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SOLUBILITY, VISCOSITY AND DENSITY
OF REFRIGERANT/LUBRICANT MIXTURES

ABSTRACT

This report presents results for low refrigerant concentration (70, 80, 90 and 100 weight
percent lubricant) mixtures of the following fluids:

-CFC-12/ISO 32 naphthenic mineral oil
- HCFC-22/ISO 32 naphthenic mineral oil
- CFC-12/ISO 100 naphthenic mineral oil
- HFC-134a/ISO 22 pentaerythritol ester mixed acid "
- HFC-134a/ISO 32 pentaerythritol ester mixed acid #1
- HFC-134a/ISO 68 pentaerythritol ester mixed acid
- HFC-134a/ISO 100 pentaerythritol ester mixed acid
- HFC-134a/ISO 32 pentaerythritol estermixed acid #2 _'
- HCFC-123/ISO 32 naphthenic mineral oil
- HCFC-123/ISO 100 naphthenic mineral oil
- HCFC-123/150 SUS alkylbenzene
- HCFC-123/300 SUS alkylbenzene

These data have been reduced to engineering form and are presented in the form of a Daniel
Chart_. Equations are given along with statistical measures of goodness of fit.

The broad scope of this research is to measure the solubility (pressure), viscosity anddensity
of the thirty-five refrigerant/lubricant mixtures over composition and temperature ranges as given
in Table 1. Low refrigerant concentrations are generally to be measuredover 0 to 10(PC, with the
exception of HFC-32, 125 and 143a, which are to be measured over zero Celsius to slightly below
the critical temperature. The experimental data are to be graphically reportedin the Daniel Chart
format, and mathematical relationships are to be derived.

The entire process of measurement, datareduction, mathematical modeling andplotting has
been completed for the low refrigerant concentrations on fluids 1, 2, 3, 5, 6, 7, 8, 10, 13, 14, 15
and 16 ('Fable 1) andis reported here. Measurements have been completed on several other working
fluids and data reduction is in progress.

rG. Daniel, M. J. Anderson, W. Schmid and M. Tokumitsu, "Performance of Selected Synthetic
Lubricants in Industrial Heat Pumps," Heat Recovery Systems, Vol. 2, No. 4, 1982. pp. 359-368.
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Table 1: Refrigerant/Lubricant Mixtures Under Study

Low Refrieerant Hieh Refrigerant
Refrieerant/Lubricant Concentratqons t C&acentrati-ons2

v

_, Temp. Range. C Temp. Range. C

1. 12/ISO 32 MO_ 0 to 100 -40 to +40
2. 12/ISO 100 MO 0 to 100 -40 to +40
3. 22/ISO 32 MO 0 to 100 -40 to +40

4. 134a/ISO 68 PAG4 0 to 100 -40 to +40
5. 134a/ISO 22 POE-MA s 0 to 100 -40 to +40
6. 134a/ISO 32 POE-MA# 1 0 to 100 -40 to + 40
7. 134a/ISO 68 POE-MA _ 0 to 100 -40 to +40
8. 134a/ISO 100 POE-MA 0 to 100 -40 to +40•

9. 134a/ISO 22 POE-BA _ . 0 to 100 -40 to + 40
10. 134a/ISO 32 POE-MA#2 0 to 100 -40 to +40
11. 134a/ISO 68 POE-BA 0 to 100 -40 to +40
12. 134a/ISO 100 POE-BA 0 to 100 -40 to + 40

13. 123/ISO 32 MO 0 to 100 -20 to +40
14. 123/ISO 100 MO 0 to 100 -20 to +40
15. 123/ISO 32 AB7 0 to 100 -20 to +40
16. 123/ISO 68 AB 0 to 100 -20 to +40

17. 32/ISO 22 POE-MA 0 to 75 -50 to +40
18. 32/ISO 68 POE-MA 0 to 75 -50 to +40
19. 32/ISO 32 POE-BA 0 to 75 -50 to +40
20. 32/ISO 100 POE-BA 0 to 75 -50 to + 40

