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Table 39. Isochoric (p,p,T) Data from 192 to 400 K (-114 to 260°F) for a Mixture of R-

41/744 with x(R-41) = 0.49982 Mole Fraction (0.435391 Mass Fraction)
{continued). )

Temperature Pressure Density Temperature  Pressure Density

K MPa kg/m3 °F psia 1b/f13
317.999 8.171 468.00 112.71 1185.2 29.216
319.998 8.571 467.81 116.31 1243.2 29.204
324.000 9.379 467.36 123.51 13560.,3 29.176
327.999 10.195 466.87 130.71 1478.7 29.146
332.000 11.017 466.48 137.91 1597.9 29.121
336.000 11.845 466.17 145.11 1717.9 29.102
340.002 12.678 465.91 152.32 1838.8 29.086
344,002 13.514 465.68 159.52 1960.1 29.072
348.000 14.353 465.47 166.71 2081.8 29.059
352.000 15.193 465.28 173.91 2203.6 29.046
355.999 16.038 465.09 181.11 2326.2 29.034
360.000 16,882 464.90 188.31 2448.5 29.023
364.002 17.727 464.73 195.52 2571.1 29.012
368,001 18.574 464.55 202.71 2693.9 29.001
372.002 19.420 464.38 209.92 2816.6 28.990
379.999 21.113 464.04 224.31 3062.2 28.969
384.000 21.959 463.88 231.51 3184.9 28.959
388.000 22.804 463.71 238.71 3307.5 28.949
392.000 23.650 463.55 245.91 3430,2 28.939
395.999 24.497 463.39 253.11 3553.0 28.928
400.001 25.341 463.23 260.31 3675.4 28918
320.000 8.116 374.46 116.31 1177.1 23.377
324,002 8.714 374.20 123.52 1263.9 23.361
328.000 9.316 373.86 130.71 1351.1 23.339
332,001 9.916 373.49 137.91 1438.2 23.316
336.001 10.516 373.16 145.11 1525.3 23.295
340.001 11.117 372.88 152.31 1612.4 23.278
348.001 12.317 372.45 166.71 1786.4 23.251
352.001 12.917 372.27 173.91 1873.5 23,240
360.001 14.116 371.93 188.31 2047.3 23.219
367.999 15.313 371.63 202.71 2221.0 23.200
372.002 15.909 371.48 209.92 2307.4 23.191
379.999 17.102 371.20 224.31 2480.4 23.173
388.000 18.293 370.93 238.71 2653.2 23.156
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Five apparatus were used to acquire the data for this project. These apparatus will be described
in this section.

B.1 Vapor-Liquid Equilibrium Apparatus

A schematic diagram of the vapor-liquid equilibrium apparatus used in this project is presented
in Figure Bl. The apparatus is designed to allow the liquid and vapor of a fluid 10 come to
equilibrium. Then the equilibrium pressure and temperature are measured. Also, the liquid and vapor
phase compositions are measured by flashing a smail sample of either the liquid or the vapor into a
low pressure helium carrier gas and using a gas chromatograph to analyze the sample. The main part
of the apparatus consists of an equilibrium cell, two recirculating pumps, and a platinum resistance
thermometer that are contained in a Dewar filled with silicone oil. The platinum resistance
thermometer has been calibrated on the ITS-50. The pressure transducer and feed system are
contained in an insulated box with an independent temperature control system (0 maintain it at a
temperature above the temperature of the Dewar. The pressure transducer is an oscillating quartz
crystal pressure transducer calibrated in our laboratory.

One or more mixture componenis are introduced into the system using the feed system. The
liquid and the vapor are continuously circulated to ensure that the system is well mixed. The liquid
and vapor samples are withdrawn through capillary tubing to gas chromatograph sampling valves that
are used to inject a small quantity of the sample into a helium stream. The helium stream carries the
sample to the gas chromatograph where the mixture components are separated. The procedure for
calibrating the gas chromatograph is outlined in Appendix C.

B.2 Bubble-Point and Near-Saturation (p,p,T) Apparatus

The apparatus used to measure the bubble-point pressures and near-saturation (p.p,T) data is
similar to the vapor-liquid equilibrium apparatus described above. The main part of the apparatus
consists of an equilibrium cell, two pumps, and two vibrating tube densimeters. These components are
housed in an oven which is used to control the temperature of the system. Figure B2 shows a
schematic diagram of this system. The liquid pump is located outside of the system and is used when
the system is above room temperature.

The system can either be filled with a standard mixture of known composition, or the liquid
composition can be measured. The liquid and the vapor are continuously circulated to ensure that the
system is well mixed. Once the system is equilibrated, the temperatures of the main cell and both
densimeters are measured, the pressure of the system is recorded, and both the liquid and vapor
densities are recorded. The composition of the vapor phase is calculated from the vapor-liquid
equilibrium data from the VLE apparatus described above. It is assumed that the vapor composition
is that of the vapor in equilibrium with the liquid which is at the temperature and pressure of the main
cell. The reason the vapor composition is not measured directly is because the temperature gradients
in this apparatus adversely affect the vapor composition determination.
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B.4 Adiabatic Constant Volume Calorimeter

The principal components of the calorimeter used for these measurements are shown in Figure
B4. A spherical bomb contains a sample of well-established mass. The volume of the bomb,
approximately 73 cm3 (4.6 in3), is known as a function of temperature and pressure. A platinum
resistance thermometer is attached to the bomb for the temperature measurement. Temperatures are
reported on the 1TS-90, after conversions from the original calibration on the IPTS-68. Pressures are
measured with an oscillating quartz crystal pressure transducer with a 0 to 70 MPa (0 to 10000 psia)
range, Adiabatic conditions are ensured by a high vacuum (3 x 10-3 Pa (4.4 x 104 psia)) in the can
surrounding the bomb, by a temperature-controlled radiation shield, and by a temperature-controlled
guard ring which thermally anchors the filling capillary and the lead wires to the bomb.

For heat capacity measurement, a precisely determined electrical energy (Q) is applied and the
resulting temperature rise (AT = T3 — T,) is measured. We obtain the heat capacity from

Q-Q - W,

nAT 0

where U is the internal energy, Qo is the energy required to heat the empty calorimeter, Wy is the
change-of-volume work due to the slight dilation of the bomb, and n is the number of moles
contained in the bomb. In this work, the bomb was charged with sample up to the (p,T) conditions of
the highest-density isochore. The bomb and its contents were cooled to a starting temperature in the
single-phase liquid region. The measurements were performed with increasing iemperature until
either the upper temperature (345 K (161°F)) or pressure limit (35 MPa (5076 psia)) was attained. At
the completion of a run, a small part of the sample was cryopumped into a lightweight cylinder for
weighing, The next mun was started with a smaller density, A maximum of eight runs was measured
with one filling of the bomb. When the runs were completed, the remaining sample was discharged
and weighed. A series of such runs from different fillings completes the investigation of the (p,T.C,)
surface.

