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ABSTRACT

The thermodynamic properties of R134a and R123
are formulated using a modified Benedict-Webb-Rubin
(MBWR) equation of state fit to experimental measure-
ments of the critical point, vapor pressure, saturated liquid
and vapor volumes, superheated pressure-volume-
temperature (p-V-T) behavior, and second virial coefficients
derived from p-V-T and sound speed measurements.
The heat capacity of the ideal gas reference state is de-
termined from sound speed measurements on the low
density vapor. Surface tensions are also presented. The
experimental methods and results are summarized, com-
pared to the property formulation and, where possible,
compared to other sources in the literature. Tables and
diagrams of the thermodynamic properties of R134a and
R123, prepared using the MBWR equation of state, are
presented. While the various measurements cover dit-
ferent ranges of temperature and pressure, the MBWR
formulation is applicable in both the liquid and vapor
phases at pressures up to 10,000 kPa (1500 psia); the
applicable temperature range is 233 to 450 K (-40° to
350°F) for R134a and 255 to 450 K (0° to 350°F) for R123.

INTRODUCTION

The advent of the Montreal Protocol restricting the
future production of certainfully halogenated chlorofluoro-
carbon (CFC) refrigerants and more recent calls from many
quartersto completely or nearly completely ban their pro-
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duction present a major challenge to the refrigeration
industry. There are a number of very promisingfluids that
may serve as substitutes, either as pure fluids, as constitu-
ents of mixtures, or both. In particular R134a (CF,CFH,)
and R123 (CCI,HCF,) have emerged as leading candi-
datestoreplace R12 and R11, respectively: They are under
active worldwide development by a number of chemical
manufacturers working with the refrlgeratlon and air-
conditioning industry.

In order to evaluate the performance (energy effl
ciency, capacity, etc.) of these or any other replacement
working fluids in heat pumping, air-conditioning, or re-
frigerating applications, a complete set of thermodynamic
properties is required. Development efforts by equipment
manufacturers have been hampered by property data that
are sparse, conflicting, proprietary or, in some cases,
simply unavailable (Hickman 1988). The situation with
R134a has been considerably improved by the recent
publication of measurements by Wilson and Basu (1988)
and Kabata et al. (1988). The data for-R123, however, re-
main very sparse, at least in the open literature. Even for
R1344, values listed on property summary sheets pre-
pared by various chemical manufacturers are often
inconsistent.

The objectives of the present project are to measure
for R134a and R123 the basic data necessary to define the
thermodynamic surface, tofit these data, along with other
data available in the literature, to an equation of state, and
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to use this equation of state to generate tables and
diagrams of the thermodynamic properties. This paper will
focus on the last two aspects—fitting the data and present-
ing them in a convenient and usable form. The measure-
ment techniques themselves and the rationale behind
them will be outlined, but the full details, including the actu-
al experimental data, will be presented elsewhere (e.g.,
Chae et al. 1989; Goodwin and Moldover 1989; Weber
1989; Morrison and Ward 1989; Weber and Levelt-Sengers
1989). Any property formulation is merely a correlation of
the actual thermodynamic behavior of a fluid and is
therefore subjecttochange asadditional experimental or
theoretical information becomes available. The property
formulations to be presented here are feli to represent the
actualthermodynamic properties of these fluids as well as
possible given the present data; while fully adequate for
engineering calculations, they must, however, be con-
sidered provisional. A finalformulation of properties must
await more extensive measurements, which should be
underway by thetime this report is published.

REQUIREMENTS FOR THE DEFINITION
OF THE THERMODYNAMIC SURFACE

For calculations involving thermodynamic properties,
onerarely has a collection of experimental data that is suffi-
ciently large to permit interpolation at all points of interest.
Instead one employs an equation of state. An equation of
stateis a function that can correlate all the thermodynamic
properties of a fluid in a consistent way. Furthermore, it is
a fundamental relationship from which all the thermo-
dynamic properties of a material can be derived by apply-
ing the appropriate thermodynamic operations. An
equation of state thus allows the calculation of quantities,
such as entropy, that may not have been, or cannot be,
directly measured. :