21. 125/ISO 22 POE-MA 0 to 65 -40 to +40
22. 125/ISO 68 POE-MA 0 to 65 -40 to +40
23. 125/ISO 32 POE-BA 0 to 65 -40 to +40
24. 125/ISO 100 POE-BA 0 to 65 -40 to +40

25. 152a/ISO 32 AB 0 to 100 -40 to +40
26. 152a/ISO 68 AB 0 to 100 -40 to +40
27. 152a/ISO 22 POE-MA 0 to 100 -40 to +40
28. 152a/ISO 100 POE-MA 0 to 100 -40 to +40

29. 143a/ISO 22 POE-MA 0 to 70 -45 to +40
30. 143a/ISO 68 POE-MA 0 to 70 -45 to +40
31. 143a/ISO 32 POE-BA 0 to 70 -45 to +40
32. 143a/ISO 100 POE-MA 0 to 70 -45 to +40

33. 124/ISO 32 AB 0 to 100 -40 to +40
34. 124/ISO 68 AB 0 to 100 -40 to +40

35. 142b/ISO 32 AB 0 to 100 -40 to +40

1Low Refrigerant Concentrations are 0, 10, 20 and 30 weight percent refrigerant.
2High Refrigerant Concentrations are 80, 90 and 100 weight percent refrigerant.
3Mineral Oil
')Polyalkylene Glycol (butyl monoether)
5Pentaerythritol Ester Mixed Acid
6Pentaerythritoi Ester Branched Acid
7Alkylbenzene

,,)



SIGNIFICANT RESULTS

Experimental data is presented in the form of mathematical models and two charts, the first
giving the density, the second giving the viscosity and pressure as functions of temperatureand
composition (Daniel Chart). On theupper portion of theDaniel Chart are isobaric viscosity curves
which have been numerically generated from the measured data, together with the knowledge that
i_eeSefluid systems have two degrees of freedom and the assumption that linear interpolation

tween measured curves is valid. These charts follow the numbering system given in Table I and
are thus not consecutively numbered in this report due to fluid availability. Accompanying each
set of charts is a table of correlation coefficients andregression constants whtch areexplained below.

The mathematical relationship chosen to represent the viscosity data is theWalther equation,
which is

log{log_ + 0.7)} = A + B'log(T) (1)

where

log = logarithm to the base 10
,u -- dynamic viscosity, centipoise
A, B = constants found by least squares regression
T - temperature, Kelvin.

Pressure data is represented by quadraticpolynomials of the form

P = a + b'T + c.'l"2 (2)

where

P = pressure, kPa
a, b, c - constants found by least squares regression
T - temperature, Kelvin.

Density is given by linear equations of the form

p = a +/t.T (3)

where

p = density, g/ce
a,/_ - constants found by least squares regression
T = temperature, Kelvin.

Using equation (3), density ateach temperaturefor which a dynamic viscosity point has been
taken (100 points per curve, or one point per degree Celsius) is calculated and divided into the
dynamic viscosity to obtain a data file of kinematic viscosity versus te|,,lperature. This file is then
used to find A t and B_ in the following representation:

log{log(v + 0.7)} = At 4- B{log(T) (4)

where

log = logarithm to the base 10
v - kinematic viscosity, centistokes
A., B. = constants found by least squares regression
T'--- _m_tur¢, K¢lvino
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Correlation coefficients are given as a measureof how well the regressionequations fit the
data represented. Following usual practice, the correlation coefficient is defined by

E(y. - Y.vPo' = _:(y. y.,,)2 (5)

where

a = correlationcoefficient
y.., = value calculatedfrom regressionequaiton
Ysv= average of measureddata
y - measureddam,and
summations run over ali data points.

Correlationcoefficientsaregiven foralimeasureddata, namelydynamicviscosity, pressure
and density. Since kinematicviscosity is a derived quantity,aris not given for this property,
althoughcare has been takento insurethe most accurate representationpossible, i.e. creattonof
kinematic viscosity data flies as described above for derivation of the regressionequations, as
opposed to the two-point or slope-interceptmethods.