B.5 Spherical Resonator Speed of Sound Apparatus

Accurate data of the speed of sound of a gas are obtained from measurements of the resonant
frequencies produced in a stainless steel spherical cavity containing the gas. Measurements of several
radial modes are taken at a very stable temperature and pressure. The speed of sound is computed
from the frequency at each of the modes, and an average is taken. The sphere radius used in the
computation of the speed of sound is found from similar measurements of the radial modes using
argon. Highly accurate properties of argon gas, including the speed of sound, are found in the work
of M. R. Moldover, et al. [Moldover, M.R.; Meht, J.B.; Greenspan, M.J. Accoust. Soc. Am. 79: 2;
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1986]. Also included in this reference is a detailed description of the theory of operation of the

spherical resonator.

The spherical steel cavity is mounted in a pressure vessel which also contains the gas. This
vessel is surrounded by a temperature shield and is housed in a cryostat which provides cooling for
lower temperatures. The pressure vessel has been designed for operation at pressures up to 7 MPa
{1000 psia) and temperatures from 249 K to 350 K (-11.5 to 170.3°F). Figure BS shows a schematic

diagram of this apparatus.
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APPENDIX C:
ESTIMATES OF STATE-POINT UNCERTAINTIES
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A state point is a group of parameters that uniquely specifies a point in a system such that there
are no degrees of freedom. For a binéry system, if there are two phases in equilibrium and the
temperature and liguid composition (the independent parameters) are known, the state point is
specified. The bubble-point pressure, vapor composition, densities, viscosity, surface tension, and
many other dependent properties are functions only of the temperature and liquid composition along
the two-phase boundary. Therefore, any uncertainties in the temperature and liquid composition
directly affect the uncertainty of the dependent properties. Unlike the measurement of an individual
parameter where the uncertainty is a function of only the calibration and measurement technique, the
state-point uncertainty also depends on the relations among the measured parameters.

The bubble-point pressure state-point uncertainty is defined as the uncertainty of the bubble-
point pressure given the uncertainty of the liquid composition measurement, the uncertainty of the
temperature measurement, the change of the bubble-point pressure with temperature and
composition, and the uncertainty in the pressure measurement. The bubble-point pressure state-point
uncertainty can be estimated using eq. (C1).

AP = + (5P°] -Ax‘+ |[6P"] -AT’-# |AP|]eﬂ, (CL)
& JT 8T P

where

P, = bubble-point pressure,

APg = bubble-point state-point pressure uncertainty in percent,

X = measured liquid composition,

Ax = liquid-composition uncertainty,

T = measured temperature,

AT = temperature measurement uncertainty,

P = measured pressure, and

AP = pressure measurement uncertainty,

The partial derivatives can be calculated using either the experimental data or an equation of state.

The uncertainty of the vapor-composition state point is a function of temperature, liquid
composition, and the interdependence of the parameters. It can be determined with a calculation
similar to that of the bubble-point pressure state-point uncertainty. The expression for the vapor-
composition state-point uncertainty is shown in eq. (C2).

(ﬁyu] - (Syu) AT (C2)
ox )T 8T /x

TAy,= *

+ IAyI] ,
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APPENDIX D:
GAS CHROMATOGRAPFPH CALIBRATION PROCEDURES
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The gas chromatograph calibration procedure involves six steps. The first step is the
preparation of two or three standard mixtures for each system. These mixtures are used to determine
which GC column to use, to refine the calibration, and to check the sampling system for adsorption or
mixing problems. The number of mixtures needed is dependent on the type of GC column used to
separate the two components. A short-packed column usually requires two standard mixtures. A
capillary column or long-packed column requires three or more mixtures due to the complex
behavior of adsorption and desorption along the length of the column.

In the second step, the standard mixtures are used to determine which GC column best separates
the two components and what are the appropriate settings on the GC. Table D1 summarizes the GC
columns and settings used for each of the systems in this report.

In the third step of the procedure, density-versus-area data are obtained for the pure
components from the GC. A specific volume is chosen for injection of the sample into the GC. This
volume is filled at different pressures of the pure fluid in a region where the virial equation for the
pure fluid can accurately predict the density. The pressure and temperature of the standard volume
are recorded before each injection. The density of the injected gas is calculated from the virial
equation of state.

The fourth step of the procedure characterizes any peak interaction or sample size dependence
by injecting different quantities of the standard mixtures into the GC. The same sample volume used
for the pure fluids is filled to different pressures with the standard mixtures. The area-percent-versus-
sample-size data are recorded.

The fifth step is determining the correct calibration equation to use with the calibration data.
For short-packed columns the area percent of the GC peaks should be independent of the amount of
the standard mixture injected. The calibration equation for this type of column is based on
combining the area-versus-density data of the two pure components. Usually the arca-versus-density
relationships for each of the pure components can be represented by a simple quadratic equation.
The standard mixture data is used to optimize the fit and to check the accuracy of the equation.

A capillary column or long-packed column shows a dependence of area percent on the sample
size injected. The calibration equations for these systems are more complicated than for short-packed
columns because they include a size dependence as well as a composition dependence that requires
all of the mixture and pure component data to be used in the fit. The procedure is more complicated
than the procedure for a short-packed column, but is necessary in order to obtain accurate results.

The final step checks the sampling system for losses due to adsorption or inhomogeneous
sampling. The apparatus is filled with one of the standard mixtures, and several samples are analyzed
using the sampling system. The composition calculated from the GC should be the same as the
composition of the standard mixture. If the composition is not the same as the standard mixture, one
of the components may be adsorbing to the walls of the sampling system or the sample is not well
mixed before it reaches the GC.

The GC calibration is only accurate within the peak area range of its calibration. If the samples
withdrawn from the system are too large or too small, the calculated compositions will be in error.
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The size of the sample withdrawn from the apparatus must be adjusted to stay within the limits of the
calibration.
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APPENDIX E:

REPRINTS OF PAPERS RELATED TO THE LEMMON-JACOBSEN
MODEL [1] AND REFPROP 6.0 [2]
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ABSTRACT

A mixture model explicit in Helmholtz energy has been developed which is capable of
predicting thermodynamic properties of refrigerant mixtures containing R-32, R-125, R-134a, or
R-152a. The Helmholtz energy of the mixture is the sum of the ideal gas contribution, the
compressibility (or real gas) contribution, and the contribution from mixing. The contribution from
mixing is given by a single equation which is applied to all mixtures used in this work. The
independent variables are the reduced density and reduced temperature. The model may be used to
calculate thermodynamic properties of mixtures at various compositions including dew- and
bubble- point properties and critical points. It incorporates the most accurate published equation of
state for each pure fluid. The model may be used to calculate the properties of mixtures generally
within the experimental accuracies of the available measured properties. The estimated accuracy of
calculated properties is £0.1% in density, £0.5% in the speed of sound, and *1% in heat

capacities. Calculated bubble-point pressures are generally accurate to within 1%.

KEY WORDS: equation of state; mixtures; R-32; R-125; R-134a; R-1523; thermodynamic

properties.
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1. INTRODUCTION

Applications requiring the use of equations of state capable of accurate prediction of
thermodynamic properties of environmentally-safe refrigerant mixtures are increasing. New
refrigerants and mixtures of refrigerants are used as environmentally acceptable replacements for
chlorofluorocarbons and hydrochlorofluorocarbons in refrigeration, heat pumps, foam-blowing,
and other applications. Mixture equations are required to evaluate the performance of possible
alternatives to the fully halogenated chlorofluorocarbons as working fluids. Many of the refrigerant
mixtures form azeotropes. This is often desirable in vapor compression cycles because the mixture
behaves as a pure fluid during phase changes.