An equation of state typically expresses the pressure,
p. as a function of absolute temperature, T, molar volume,
V. and a set of adjustable parameters, a;: -

p = f(T, V, a) NG

Other thermodynamic quantities are obtained by
manipulation of Equation 1. Integration of Equation 1 over
volume yields the Helmholtz free energy:

A=—[pav ‘~ @

Care must be takenin choosing the limits of this integration;
the most convenient choice for the upper limitis V = oo,
where all gases follow the ideal gas law:

p = RT/V , (3)

Inthelimitof V = oo, however, theintegral of pdV diverges;
this problem is avoided by integrating over the difference
between the actual pressure as given by Equation 1 and
the pressure of the ideal gas reference state (Equation 3)
to obtainthe difference betweenthe actual Helmholtz free
energy, A, and that of the reference state, A%:

AV,T) = AV, T) = f (p—RT/V) dv : (4)
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Q= _Cg—R.» A

Once the Helmholtz free energy is evaluated. the other
thermodynamic functions follow. Entropy is given by

s=-[4 (5)
ﬁTV ‘

"so that the difference between S and the reference state

entropy is given by the derivative of Equation 4:
S—5 = — [ (a-4v (6)
aT .

Theresults of the integration in Equation 4 and the differen-
tiation in Equation 6 represent only the volume depen-
dence of A and S. The temperature dependence of these
guantitiesis containedin the ideal gas reference state; for
entropy:

T
§ = ,ef+f Co/T dT (7)
Tref

where T, is an arbitrary reference temperature at which
entropy is set to an arbitrary reference value, S,,,; a com-
mon choice for refrigerantsis S,,, = O at T,,, = 23315 K
(—40°F). Thus, in addition to an equation of state (e.g.,
Equation 1) a second fundamental requirement to define
the thermodynamic behavior of afluid is knowledge of C?,
the heat capacity of the vapor inthe limit of zero pressure.
(Other reference states, which, in turn, would require calori-
metric information other than C3, can be defined. The
choice of the ideal gas reference state and the resulting
need for Cdinformation is the most convenient from both
numerical and experimental viewpoints.)

The other thermodynamic quantities arise by similar
operations. As examples:

H=A+TS+pV | : ®)
H-H = (A:—A°)+ T(S-S%+ (pV=RT) 9)
G = (10)

ic

C,—C0 = .T["—(s—s’)} .

3T (1)

(12)

‘ 14T av (13)
v T

The saturation pressure (vapor pressure)is obtained
from an equation of state by the equality of pressuresand
by use of the criteria for phase equilibria:
6(r,v) = G(1. V) (14)
where G, the Gibbs free energy, is evaluatedfor the specific
volumes of the liquid and vapor phases, V; and V,. G is

given by

G—G® = (A—A% + (pV—RT) (15)

PO



An equation of state, along with information on the
ideal gas heat capacity, thus ties together all the thermo-
dynamic properties of afluid. Which propertiesto measure

in order to define a fluid is dictated more by the form of the -

equation of state and the accuracy and ease with which
one can measure various quantities than by which quanti-
ties are required for a particular application, such as the
calculation of cycle efficiency. The measurements carried
out in this work consist of pressure-volume-temperature
(pVT) measurements alonglines of constantvolumeinthe
vapor phase, saturated liquid density and vapor pressure
over a range of temperature, and a determination of the
critical point parameters. These data represent the mini-
mum information necessary to define an equation of state
coveringthe range of temperature and pressure of interest
for refrigeration applications. Other approaches, built
around other data sets, are possible; the approach taken
here andits associated data set are the mostcommon. The
ideal gas heat capacity, C3. is derived from measure-

ments of the speed of soundin the low pressure vapor.In
addition, the surface tension of R134a and R123 was deter-
mined by the capillary rise method.