Theserudimentarymathematicalmodels(equationsI through4) arepresentedinthe interest
of distributingthisinformationin a timelyfashion. Moresophisticatedmodelswill be derivedand
reported as thisprojectprogresses.

Results to date begin on the next page and constitute the body of this report.



Table 1-1: Solubility, Viscosity and Density Parameters
CFC-12/ISO 32 Naphthenic Mineral Oil

70% Oil 80% Oil 90% Oil I00% Oil

Dynamic Viscosity (eq. l)
a 0.999 0.999 0.999 0.999

A 9.47597 10.19943 10.89065 11.38118
B -3.86349 -4.10609 -4.33684 .-4.49652

Pressure (eXl. 2)
a 0.999 0.999 0.999
a 4374.051 2062.376 1305.893
b -37.503 -20.012 -12.199
c 0.081 0.048 0.028

Density(eq.3)
a 0.999 0.999 0.999 0.999
a 1.273 I.198 I.140 1.092

-0.00087 -0.00076 -0.00068 -0.00063

KinematicViscosity(eq.4)
AI 9.22713 9.83313 10.42120 10.80355
BI -3.76388 -.3.95592 -4.14356 -4.25893

Figure 1-1: Density of CFC-1211SO 32 Naphthenic Mineral Oil
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Figure 1-2: Viscosity and Solubility of CFC-12/ISO 32 Naphthenic Mineral Oil
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Table 2-1: Solubility, Viscosity and Density Parameters
CFC-12/ISO 100 Naphthenic Mineral Oil

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
a 0.999 0.999 0.999 0.999

A 10.19283 10.60454 10.75274 11.41539
B -4.10345 -4.21914 -4.23426 -4.45554

Pressure (eq. 2)
a 0.999 0.997 0.989
a 7167.797 200.889 -2074.689
b -56.843 -9.640 8.938
c 0.115 0.034 -0.004

Density (e.Xl.3)
a 0.999 0.999 0.999 0.999

1.267 1.198 1.145 1.095

/3 -0.00083 -0.00073 -0.00067 -0.00062
Kinematic Viscosity (eq. 4)

At 9.97378 10.27182 10.33680 10.90908
B, -4.01603 -4.08345 -4.06394 -4.24882



Figure 2-2: Viscosity and Solubility of CFC-1211SO I00 Naphthenic Mineral Oil
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Table 3-1: Solubility, Viscosity and Density Parameters
HCFC-22/ISO 32 Naphthenic Mineral Oil

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
a 0.999 0.999 0.999 0.999

A 9.25145 9.85591 10.69663 11.38118
B -3.79682 -3.99205 -4.27658 -4.49652

Pressure (eq. 2)
0.999 0.999 0.944

a 5612.729 814.275 -867.667
b -53.612 -17.142 -0.760
c 0.126 0.056 0.017

Density (eq. 3)
a 0.999 0.998 0.999 0.999
¢x 1.253 1.204 1.144 1.092

-0.00089 -0.00082 -0.00072 -0.00063
Kinematic Viscosity (eq. 4)

AI 8.91780 9.42202 10.19665 10.80355
Bi -3.66083 -3.81331 -4.07022 -4.25893

Figure 3-1: Density of HCFC-22/ISO 32 Naphthenic Mineral Oil
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Figure 3-2: Viscosity and Solubility of HCFC-2211SO32 Naphthenic Mineral Oil

0
270 290 310 330 350 370

li Temperature, °K



Table 5-1: Solubility, Viscosity and Density Parameters
HFC-13_ta/ISO22 Pentaerythritol Ester Mixed Acid

70% Oil 80% Oil 90% Oil 100%
Oil

Dynamic Viscosity (eq. 1)
or 0.999 0.999 0.999 0.999
A 8.66303 8.69946 9.26892 9.47542
B -3.53213 -3.50566 -3.69637 -3.74463

Pressure (eq. 2)
a 0.999 0.999 0.999
a 8555.920 4036.226 1075.969
b -69.408 -36.286 -12.344
c 0.142 0.081 0.032