The model presented here for mixtures of refrigerants is part of a more generalized model
reported by Lemmon and Jacobsen [1] for mixtures of cryogens, hydrocarbons, and refrigerants.
This model was initially reported by Lemmon [2] in a slightly different format. The model is based
on corresponding states theory. Reducing parameters which are dependent on the mole fraction are
used to modify absolute values of density and temperature. The Helmholtz energy for an ideal
solution is determined at the reduced density and temperature of the mixture using accurate pure
fluid equations of state for the mixture components.

The portion of the model des‘cribing the Helmholtz energy contribution from mixing is
nearly the same for all binary mixtures, and relatively simple scaling factors are used to determine
its magnitude for a particular application. Experimental data from many different mixtures were
used to determine the function. The model is capable of predicting mixture properties for fluids
with limited experimental databases. In addition, all vapor and liquid thermodynamic properties,
including density, energy, entropy, heat capacity, sound speed, vapor-liquid equilibrium, and the
mixture critical temperature, pressure, and density, can be calculated accurately using this
approach.

The mixtures studied in this work are:

+ R-32/R-125

* R-32/R-134a
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* R-125/R-134a

* R-32/R-125/R-134a

» R-134a/R-152a
Data for these mixtures were used to evaluate the behavior of the model, to calculate the
coefficients of the generalized refrigerant mixture equation and to calculate the individual
parameters for each binary mixture. Table I lists the pure fluid equations of state used in this work.
All equations were converted for convenience from the published format to a fundamental form
widely used in system analysis and design.
2. THE MIXTURE EQUATION FOR ENVIRONMENTALLY-SAFE
REFRIGERANTS

The Helmholtz energy for mixtures of refrigerants can be calculated using

a (8,T,x) = a; d,1,x)+ aE(B,t,x). ()

The Helmholtz energy for the ideal solution is

i u 0 r
a (3,7,x) = Y} x; [ai @1+ a1+ lnx,.], (2)
i=1
where r is the number of fluids in the mixture, ois the ideal gas Helmholtz energy of component

i, and of is the residual Helmholtz energy of component i. Equations for the ideal gas Helmholtz

energy and residual Helmholtz energy for the pure fluids are given in the references shown in
Table L.
The contribution to the Helmholtz energy from mixing used in this work is

- oo, 3
o =Y ¥ xx F leNk ' T +xp_35Xg 135V BT+ N L) +xp 30X _ (25N (30,
q=p+l =

rq° pq
p=l1

where the N, i, and j; are coefficients and exponents obtained from linear regression of
experimental mixture data. The coefficients, Ny, of the equation are determined using a stepwise

least-squares technique with a search and selection procedure which selects an optimum group of

terms from a large comprehensive function based on statistical evaluation of the significance of
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individual terms. All thermodynamic properties can be calculated from the Helmholtz energy using
differentiation with respect to density or temperature as described by Lemmon et al. [3].

The independent parameters of the equation for the contribution to the Helmholtz energy
from mixing given in this work are reduced density and temperature and mixture composition. In
addition, one other parameter, Fpg, is required which relates the excess-like properties of one
binary mixture to those of another. This value is determined with a nonlinear fitting procedure that
minimizes the sum of squares of the deviations between the equation and the data for a small select
set of measurements.

The reduced density and temperature of the mixture are

8=p/p,and 4)
1=T,T, 5)

where T; and p; are the reducing values,

T,= Lx,T.+Y ¥ xx0C (6)
p=1 P op=lg=p+l |
rox r r =

pJ = Z : + E Z xpxqépq B (7)

p=l P, p=lg=p+l
[

and where {,, and £, are used to define the shapes of the reducing parameter lines. The units for
temperature and density are kelvins and mol-dm-3. These reducing parameters are not the same as
the critical parameters of the mixture and the use of these parameters allows the calculation of VLE
properties above the reducing temperature. These parameters define the relationship between the
critical iines of different binary mixtures and are determined simultaneously in the nonlinear fit with
the generalized factor. Details of the fitting procedures to determine the generalized factors and
mixture parameters are given by Lemmon [2] and are not repeated here. The values of the
coefficients and exponents in Eq. (3) are given in Table II. The generalized factors and mixture

parameters are given in Table IL
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3. COMPARISONS OF CALCULATED REFRIGERANT MIXTUREPROPERTIES
TO EXPERIMENTAL DATA

Summary comparisons of values calculated using the mixture equation to P -p-7 data,

isochoric heat capacity data, sound speed data and VLE data for refrigerant mixtures are given in
Table 1V, as well as the temperature and composition range for the first component listed. Details
of the property calculation methods including those for VLE states are given by Lemmon [2].

The accuracies of calculated values of various properties are determined by comparing them
to measured values. Statistical analyses are used to deterrnine the overall estimated accuracy of the
model in representing the data sets used in determining the coefficients of equations of state, and to
define the ranges of estimated accuracies for various properties calculated with the formulation,

The statistics used to evaluate the equation are based on the percent deviation for

any property, X,

X,..~X
BAX = 100 [~—"—"——f’i‘-] (8)
Xdala

Using this definiton, the statistics in Table IV are defined as:
3 |[%ax), ©
L (%4x,). (10)

Two of the terms listed in Eq. (3) are specific to the R-32/R-125 binary mixture and
another is specific to the R-32/R-134a binary mixture. The mixture model behavior is sensitive to
the accuracy of the pure fluid equations of state. The equation of Qutcalt and McLinden (5] for R-
32 was used in place of the equation from Tillner-Roth and Yokozeki [4] to determine the
sensitivity of the deviations of calculated properties to the selection of the R-32 equation. Replacing
the equation increased the AAD for the data of Magee {11] by 20%. The deviations for other data in
the supercritical region increased as well. The database for mixtures containing R-32 may be more
reliable than that for the pure fluid. Additional details of this analysis are given by Lemmon [2].

This issue may be resolved by additional measurements and a revised correlation for R-32.
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Likewise, there are similar deficiencies in the R-125 database in the critical region.
4. ACCURACY ASSESSMENT

An assessment has been made to determine the accuracy of the mixture model reported
here. Generally, the equation is accurate to H).1% in density, £1% in heat capacity, and 0.5% for
the speed of sound. For binary mixtures, calculated bubble point pressures are generally within
+1%. The model is valid between from 200 to 450 K up to 60 MPa as verified by experimental
data. In regions where there are no binary mixture data, the accuracy is estimated to be of the same
magnitude. However, this cannot be verified by the authors until experimental data are available to
support these conclusions. Although the equation was developed using mostly binary data, it is
accurate in calculating the properties of mixtures with three or more constituents. This conclusion
is based upon comparisons of calculated values to the limited data available for multicomponent
systems.