SYNOPSIS OF EXPERIMENTS
p-V-T Measurements

The mostimportant data for characterizing the ther-
modynamic properties of afluidin the single-phase region
are measurements of the pressure—volume temperature
behavior. Inthis work, measurements were carried out on
an apparatus operating in‘distinct Burnett and isochoric
modes as described by Linsky et al. (1987). The fluid sam-
pleiscontainedin a heavy-walled metal vessel having two
chambers of volumes, V, and V,, separated by a valve.
The sample vessel is submerged in a circulating oil bath
whose temperature is maintained within 1 mK (0.002°F) of
the desired value. Thermal variations W|th|n the bath are
less than 2 mK (0.004°F). Pressures are measured with
either a quartz Bourdon gauge (accurate to 0.2kPa[0.03
psia]) with digital readout or a manually operated gas
dead-weight gaugeaccurateto +0.002 kPa [+0.03 psia)).
The argonusedinthe pressure linesis separated from the
fluid sample by a nickel diaphragm transducer, located in
the ail bath, which is sensitive to 0.01 kPa (00015 psia).

The specific volume (or density) of the sample is deter-
mined indirectly by the Burnett (1936) method. This
method avoids the difficult determination of the cell volume
and sample mass. Inthe Burnett mode of operation, data
aremeasured at a constanttemperature by filling the first
chamber, Y, to the maximum desired pressure and den-
sity and evacuating V. After measuring the initial pres-
sure, po. the valve connecting V, and V,isopenedandthe
sample fills both chambers at a lower pressure, p,. The
valve is closed, V; is again evacuated, and the process
is repeated, measuring p,, Pa, €tc., until the minimum
pressure thatcanbe accurately measuredisreached. The
ratio between the total volume and that of V, defines the
volume ratio:

N, = H23) + Xpi)
Hrpi-)

(16)

=
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Usually the volume ratio ischosento have a value between
1.5 and 2 (1.78 in our case); it is a very weak function of
pressure as indicated by the p'sin Equation 16. The
volume ratio, including its pressure dependence, was
determined in a separate experiment by a calibration with
helium.

The specific volume of the sample in successive ex-
pansions follows from the definition of the volume ratio:
Vi = Vi N (17)
The volume for any given expansion can then be ex-
pressed as:

1
= Il

i=1
where V, is the initial molar volume of the sample and [T N,
is the product of the N's. The molar volume can be related
to the pressure through the use of the compressibility fac-
tor, Z = pVIRT. .

RTZ;

i
1

The above equations lead to anundetermined prob-
lem—there are more unknowns (V;, Z) than equations.
The situation can be resolved by defining the compressi-
bility factor in terms of a finite virial expansion:

(18)

i = (19)

Z=1+B[V+C/V:+ D[V (20)
where B, C, and D are the second, third, and fourth virial
coefficients and are functions only of temperature. This

yields one equation for each measured pressure:
B ¢ D e
VoﬁN- [v,uN,] [v.,uN]

If the number of expenmental pressures, p,, exceeds the
number of adjustable parameters (i.e., 8, C, D, V,), Equa-
tion 21 represents an overdetermined system and requires
a nonlinear least squares optimization (see Waxman and
Hastings 1971) toobtain B, C, D, V,. -

Thus, by means of the Burnett method, one can ob-
tain the molar volume of the sample without having to
measure it directly. The accuracy of volumes determined
in this way is better than 0.1%. The tradeoffs are the need
for highly accurate pressure measurements requiring the
use of a dead-weight gauge and a complex data analysis
procedure. In this work, a series of Burnett expansions
were carried out at a single reference temperature for each
fluid (368.15 K [203.00°F] for R134a; 433.15 K [320.00°F]
for R123). This allowed a determination of the virial coeffi-
cients at the reference temperature.

The bulk of the measurements were taken in the iso-
choric mode of operation. In thismode, sampleis loaded
into the volume V, only and the pressure is measured over
arange of temperatures at a constant density (or volume).
This mode of operation has been automated (Linsky et al.
1987), making use of the digital quartz Bourdon pressure

RT
i
Vol ¥




gauge. Themolar volume is determined from the pressure
measured at the reference isotherm and Equation 20; a
previously determined correction for the effect of pressure
and temperature on cell volume has also been applied.
Once measurement along anisochore is completed, the
sample is returned to the reference temperature, ex-
panded into volume V,, and the process repeated. Mea-
surements were made for a common set of temperatures
for each isochore. Thus virial coefficients at these other
temperatures could be determined by fitting the data with
Equation 20.

A dew point temperature was also obtained for each
of theisochores by cooling the sample into the two-phase
region. A plot of pressure vs. temperature displays a sharp
change of slope at the dew point. The intersection of simple
functions fit to the single- and two-phase data gives an
accurate determination of the temperature and pressure
corresponding to a given (saturated vapor) volume.