Density (eq. 3)
a 0.999 0.999 0.999 0.999

1.359 1.302 1.256 1.210
/_ -0.00102 -0.00091 -0.00082 -0.00074

KinematicViscosity (eq. 4)
A, 8.47992 8.45970 8.98226 9.17649
B, -3.46230 -3.41065 -3.58092 -3.62316

Figure 5-1: Density of HFC-134a/ISO 22 Pentaerythritol Ester Mixed Acid
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Figure$4: Viscosityand Solubilityof HFC-134a/ISO22 PentaerythritolEsterMixedAcid
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Table 6-1: Solubility, Viscosity and Density Parameters
HFC.134a/ISO 32 Pentaerythritol Ester Mixed Acid H1

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
o 0.999 0.999 0.999 0.999

A 8.91339 9.16047 9.30513 9.73910
B -3.63169 -3.68527 -3.70202 -3.83538

Pressure (eq. 2)
a 0.999 0.999 0.999
a 8501.689 5138.981 1415.953
b -68.163 -43.015 -14.669
c 0.138 0.091 0.036

Density (eq. 3)
o 0.997 0.892 0.999 0.999
¢x 1.350 1.290 1.253 1.209
0 -0.00098 -0.00086 -0.00081 -0.00075

Kinematic Viscosity (eq. 4)
AI 8.76733 8.94779 9.02865 9.44023
B1 -3.57715 -3.60129 -3.59078 -3.71402

Figure 6-1: Density of ilFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid #1
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Figure 6-2: Viscosity and Solubility of HFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid Hl
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Table 7-1: Solubility, Viscosity and Density Parameters
HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
a 0.999 0.999 0.999 0.999
A 8.80740 9.34660 9.77783 10.44210
B -3.55951 -3.73780 -3.86217 -4..07926

Pressure (eq. 2)
a 0.999 0.999 0.997
a 8491.430 5967.728 643.548
b -68.782 -48.594 -10.370
c 0.141 0.100 0.030

Density (eq. 3)
a 0.999 0.999 0.999 0.999
a 1.320 1.264 1.216 1. !72
B -0.00094 -0.00084 -0.00076 -0.00070

Kinematic Viscosity (eq. 4)
A_ 8.59080 9.06684 9.47712 10.09354
B, -3.47458 -3.62526 -3.74003 -3.93750

Figure 7-1: Density of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid
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Figure 7-2: Viscosity and Solubility of HFC-134a/ISO 68 Pentaerythritol Ester Mixed Acid
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Table 8-1: Solubility, Viscosity and Density Parameters
HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid

70% Oil 80% Oil 90% Oil 100% Oil
Dynamic Viscosity (eq. l)

a 0.999 0.999 0.999 0.999
A 9.51442 9.44837 9.28163 9.60676
B -3.83543 -3.76003 -3.64718 -3.72997

Pressure (eq. 2)
c_ 0.999 0.999 0.998
a 8938.146 4492.305 1761.664
b -71.830 -39.226 -16.893
e 0.146 0.085 0.039

Density (eq. 3)
a 0.998 0.999 0.999 0.999
at 1.329 1.274 1.226 1.175
// -0.00096 -0.00086 -0.00078 -0.00069

Kinematic Viscosity (etl. 4)
A_ 9.30558 9.17156 9.00600 9.30143
B_ -3.75360 -3.64886 -3.53540 -3.60602

Figure 8-1: Density of HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid
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Figure 8-2: Viscosity and Solubility of HFC-134a/ISO 100 Pentaerythritol Ester Mixed Acid
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Table 10-1: Solubility, Viscosity and Density Parameters
llFC-134a/ISO 32 Pentaerythritol Ester Mixed Acid//2

70% Oil 80% Oil .90% Oil 100% Oil
Dynamic Viscosity (eq. 1)

a 0.999 0.999 0.999 0.999
A 8.61674 9.22623 9.30455 9.46370
B -3.50608 -3.70102 -3.69200 -3.72377

Pressure (eq. 2)
a 0.999 0.995 0.998
a 7298.391 184.671 376.180
b -61.329 -10.367 -7.802
c 0.129 0.036 0.024