Future measurements will confirm whether the equation is valid for other mixtures and in
regions not covered by the experimental data used in the development of this model. These data
will enable continued evaluation and development of the model.
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Table I. Pure Fluid Equations of State for Refrigerants Used in the Mixture Model.

Fluid Author Temperature Maximum
Range (K) Pressure (MPa)
R-32 Tillner-Roth and Yokozeki [4] 160 - 500 60
R-125 Outcalt and McLinden [5] 174 - 500 68
R-134a  Tillner-Roth and Baehr [6] 169.85 - 500 70
R-152a  Tillner-Roth [7] 154.65 - 435 30
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Table II. Coefficients and Exponents of the Mixture Equation

k Ny it Jk
1 -0.245476271425 x 10-1 1 2
2 -0.241206117483 1 4
3 -0.513801950309 x 10-2 1 ~2
4 -0.239824834123 x 10-1 2 1
3 0.259772344008 3 4
6 —0.172014123104 4 4
7 0.429490028551 x 10-1 5 4
8 —0.202108593862 x 10-3 6 0
9 -0.382984234857 x 10-2 6 4
10 0.262992331354 x 10-5 3 ~2
11 -0.198606229861 x 10-1 1 1
12 0.143226453485 1 0
13 0.369107330061 x 10-1 1 0
Table III. Parameters of the Mixture Equation
Binary Mixture Foq Epq G
R-32/R-125 —0.789585 -0.00530177 14.663390
R-32/R-134a —0.314574 -0.00392017 5.737916
R-125/R-134a 0.104729 0.0 —2.736948
R-134a/R-152a 0.125997 0.00487924 -2.041245
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Table IV. Comparisons of Mixture Properties Calculated from the Model to Refrigerant Mixture

Data
Author No. Temp. Comp. AAD Bias
Points Range Range

R-32/R-125 -P-p -T

Holcomb [8] 45 279-341 0.24-0.96 0.940 0.361
Kiyoura et al. [9] 94 330-440 0.37-0.61 0.487 —0.486
Kleemiss [10] 415 243-413 0.50-0.51 0.187 -0.035
Magee [11] 228 200-400 0.50 0.145 0.039
Oguchi et al. [12] 6 355-430 0.87 0.275 —0.138
Piao et al. [13] 533 263-393 0.37-0.90 0.245 -0.098
Sato et al. [14] 156 320-440 0.70-0.90 0.333 -0.328
Weber and Defibaugh [15] 17 338-373 0.55 0.497 —0.497
Zhang et al. [16] 124 300-380 0.50-0.70 0.279 —0.273
Overall 1618 200-440 0.24-0.96 0.263 -0.112
R-32/R-125 - VLE

Defibaugh and Morrison [17] 10 249-338 0.76 0.151 -0.060
Fujiwara et al. [18] 8 273 0.06-0.90 2.060 2.060
Higashi [19] 45 283-346 0.23-0.90 0.329 0.322
Holcomb [8] 30 280-340 0.34-0.95 0.311 0.172
Kleemiss [10] 23 224-333 0.48-0.52 0.364 -0.227
Nagel and Bier [20] 34 205-345 0.24-0.95 0.504 0.019
Oguchi et al. [12] 11 250-350 0.87 0.432 0.432
Piao et al. [13] 10 263-283 0.37-0.90* 0.665 —0.648
Widiatmo et al. [21] 24 280-310 0.20-0.90 0.530 0.383
Overall 195 205-350 0.06-0.95 0.476 0.192

E-12

Dynatemp EX1032
Page 186 of 197



Table IV, (Continued)

Author No. Temp. Comp. AAD Bias
Points Range Range
R-32/R-134a ~P -p -T
Holcomb (8] 44 279-340 0.13-0.97 1.123 0.535
Kleemniss [10] 390 243-413 0.50-0.56 0.090 0.001
Magee [11] 219 200-400 0.50 0.121 -0.079
Oguchi et al. [12] 19 363-473 0.39 0.426 0.407
Piao et al. [13] 633 263-393 0.33-0.89 0.405 —0.225
Sato et al. [22] 220 320-440 0.33-0.89 0.147 -0.011
Weber and Defibaugh [15] 17 338-373 0.51 1.048 -1.048
Widiatmo et al. [23] 22 280-330 0.40 0.105 -0.003
Overall 1564 200-473 0.13-0.97 0.274 —0.095
R-32/R-134a -¢,
Magee {11] 131 205-343 0.50 0.373 0.294
R-32/R-134a - @
Hozumi et al. [26] 144 303-343 0.16-0.90 0.030 0.030
R-32/R-134a - VLE
Defibaugh and Morrison [17] 25 253-358 0.50-0.55 0.398 0.260
Fujiwara et al. [18] 6 273-273 0.20-0.92 3.262 -3.262
Higashi [24] 39 283-365 0.12-0.67 1.171 1.104
Holcomb {8] 48 280-340 0.16-0.78 0.400 0.127
Kleemiss [10] 16 223-343 0.42-0.52 0.229 0.118
Nagel and Bier [20] 50 203-369 0.21-0.77 0.480 0.136
Oguchi et al. [12] 34 238-301 0.27-0.71 0.868 0.776
Piao et al. [13] 10 261-283 0.33-0.89" 0.565 ~0.565
Widiatmo et al: [25] 30 280-340 0.33-0.89 1.646 1.646
Overall 258 203-369 0.12-0.92 0.801 0.445
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Table IV. (Continued)

Author No. Temp. Comp. AAD Bias
Points Range Range
R-125/R-134a =P -p -T
Holcomb [8] 17 280-342 0.35-0.72 0.297 —0.166
Kleemiss [10] 407 243-413 0.50-0.51 0.125 -0.103
Magee [11] 268 200-400 0.50 0.110 -0.076
Weber and Defibaugh [15] 18 303-373 0.50 0.378 -0.353
Widiatmo et al. [23] 110 280-350 0.09-0.92 0.112 -0.093
Overall 820 200-413 0.09-0.92 0.128 —0.100
R-125/R-134a - VLE
Higuchi and Higashi [27] 55 283-365 0.18-0.78 0.373 0.030
Holcomb [8] 40 280-340 0.26-0.65 0.521 -0.032
Kleemiss [10] 24 224-343 0.46-0.51 0.432 —0.326
Nagel and Bier [20] 31 206-365 0.25-0.75 0.541 0.219
Widiatmo et al. [23] 75 280-350 0.09-0.92 0.712 0.711
Overall 225 206-365 0.09-0.92 0.542 0.235
R-32/R-125/R-134a - P -p -T
Holcomb [8] 42 244-346 0.20-0.68 0.984 0.490
Kiyoura et al. [9] 105 315-440 0.38-0.52 0.481 0.254
Kleemiss [10] 369 243-413 0.33-0.35 0.093 —0.019
Oguchi et al. [12] 12 365-430 0.38-0.47 0.090 —0.023'
Piao et al. [13] 994 263-393 0.19-0.47 0.307 -0.115
Widiatmo et al. [23] 53 280-340 0.38-0.46 0.185 —0.181
Overall 1575 243-440 0.19-0.68 0.278 -0.056
E-14

Dynatemp EX1032
Page 188 of 197



Table IV. (Continued)

