6 0.7 0.8 0.9 1 WI/(mK).

Reduced Temperature

Figure 3 — Deviation of measured viscosity of binary
mixtures from the viscosity calculated by Equation 11

For fluorinated propane isomers R245fa,
R245ca, and R227ea, R236ea, and R236fa, R,, and V,
can be found in the paper [13]. Comparisons of the
experimental viscosity data of binary mixtures with
the values calculated by Equation 12 are shown in
Figure 3. As one can see, the deviations are mostly in

The density function of the reduced thermal
conductivity is found to be universal for all fluids and
represented by the empirical correlation

A 4 i
log — |=) aV,
9%, g()) Vr (16)
ap = 1,0655; a; =-3,538; a, =12,120; a; = -12,469;
a, = 4,562.

The roughness factor R for the thermal conduc-

tivity of pure refrigerants was found from the most
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reliable experimental data and was fitted as a polyno-
mial temperature function

For the mixture thermal conductivity, R; is given
by the mole fraction average of the pure component

3 . values
R,=> aT, . 17 i
i=0 R}u,mix = in Ri,i ' (18)
L i=1
The values of R, are given in Table 5. where x; are the mole fractions of the pure compo-
nents.
Table 5 — Coefficients a; in Equation 18
R32 R125 R134a R142b R143a R152a R290
ag 0,98590 10,281 1,1659 1,7701 0,42061 -0,22460 -0,85450
a 2,4422 -32,688 1,7780 -1,7994 2,3532 3,4732 10,814
a, -3,5072 40,005 -3,4044 1,8385 -2,1513 -1,6137 -17,225
as 2,3633 -15,218 2,3646 0 1,6135 0 9,1347

Comparisons of the experimental thermal con-
ductivity data with the values calculated by Equation
16 show that the deviations for all mixtures are mostly
in a range of +6 to 8%.

VI. CONCLUSIONS

A literature survey to identify the available vis-
cosity and thermal conductivity data for refrigerant
mixtures containing HFC refrigerant in both vapor and
liquid phases is conducted. The most accurate data on
which to base the viscosity and thermal conductivity
models development is evaluated.

A set of models can be recommended to predict
viscosity and thermal conductivity of refrigerant mix-
tures. The dilute-gas viscosity is calculated with the
Chapman-Enskog method, Nagaoka method, and the
corresponding states method with approximately the
same accuracy. The saturated liquid viscosity may be
predicted with the ECS model over a range of reduced
temperature from 0,6 to 0,95 or the RHS model with-
out temperature limitation. The corresponding states
model is recommended to predict the dense gas and
liquid viscosity over a range of reduced density from 0
to 2. This model may be applied if at least one exper-
imental dense-vapor or liquid viscosity point is avail-
able in the mentioned density range. If no experi-
mental data is available the reference state viscosity
may be found from the RHS model.

The dilute-gas and the dense-gas thermal con-
ductivity is calculated with the corresponding states
method. Calculations of the dense-gas thermal con-
ductivity are valid in the range of reduced density
from 0 to 0,7. The saturated-liquid thermal conductivi-
ty and the compressed-liquid thermal conductivity
may be predicted with the RHS model or with the
ECS model over a range of reduced temperature from
0,5 to 0,95. The RHS model provides the more relia-
ble results.
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CBOWUCTBA NEPEHOCA CMECEW XNTAOATEHTOB

IIposeoen 0630p tumepamypuvl 05 onpedeneHus OOCMYNHbIX OAHHBIX O 6A3KOCMU U MENI0NPOBOOHOCIU CMecell X1a0da2eH-
MO8, cO0epHCAuUX anbmepHamusHble X1a00Hbl 8 00eux naposoll u xiuokol gasax. Oyenenvl Hauboee MouHvle OanHble, Ha
ocHo8e KOmMOpwiX bazupyemcsa paspabomka mooenel 8a3Kocmu u mennionpogoonocmu. Paspaboman nabop moodeneu 01a
NPOCHOZUPOBAHUSA BAZKOCIIU U MENIONPOBOOHOCIU CMeCell XA0UEHMO8.

Obwas modenv Olisl 8I3KOCHU U MENJIONPOEOOHOCU UCROIbIVEN 6UO CYMMbL Mpex 6KAA006 (C60UCMBA PaA3PEeNCceHHO20 2a3d,
u36bLIMOYHbIE CBOUCMEA U CBOUCMBA dcuokocmu). Tlokazano, 4mo 8A3KOCMb PA3PENCECHHO20 2a3a PACCHUMbBIBACMCS C NOMO-
wwlo memooa Yenmena- Duckoea, memoo Haeaoku u memooa coomeemcmeenuvbix COCMOAHUL ¢ NPUMEPHO OOUHAKOBOT
MOYHOCMbIO. Baskocmb HACLIWYEHHOU HCUOKOCmU Modcem Obimb NPedCKa3and ¢ NOMOWbIO MOOeNU paACUUPEHHO20 3aKOHA
coomeemcmeyowux cocmosinuti (3CC) 6 ouanasone npusedennvix memnepamyp om 0,6 0o 0,95 unu ¢ nomowgpio Moougpu-
yuposannol mooenu meepovix cpep (MTC) be3 oepanuuenus memnepamypsi. Mooenb coomeemcmayowux cocmosanull pe-
KOMeHOYemcs 015l NpeOCKA3aHUA 6A3KOCIU NIOMHO20 2a3d U HCUOKOCTIU 8 OUANA30He NpusedeHHvIX niomuocmeti om () 0o 2.
Oma modenv modxcem Gvimb NPUMEHEHA, eciu UMeemcsi XOms Obl 0OHA IKCNEPUMEHMATbHAS MOYKA NO BA3KOCHIU NIOMHO20
2a3a U HCUOKOCMU 8 YKAZAHHOM Ouanasone niomuocmei. Ecnu makue sKcnepumeHmanvHble OAHHble OMCYMmCmeyion,
npuUeedeHHas 83Kocms MoxcHo Haumu uz moodenu MTC.

TennonposoOHOCMb PA3PENCEHHO20 U NIOMHO20 2A34 PACCUUMBIBAENCS N0 MOOENU COOMEEMCMEeHHbIX cocmoanuil. Pacue-
Mbl MeNIONPOBOOHOCHIU NIOMHO20 2a3d NPABOMEPHbL 6 ouanasone npusedennvlx niomuocmeii om 0 do 0,7. Tennonpoeoo-
HOCIMb HACLIWEHHOU U CHCAmoul HeudKocmu modxcem ovims npeockazana no mooeau MTC unu no mooenu 3CC 6 duanazone
npusedennvix memnepamyp om 0,5 oo 0,95. Mooenv MTC obecneuusaem 6onee nadexcHvle pe3yibmamayl.

Cpasnenus naubonee HAOEIHCHBIX IKCNEPUMEHMANLHBIX OAHHBIX C PACYEMaMU N0 npeonazaemvblx Mooeneti NoKa3vl8aion, Ymo

OMKIOHEHUS OJIs 6CeX CM@C@IZ, 6 OCHOBHOM, Jlexcam 6 ouanaszone IKCnepumenmailbHblx nozpewnocmeﬁ.

Knrwuesvie cnosa: Xnaoacenm — Cmecu — Bszkocms — Tennonpoeoonocmes — Mooenw — [Ipoenosuposanue.
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