Density (eq. 3)
a 0.872 0.999 0.999 0.999
ot 1.358 1.313 1.266 1.218
O -0.00099 -0.00092 -0.00083 -0.00075

Kinematic Viscosity (eq. 4)
A, 8.46171 9.00929 9.03635 9.19483
Bi -3.44807 -3.61558 -3.58433 -3.61474



Figure 10-2: Viscosity and Solubility of HFC-134a/ISO 32 Pentaerythritol -Ester Mixed Acid #2
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Table 13-1: Solubility, Viscosity and Density Parameters
HCFC-123/ISO 32 Naphthenic Mineral Oil

70% Oil 80% Oil 90% Oil 100% Oil
Dynamic Viscosity (eq. l)

a 0.999 0.999 0.999 0.999
A 10.65570 10.67383 11.20571 11.38118
B -4.30217 -4.27624 -4.45489 -4.49652

Pressure (eq. 2)
0.999 0.999 0.999

a 2760.394 2191.630 1165.102
b -19.987 -15.561 -8.391
c 0.037 0.028 0.015

Density (¢q. 3)
a 0.999 0.999 0.999 0.999
t_ 1.285 1.221 1.153 1.092
/3 -0.00086 -0.00079 -0.00070 -0.00063

Kinematic Viscosity (eq. 4)
AI 10.45903 10.33653 10.86300 10.80355
B_ -4.22439 -4.13881 -4.31313 -4.25893

Figure 13-1: Density of HCFC-123/ISO 32 Naphthenie Mineral Oil
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Figure 13-2: Viscosity and Solubility of tlCFC-123/ISO 32 Naphthenic Mineral Oil

1000 _
600 IE-_.
4001- '--_

-_. _.

c- 3 _ _"

7( ):_-;

1.5 I I I I I I I i I I _1 ! I I 1 I I __l______l____
500

400 - 70,_ ()DI

! ,/
° /Ii. -
x 300- /"

_ / 8()',_:/ /
_ .,./""

:D
bO
u_ 200-
@
_- 9()'_

]00 ____: _ 1/"-'z

0 I I I I I , I I I I I , i I I I _ i , ,
270 290 310 330 350 ,_70

0

ii Temperature, K



Table 14-1: Solubility, Viscosity and Density Parameters
HCFC-123/ISO 100 Naphthenic Mineral {)ii

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
a 0.999 0.999 0.999 0.998

A 10.00582 10.61860 10.87689 11.41539
B -3.99599 -4.20568 -4.27593 -4.45554

Pressure (eq. 2)
a 0.999 0.999 0.999
a 3202.688 2272.644 1018.503
b -22.898 -16.403 -7.758
c 0.042 0.030 0.015

Density (eq. 3)
0.999 0.999 0.999 0.999

at 1.283 1.216 1.151 1.095
-0.00085 -0.00077 -0.00069 -0.00062

Kinematic Viscosity (eq. 4)
A, 9.77456 10.26906 10.45355 10.90908
B, -3.90392 -4.06382 -4.10295 -4.24882



Figure 14-2: Viscosity and Solubility of HCFC-123/ISO 100 Naphtherdc Mineral Oil
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Table 15-1: Solubility, Viscosity and Density Parameters
HCFC-123/150 SUS Alkylbenzene

70% Oil 80% Oil 90% Oil 100% Oil

Dynamic Viscosity (eq. 1)
a 0.999 0.997 0.999 0.999

A 11.46558 11.37300 11.41055 11.44333
B -4.63799 -4.56942 -4.54302 -4.52918

Pressure (eq. 2)
a 0.999 0.999 0.999
a 2364.792 1702.791 832.516
b -17.311 -12.453 -6.154
c 0.032 0.023 0.012

Density (eq. 3)
a 0.999 0.999 0.999 0.999
a 1.247 1.181 1.113 1.060

-0.00087 -0.00079 -0.00071 -0.00065
Kinem_ tic Viscosity (eq. 4)