Author No. Temp. Comp. AAD Bias
Points Range Range
R-32/R-125/R-134a - YLE
Higashi 28] 52 273-359 0.17-0.54 0.624 -0.235
Holcomb [8] 58 221-345 0.05-0.60 0.901 0.030
Kleemiss [10] 44 222-353 0.14-0.66 0.372 -0.306
Nagel and Bier [20] 25 205-362 0.19-0.43 0.601 -0.160
Piao et al. [13] 31 270-326 0.32-0.38 0.664 0.165
Widiatmo et al. {23] 43 280-340 0.35-0.46 0.504 0.500
Overall 257 205-362 0.05-0.66 0.625 -0.007
R-134a/R-152a — P -p -T
Dressner and Bier [29] 139 333-423 0.49-0.54 0.225 -0.076
Tillner-Roth [30] 1679 243-433 0.25-0.75 0.073 0.034
Weber and Defibaugh [15] 11 353-373 0.50 0.042 0.017
Overall 1829 243-433 0.25-0.75 0.085 0.025
R-134a/R-152a - @
Grebenkov et al. [31] 120 230-336 0.69 0.466 -0.446
R-134a/R-152a - VLE
Defibaugh and Morrison [17] 13 248-368 0.78 0.284 0.009
Kleiber [32] 25 255-298 0.31-0.98 0.146 -0.134
Tillner-Roth [30] 65 243-378 0.23-0.75 0.071 —0.035
Overall 103 243-378 0.12-0.98 0.116 -0.054
*Dew point compositions
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A NEXT GENERATION REFRIGERANT PROPERTIES DATABASE!

Mark Q. McLinden and Sanford A. Klein?
Physical and Chemical Properties Division
National Institute of Standards and Technology
Boulder, Colorado 80303 USA

ABSTRACT

A completely revised version of the REFPROP refrigerant properties database is described. This program is based on the
most accurate pure fluid and mixture models currently available. 1timplements three moedels for the thermodynamic properties
of pure fluids: the modified Benedict-Webb-Rubin (MBWR) and Helmholtz equations of state, and an extended corresponding
states (ECS) model. Mixture calculations employ a new model which applies mixing rules to the pure-fluid Helmholtz energies.
Viscosity and thermal cenductivity are modeled with either fluid-specific carrelations or a new variation on the ECS method.
These models are implemented in a suite of subroutines writien in standard FORTRAN. A separale graphical user interface
provides a convenient means of accessing the models. Tt will generate tables and/or plots for any user-specified mixture.
Numerous oplions to customize the output are available as well as copy and paste capabilities to and from other applications.

INTRODUCTION

Knowledge of the thermophysical properties is essential for the evaluation of alternative refrigerants and the design of
equipment using them. The REFPROP computer database from the National Institute of Standards and Technology (NIST)
(Huber ef al. 1995) has been one of the more widely used tools designed to provide these data. In the initial versions of
REFPROP {Gallagher e al. 1993), the intenl was 1o provide dala on a wide variety of fluids to allow screening studies of
possible replacements for the CFC or HCFC refrigerants. For many of these tluids, only sparse data were available, and,
consequently, the database relied primarily on a simple model with few adjustable parameters—the Camahan-Starling-DeSantis
(CSD) cquation of state. As the alternative refrigeranis move from the laboratory to use in commercial equipment, highly
accurate properties are required for a more limiled set of fluids. We describe a completely revised REFPROP program
(designated as Version 6) based on the most accurate pure fluid and mixture models currently available.

THERMODYNAMIC MODELS

REFPROP 6 calculates the thermodynamic properties using comprehensive equations of state, This approach ensures
thermedynamic consistency and allows caleulations at all conditions. Other approaches, such as the combination of a vapor-
phase model with vapor pressure and liquid density equatiens may not be applicable in the compressed liquid and supercritical
regions and do not always give reliable results for derived properties such as heat capacity and speed of sound.

Pure Fluid Models

Three models are used for the thermodynamic properties of pure components, depending on the availability of data. The
first is the modified Benedict-Webb-Rubin (MBWR) equation of state. This model was first proposed by Jacobsen and Stewart
{1973) and has been applied to a wide variety of fluids, including hydrocarbons, cryogenic fluids, and refrigerants. I is
capable of accurately representing the properties of a fluid over wide ranges of temperature, pressure, and density. The MBWR
equation is the basis for the current international standard for the propetties of R123 (Younglove and McLinden, 1994}

The MBWR equation expresses pressure as an explicit function of temperature and molar density and is of the form,

9 15
pe z o, p"+ exp[(p /pcn'r)z]z ap (n

n=I =10

where the o are simple functions of lemperature resulting in a (olal of 32 adjustable parameters. For a complete description of
the energy quantities (enthalpy, entropy, etc.), the MBWR equation is combined with an expression for the molar heat capacity of
the ideal-gas state, that is, vapor in the limit of zero pressure. A form combining polynomial and theoretical terms is used:

cid = T “kexp “k i =C_k‘ 2,3
: ZC +Z[cxp » _1] wit =t (2, 3)

All of the thermodynamic properties can be computed from Eqs. {1-3), as detailed by Younglove and McLinden (1294).

' Contribution of the National Institute of Standards and Technology, nol subject to copyright in the United States.
Permanent address: Solar Energy Laboratory, University of Wisconsin, Madison, Wisconsin 53706 USA
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The second high-accuracy pure-fluid equation of state is in terms of reduced molar Helmholiz free energy:

_A e i 1 sy il {4
G +a —]n8+Za,t +;0:k‘c 5 cxp( 1 ) ’ -
i

where the first two lerms on the right side of Eq. (4} constitute the ideal-gas contribution a‘?; they are analogous to the
combination of the ¢ term in the MBWR equation of state (cfy = RT) and the ideal-gas heat capacity (Egs. 2 and 3). The second
summalicn is the residual, or real-fluid, contribution a’. The temperature and density are expressed in the dimensicnless
variables T = T*/T and & = p/p*, where T* and p* are reducing parameters which are often, but not always, equal to the critical
parameters. The ¢y and o are numerical coetficients fitted to experimental data and the exponents 4, &, d;, and d; are typically
determined by a selection algorithim starting with a large bank of terms. The parameter 7 is equal to 0 for terms with fp = 0: it 1s
equal to | for terms with = 0. This “Helmholtz model” is the basis for the internaticnal standard formulation for R134a
{Tillner-Roth and Bachr, 1994).

This model is sometimes lermed the “fundamental equation” because it gives a complete description of the thermodynamic
properties, as discussed by Tillner-Roth and Baehr (1994}, but the MBWR equation of state combined with a € equation is
entirely equivalent. The sources for the high-accuracy formulations implemented in the database are summarized in Table 1.
The accuracy of these formulations vary, but these for R 123 are typical: experimental data are repreduced with average abscluie
deviations of 0.04 % for densities, 0.05 % for vapor pressures, and 0.75 % for heat capacities.