A_ 11.12973 10.89197 10.80978 10.70913
Bl -4.50110 -4.37115 -4.29479 -4.22616

Figure 15-1: Density of HCFC-1231150 SUS Alkylbenzene
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Figure 15-2: Viscosity and Solubility of HCFC-123/150 SUS Alkylbenzene



Table 16-1: Solubility, VL_cosityand Density Parameters
HCFC-123t300 SUS Alkylbenzene

70% Oil 80% Oil 90% Oil 100%Oil

DynamicViscosity(etl.1)
_r 0.999 0.998 0.999 0.999
A 11.54181 11.46732 11.66957 12.05281
B -4.64742 -4.57749 -4.62395 -4.74176

Pressure (eq. 2)
a 0.999 0.999 0.999
a 2529.820 1640.973 928.530
b -18A21 -12.130 -6.837
c 0.034 0.023 0.013

Density (eq. 3)
0.999 0.999 0.999 0.999

o_ 1.253 1.177 l.ll2 1.056
-0.00088 -0.00078 -0.00071 -0.00064

Kinematic Viscosity (eq. 4)
A_ 11.20939 10.97909 11.05285 11.31162
B_ -4.51214 -4.37677 -4.37002 -4.43757

Figure 16-1: Density of HCFC-123/300 SUS Alkylbenzene
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Figure 16-2: Viscosity and Solubility of HCFC-123/300 SUS Alkylbenzene
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COMPLIANCE WITH AGREEMENT

No significant modificationsor deviations from the technicalperformanceof work as
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Datareduction/mathematicalmodeling
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APPENDIX A

Moisture,totalacidnumber,ironcontentandcoppercontenthavebeenmeasuredfor the
lubricants reported in this study. Table A-I below gives these results. The intent of these
measurements is to verify purity of the lubricants .prior to study of the viscosity, solubility and
density characteristics when mixed with various refrigerants; impurities o.fthe order shown in Table
A- 1 have negligible effects on these properties. Lubricants were stored m the container as shipped
by the manufacturer until used, atwhich time the values were measured. Storagetimesrangedfrom
zero to four months.

Talbe A-l: Lubricant Purity
, ,

Total Acid Number,
LUBRICANT Moisture, ppm mg KOH/goil Fe, ppm Cu, ppm

i |l i

ISO 32 Naphthenic
MineralOil 31 0.02 < 1 < 1

i •

ISO iO0 Naphthenic
Mineral Oil 42 0.03 < 1 < 1

, i i

ISO 22 Pentaerythritol
Ester Mixed Acid 35 < 0.01 < 1 < 1

i i ii i iii ii i

ISO 32 Pentaerythritol
Ester Mixed Acid #1 35 < 0.01 < 1 < 1

i ,, i1,,, , ,

ISO 68 Pentaerythritol
Ester Mixed Acid 77 0.04 < 1 < 1

ISO 100 Pentaerythritol
Ester Mixed Acid 80 0.06 < 1 < 1

li, i i ,

ISO 32 Pentaerythritol
Ester Mixed Acid I_ 64 0.04 < 1 < 1

iii

150 SUS Alkylbergene 29 0.01 < 1 < 1
iiiii i• i [

300 SUS Alkylbenzene 29 0.04 4 < 1
,,



APPENDIX B- COMMERCIAL IDENTIFICATION

Lubricantstested are commerciallyavailableand are:

ISO 32 naphthenicmineraloil: Witco Suniso 3GS
ISO 100 naphthenicmineraloil: Witco Suniso 50S
ISO 22 pentaerythritolester mixed ac!d: Mobil Arctic_.EAL22
ISO 32 pentaerythritolestermixed acld #I: Mobil Arcuc EAL 32
ISO 68 pentaerythritol estermixed acid.: CastrolIcematicSW68
ISO I00 pentaerythritolestermixed acld: CastrolIcematic SWI00
ISO 32 pentaerythritol ester mixed acid 12: Castrol IcematicSW32
150 SUS alkylbenzene: ShrieveChemical Zerol 150
300 SUS alkylbenzene: $hrieve ChemicalZerol 300
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