The third pure-fluid model is the extended corcesponding states (ECS) model of Huber and Ely (1994). [t is used for
fluids with limited experimental data. Simple corresponding states is based on the assumption that different fluids obey, in
reduced coordinales, the same intermolecular force law. This assumption leads to the conclusion that, with the appropriate
scaling of temperature and density, the reduced residual Helmholz energies and compressibilities (Z = p/RTp) of the unknown
fluid 7" and a reference fluid “0” (for which an accurate, wide-ranging equaticn of state is available) are equal:

a;(T;.p;} = a3(Ts.po) - and Z(T;p;}= Zo{To.po) - (5, 8)

When combined with an expression for the ideal gas heat capacity (such as Eqs. 2 and 3), all other thermodynamic propertics
can be calculated. The reference fluid is evaluated at a “conformnal” temperature and density:

?} Tocr:'r pgﬁr
T0=T;= I TR »and Pn=D;h‘=p;F¢{T) : (7. 8)

where the multipliers |/ f; and &; are termed reducing ratios; they are composed of ratios of the critical parameters. Simple
corresponding states was developed fer spherically symmetric molecules. The ECS model exiends the method to other types of
melecules by the introduction of the “shape factors” 0 and ¢. These shape factors are taken here to be functions only of
temperature. (If data sufficient to {it the density dependence were available, it would be preferable to develop a full equation of
state.) The shape factors are fitted to experimental data, typically vapor pressures and saturated liquid densities. The reference
fluid is chosen to be chermically similar to the fluid of interest. The fluids represented with the ECS model are listed in Table 2.

Table 1—High-accuracy pure-fluid equations of state currently implemented in REFPROP 6

Limits of Applicaticn

Fluid Model Scurce Temperatuce (K)  Pressure (MPa) Density (ke/m*)
RI1 Helmholtz  Jacobsen er al. (1992) 162.68 (Typ) — 623 0-30 0-1768
RI2 Helmholtz Marx et al. (1992) [16.10 (Ty) — 525 0 -200 0 - 1830
R22 Helmholz Kamei er al. (1993) [15.73 (Tp) - 550 0 - &0 0-1721
R32 MBWR Outcalt and McLinden (1993) 136.34 (Typ) - 500 0-60 0- 1429
RI13 Helmholiz Marx et al. (1992} 236.93 (Tip) - 525 0 - 200 0-1703
R123 MBWR Younglove and McLinden (1994) 166 (Ty,) — 500 0-40 0-1774
R124 Helmholtiz de Vries et al (1993) 100 - 400 0-40 0-1903
R125 MBWR Outcalt and McLinden (1995) 172.52 (Typ) - 500 0-60 0- 1691
R134a Helmheliz  Tillner-Roth and Baehr (1994) 169.85 (Typ) — 460 0-70 0-1591
Rl43a MBWR Qutcalt and McLinden (1994) 161.34 (Tp) - 500 0-40 0-1329
R132a MBWR Qutcalt and McLinden (1996) 154.56 (Typ) - 500 0-60 0-1193
R170 (ethane) MBWR Younglove and Ely (1987} 90.35 (Typ) - 600 0-70 0 - 664
R290 (propane) MBWR Younglove and Ely (1987} 85.87 (Typ) — 600 0-100 0-732
R600 (butane} MBWR Younglove and Ely (1987} 134.86 (Typ) — 500 0-70 0-754
R600a (isobutane) MBWR Younglove and Ely (1987) 113.55 (Typ) — 600 0-35 0-745
R717 (ammonia) Helmheltz  Tillner-Roth er af. (1993) 195.49 (Typ) = 700 0 - 1000 0 - 90(

R744 (COy) MEWR Ely et al. (1987) 216.58 (Typ) - 500 0- 40 0-117%8
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Table 2—Fluids currently represented with the extended corresponding states (ECS) model in REFPROP 6

Fluid Reference Fluid Fluid Reference Fluid Fluid Reference Fluid Fluid Reference Fluid
RI3 R12 R115 R12 R142b R22 RC270 propane
R4 R12 RIl6 RI12 R227ea R134a RC318 propane
R23 R134a R134 R134a R236fa Rl34a RI1270 propane
RI14 R12 Rl4dlb R22 R245¢ca Rl3da REIL70 propane

Mixture Madet
The thermodynamic properties of mixtures are calculated with a new model which was developed, in slightly different

forms, indcpendently by Tillner-Roth (1993) and Lemmon (1996). 1t applies mixing rules to the Helmholtz energy of the
mixture CO[’T}pOI']BI]tS:

A " n-1 n
— ey . *'_ﬂ' " ) i i EXEESN
ap = T xj(a_, +a; )+ Inx; + z E xpxqfi.,qam . (9
i=1 =l g=p+l

This mixing formula may be applied directly to the Helmholtz equation of state. Application to the MBWR equation of state and
the ideal gas heal capacity expression used with the MBWR and ECS models requires transformations:

1 {7 .
f=—— {P-RTp)dV ., and 10
¢ RTL( b) (10)

) } T X T Cid
gt =St gy TP +LI C;;’.:ﬂ‘—l —£.4T . (1)
RT R Tref pra'[ RT Trzf R Toy T

where A, and 5,y are an arbitrary reference enthalpy and entropy at the reference state specified by Tyr and ppey.

The first summaticn in Eq. (9) represents the ideal selution; it consists of ideal gas (superscript id) and residual or real
fluid (superscript r) terms for each of the pure (luids in the # component mixture. The x; In x; terms arise from the entropy of
mixing of ideal gases where v; is the mele fraction of component j. The double summation accounts for the “excess” free
energy or “departure” from ideal solution. The £, are generalizing parameters which relate the behavior of one binary pair with
another; £, multiplies the ag " term(s), which are empirical functions fitted to experimental binary mixture data, The a”and

;’“"‘" functions in Eqs (9 and 10) are not evaluated at the temperature and density of the mixture Ty, and p,y;e but, rather, at a
réduced temperature and density T and &. These 7 and & are very much in the spirit of the conformal temperature and density of
the ECS method and are a key innovation in this model. Several mixing rules for the reducing parameters are used, including

- a T
T . T
b Tm‘-z ‘ with r= sz?‘-ﬂqxpxq(?}fn T;ﬂ ) g and (12}
p=log=l
' l A 1 1) AT
=i o= D D bprorg () (67)°] o

p=l =1

If only limited vapor-liquid equilibrium (VLE) data are available the a;,* term is taken 10 be zero, and only the kr,,, and/or
ky p, parameters are fitted. The kr,,, parameter is most closely associated with bubble point pressures, and it is necessary to
reproduce azeoiropic behavior. The &y, parameter is associated with volume changes on mixing. (Ternary and higher order
mixtures are modeled in terms of their constituent binary pairs: &rp,, = 1and kyp, =1 forp =g.) If extensive data, including
single-phase pressure-volume-temperature (PVT) and heat capacity data, are available, the a;;™" function can be determined.
The Fp, parameter is used (either alone or in combination with &7, and ky ,0) 10 gcncrahze the detailed mixture behavior
described by the a7 function to other, similar, binary pairs. Lemmon (1996(‘ has determined an a,/“* function based on
data for 28 binary pairs of hydrocarbons, inorganics, and HFC’s (but using different mixing rules than Iqu. 12 and 13).

This “mixture Helmholtz model” provides a number of advantages. By applying mixing rules to the Helmholtz energy of the
mixture components, it allows the use of high-accuracy equations of state for the components, and the properties of the mixture
will reduce exactly 1o the pure components as the composition appreaches a mole fraction of 1. Different components in a
mixture may be modeled with different forms; for example, a MBWR equation may be mixed with a Helmholiz equation of state.
Lf the components are modeled with the ECS method, this mixture model allows the use of a different reference fuid for each
component. The mixture is modeled in a fundamental way, and thus the departure function is a relatively small contribution to
the total Helmholtz energy for most refrigerant mixtures. The great flexibility of the adjustable parameters in this model allows
an accurate representation of a wide variety of mixtures, provided sufficient experimental data are available.
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TRANSPORT PROPERTY MODELS
Pure_Fluid Models

The transport properties of viscosity and thermal conductivity are modeled with the residual concept. In this
representation, the property ¥, (representing either viscosity 1y or thermal conductivity 1) is composed of three contributions:

1= ¢TI+ A (T.0) + AXE(Tp) - (14)
id

%' is a dilute gas term which is a function only of temperature, and A" is a residual term accounting for the behavior at higher
densities, including liquid densities. Ay is primarily a function of density, but it may also be a function of temperacure and
density. The thermal conductivity approaches infinily at the critical point, and this critical enhancement is expressed by Ay".
This erm is significant for thermal conductivity even quite far from the critical point. For viscosity the enhancement is small
except extremely close to the critical point and may be safely ignored in all practical applications. A variety of fluid-specific
correlations for viscosity and thermal conductivity, based on the residual concept, have been implemented in the database.

Where fluid-specific correlations are not available, the transport properties are modeled with the extended corresponding
states method of Klein et af. (1996). This method is a modification of the ECS model of Huber er @l (1992a, 1992b) and
shares many of the concepts of the ECS meodel for the thermoadynamic properties described above. The dilute gas term is
modeled using kinetic theory (Hirschfelder et al. 1954). The residual term is scaled to the properties of a reference fluid:

M. 12
AxE(T-p}=Axa(?b-po)ﬂ"’h}”3[M—;] : (15)

where M is molar mass. The determination of the reducing ratios involves an iterative procedure. Eqs. (5) and (6) are iterated
to find the f; and Ay satisfying those two conformal relations. The conformal temperature Ty is defined in Eg. (7). The
conformat density pp in the residual term (but not the critical enhancement) is further modified from that in the thermodynamic
ECS method (Eq. 8) by the introduction of a third shape factor ¥

crit

Py =p; EEATI¥(p) (1)
}

The shape factor ¥ is a linear function of density and is determined by a least-squares fit to experimental data. Separate
functions are determined for viscosity and thermal cenductivity.

Mixture Model
The viscosity of a mixture is calculated with the extended corresponding states method of Klein er al. {1996):

nT.p.x) = 0 (T, x}+ An(T/ f,.ph ) Fy + 6 (p.x) , with Fo=fPn gl (17, 18)

The low-density contribution r]'“‘ is calculated with kinetic-theory (Hirschfelder et al. 1954) and An* is an Enskog-theory hard-
sphere correction for size and mass differences given by Ely (1981). The reducing ratios £, and k, are determined by applying
Eqgs. (5) and (6) 1o the mixture. The “mass shape factor” for the mixture, g,, is determined by mixing rules applied to the
component mass shape factors, defined as

g2 = an;(7y.p;) -1/2,,213
Loano(Tifem)

The residual viscosity of component j in Eq. (19} is evaluated, using either a fluid-specific correlation or the pure-fluid ECS
model described above, at the conformal conditions

(19)

‘[}:M and D_,;-‘-Mi- (20, 21)
5 hy

This formulation yields the pure-fluid values exactly as the composition approaches a mole fraction of 1. A analogous method
is used for thermal conductivity. For the transport properties, R134a is used as the reference fluid for all mixwre components.

PROPERTY SUBROUTINES

The property models described above are implemented as a suite of FORTRAN subroutines. These routines have been
completely rewritten from earlier versions of REFPROP. Source code is provided with the database so that users may link the
property routines with their own application. (*Translation” routines will allow applications written using the subroutine calls
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of earlier versions of REFPROP 1o use the new subroutines.) The routines are written in ANS[-standard FORTRAN 77 and are
compatible with FORTRAN 90. They are written in a structured format, are intemally documented with extensive comments, and
have been lested on a variety of compilers.

The fluid or mixtwre of interest is specified with a (required) call to the subroutine “SETUP.” This routine reads the
coellicients 1o the NIsT-recommended models for that fluid. Alternative property models andfor nonstandard reference states
may be specified by calls to additional (optional) setup routines. Routines are provided to calculate thermodynamic and
transport properties and surface tension at a given (7, p, x) state. lterative routines provide saturation properties at a specified
(T, x) or (P, x) state. Flash calculations calculate single- or two-phase states at specified (P, &, x), (P, T, x), etc.

The routines mentioned above are independent of the model. Underlying these routines are sets of “care” routines for
each of the models implemented in the database. Each such set is highly modular and is contained in a separate file.
Coefficients nceded for a particular model are stored in common blocks, but these commons are referenced only by routines in
the same file. These sets of subroutines, thus, resemble “unils™ in the Pascal language with clearly demarcated “interface™ and
“local” declarations. This structure is intended to simplify the addition of future models to the database and will make such
additions almost totally transparent o the user.

Numerical coefficients to the property models are stored in text files. There is one file per fluid and one file containing
coefficients for the mixture departure functions. These files are read (once) upon the call w SETUP. Fluids can be added to or
deleted from the database without recompilation.

USER INTERFACE

A graphical user interface has been developed for REFPROP 6 independent of the code implementing the algorithms. The
interface provides a convenient means to calculate and display thermodynamic and transport properties. It is written for the
Windows™ operating system. (Mention of commercial products is to fully specify the database and docs not constitute
endorscment by NIST or imply that they are necessarily the best suited for the purpose.) The interface 1s writlen in Pascal; it
accesses the FORTRAN property subroutines via a dynamic link library. Scrcen shots of the interface program are shown in
Figures 1 and 2. The program is controlled through the use of the following pull-down menus (visible at the top of Figure 1}

File provides commands to save and print gencrated tables and plots. Individual items or entire sessions with multiple
windows may be saved or recalled. The standard “print sctup™ and “quit” commands are also present.
The Edit menu provides copy and paste commands which allow selected data to be exchanged with other applications.

The Options menu provides commands for selecting the unit system, properties of interest, and the reference state. These
oplions may be stored for recall at a Jater time. A user-defined set of preferences is loaded upon program startup.

The pure fluid or mixture of intcrest is specified with commands in the Substance menu. Most of the refrigerant mixtures
of current commercial interest {those having an ASHRAE R400 or R500-series designation) are predefined. In addition,
new mixtures can be specified and saved by combining up to five of the pure components listed in Tables 1 and 2.

= : REFPRGP - MIST Refrlgerant Properties Datahase [ - |
file Edil Qplions  Substance  Colewlale  Flot Windaw Hrelp
-] A162a/123 |30470]: sl T=-40.0 to 140.0 |C} [=1= —_—
" T T . A123 - 2,2-dichlaro-1. 1, 1-uifluorocihane [CASA 306-83-2)
[ Temperatime | Pressuregl) Nenafyl) Enthaimal}
1] [H5a) Ikomdl | Ikdkal Mpta macs Taiple pl lemp. Buling pl. leng. Catical lamp,
3| 1000 a02561 13042 1564 152,93 165.00 |K) 300.97 [K] 456,90 [K]
4 Q04207 1362 4 167.1 e T . | o .
e = Gl fraTiae e, Nty cenbic laclor ipola al HE
: . : T-x plat R152a1123 3.662 [WPa) 3596 [kmolm3] 0.28 1,36 |debyel
5 J 120 RAange ol appheabdiay
s 10, Pressure [MPs] Mim, 1empersture Max tempeisture Man. paereute W an. danaity
5 g 1= L 166.D [K| £00.0 K] A0.0 (MPa] 11.60 panotmd]
I 5
] w| £ w0 B [HIST flex BWR MEWH aguaton of state: Youngkrvs & McLaden (1994 *
a
= o 15 UTEAATURE REFERENCE [¢]
| 10 50 E- L B A Tounglowa 4nd M0 Mclndan, An inl snabonsl standatd aquation-cl-data {omulsisnn of the
11 so| = > theimady e ol reliigreat 123 [22Gchono1 1 sithuciceibaned J. Flys Chem Asl [
T £ e .
n | Egastivn ol tate fFisrasiy | Thomal conduchvly | sulace [anion
1310 o a4 Q63 o i 100
0 | 7 " (=)
R121 Compositien [mass fraction| A152a z
+ ] [
Home FISZa/A123 Fhod A152s 7 A123 (307 70) Relmence (IR
Figure 1. Screen shol of interface showing a typical data table Figure 2. Pure-component information screen available
and temperature-composition diagram. from the interface.
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The Calculate menu initiates the calculations that generale a property table. Each property selected for display is shown in
a separaie column of the table. Two types of tables are provided. The first type, such as that shown in Figure [, provides
properties at saturation or with a property (such as temperature or pressure) held constant with another selected property
varying over a specified range. The second type allows the user to select the independent variables. Values of the
independent variables may then be entered with the keyhboard, read from a file, or pasted from another application.

The Plot menu provides publication-guality x-y plots of any variables appearing in a table, In addition, lemperature-
entropy, pressure-enthalpy, temperature-composition and pressure-composition diagrams may be generated automatically.
Controls are pravided to modify the plot size, axis scaling, plot symbols, line type, legend, and other plot features.

Each table or plot appears in a separate window and can be accessed, resized, or retitled with commands in the Window
menu. The number of windows is limited only by available memory.

A complete online-help system can be accessed through the Help menu. '

A status line at the bottom of the screen displays the currently specified mixture, composition, and reference state.
Clicking on the status line will call up a screen for each of the components providing documentation for fluid constants, the
source of the models, and their range of applicability, as shown in Figure 2.

CONCLUSIONS

The new REFPROP 6 database implements a variety of high-accuracy models for the thermodynamic and transport
properties of refrigerants and their mixtures. These models are implemented as a suite of FORTRAN 77 subroutines written in a
modular fashion; this structure will facilitate the incorporation of additional fivids and future models. A graphical user intecface
provides a convenient means of accessing the models and producing tables and plots of any specified mixiure.
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N I S T Technical Publications

Periodical

Journal of Research of the National Institute of Standards and Technology—Reports NIST research
and development in those disciplines of the physical and engineering sciences in which the Institute is
active. These include physics, chemistry, engineering, mathematics, and computer sciences. Papers
cover a broad range of subjects, with major emphasis on measurement methodology and the basic
technology underlying standardization. Also included from time 1o time are survey articles on topics
closely related to the Institute's technical and scientific programs. Issued six times a year.

Nonperiodicals

Monographs—Major contributions to the technical literature on various subjects related to the Institute’s
scientific and technical activities.

Handbaoks—Recommended codes of engineering and industrial practice (including safety codes)
developed in cooperation with interested industries, professional organizations, and regulatory bodies.

Special Publications—Include proceedings of conferences sponsored by NIST, NIST annual reports, and
other special publications appropriate to this grouping such as wall charts, pocket cards, and
bibliographies.

Applied Mathematics Series—Mathematical tables, manuals, and studies of special interest to physicists,
engineers, chemists, biologists, mathematicians, computer programmers, and others engaged in scientific
and technical work.

National Standard Reference Data Series—Provides quantitative data on the physical and chemical
properties of materials, compiled from the world’s literature and critically evaluated. Developed under a
worldwide program coordinated by NIST under the authority of the National Standard Data Act (Public
Law 90-396). NOTE: The Journal of Physical and Chemical Reference Data (JPCRD) is published bi-
monthly for NIST by the American Chemical Society (ACS) and the American Institute of Physics (AIP).
Subscriptions, reprints, and supplements are available from ACS, 1155 Sixteenth St., NW, Washington,
DC 20036.

Building Science Series—Disseminates technical information developed at the Institute on building
materials, components, systems, and whole structures. The series presents research results, test
methods, and performance criteria related to the structural and environmental functions and the durability
and safety characteristics of building elements and systems.

Technical Notes—Studies or reports which are complete in themselves but restrictive in their treatment
of a subject. Analogous to monographs but not so comprehensive in scope or definitive in treatment of
the subject area. Often serve as a vehicle for final reports of work performed at NIST under the
sponsorship of other government agencies.

Voluntary Product Standards—Developed under procedures published by the Department of Commerce
in Part 10, Title 15, of the Code of Federal Regulations. The standards establish nationally recognized
requirements for products, and provide all concerned interests with a basis for common understanding of
the characteristics of the products. NIST administers this program in support of the efforts of private-
sector standardizing organizations.

Consumer Information Series—Practical information, based on NIST research and experience, covering
areas of interest to the consumer. Easily understandable language and illustrations provide useful
background knowledge for shopping in today’s technological marketplace.

Order the above NIST publications from: Superintendent of Documents, Government Printing Office,
Washington, DC 20402,

Order the following NIST publications—FIPS and NISTIRs—from the National Teclmical Informarion
Service, Springfield, VA 22161.

Federal Information Processing Standards Publications (FIPS PUB)—Publications in this series
collectively constitute the Federal Information Processing Standards Register. The Register serves as the
official source of information in the Federal Government reparding standards issued by NIST pursuant to
the Federal Property and Administrative Services Act of 1949 as amended. Public Law 8%-306 (79 Stat.
1127), and as implemented by Executive Order 11717 (38 FR 12315, dated May 11, 1973) and Part 6 of
Title 15 CFR (Code of Federal Regulations).

NIST Interagency Reports (NISTIR)—A special series of interim or final reports on work performed by

NIST for outside sponsors (both government and non-government). In general, initial distribution is

handled by the sponsor; public distribution is by the National Technical Information Service, Springfield,

VA 22161, in paper copy or microfiche form. Dynatemp EX1032
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