Five isochores were measured for each of the fluids in
question, resulting in a total of 56 pT pointsfor R134aand
64 points for R123. The minimum volume (maximum den-
sity) was approximately twice the critical volume; temper-
atures ranged from saturation to a maximum of 423 K
(302°F) for R134a and 453 K (356°F) for R123.

Liquid Density

Saturated lqu|d densities were measured in a
variable-volume cell originally designed for critical point
determinations (Davis 1983; Morrison and Kincaid 1984).
The cell consists of a drawn sapphire tubehaving a volume
of approximately 7.0 cm? (0.43 in3); the tube is closed off at
each end with stainless steel plugs sealed with O-rings.
The sample volume was changed by raising or lowering a
column of mercury introduced through an openingin the
bottom plug. The total volume accessible to the sample
and the volumes of the individual phases within the cell
were determined by measuring with a cathetometer the
position of the liquid-vapor and liquid-mercury menisCis
relative to the top and bottom of the cell. The cell was im-
mersed in a water or ethylene glycol-water bath whose
temperature was measured with a platinum resistance
thermometer calibrated to 1 mK (0.002°F). .. .

Samples were distilled from a gas buret at room tem-
perature into an intermediate stainless steel cell at liquid
nitrogen temperature. The mass of sample transferred was

determinedin two ways: first, by direct weighing of the cell |

beforeand after filling and, second, by using temperature-
pressure-volume measurements from the gas buret in con-
junction with the virial equation of state. The two determina-
tions typically agreed with one another to 0.1%. The
sample wastransferred from the stainless steel cellintothe
sapphire cell by displacement with mercury. The amount
of sample was selected to fill the cell roughly one-half full
ofliquid. At a given temperature, a series of measurements
was made with increasing heights of mercury (i.e., with
decreasing volumes occupied by the vapor). The volume
for the entire sample charge to be at saturated liquid condi-
tions was obtained by extrapolation to zero vapor volume.

The variable-volume apparatus was used tomeasure
the saturated liquid density of R134a from 268 K (23°F) to
the critical temperature and R123 from 303 K (86°F) to 373
K (212°F). The accuracy of these densities is +0.5%. A
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problem encountered in these measurements was l2akage
through the O-ring seals. Since the determination of den-
sity depends on knowing the amount of samplein the cell,
any leakage will result in a decrease in accuracy. R123
presented a particular problem with leakage. While no
completely satisfactory material was found, a viton O-ring
did contain the R123 sample for several days. This per-
mitted the measurements to proceed, although necessitat-
ing frequent changes of sample and replacement of the
O-rings. This apparatus was also used to measure vapor
pressure and critical point parameters, as described
below.

For R123, the liquid density was determined in two
additional ways. At temperatures below the normal boiling
point, the density was determined by a simple buoyancy
technique. A fused silica sphere of known density was
suspended from an analytical balance and weighed both
inairandimmersedinthe fluid. Athighertemperatures, the
constant-volume cell (described below in the section on
critical point determination) was also used.

.

Vapor Pressure

The vapor pressures of R134a and R123 were
measured in three different ways on two apparatus. These
differentmethods allow a wider range of temperature to be
covered and also serve as a consistency check.

The saturation pressure corresponding to each of the
isochores measured on the Burnett pV-T apparatus was
determined by cooling slightly into the two-phase region
as described above for the determination of saturated
vapor volume. In the second method on this apparatus, the
sample chamber was filled approximately one-half full of
liquid. The temperature of the oil bath was changed in
steps of 5 K (9°F) and the pressure was measured after
temperature equilibrium had been reached. Vapor pres-
sures from 313-373 K (104°-212°F) for R134a and from
338-453 K (149°-356°F) for R123 were measured with an
accuracy of 0.2 kPa (0.03 psia). There was excellent agree-
ment between the pressures measured with only a small
amount of liquid present and those with the sample
chamber half full of liquid.

The variable-volume apparatus was also used for
vapor pressure measurements. A diaphragm-type pres-
sure transducer was connected tothe sapphire samplecell
via a mercury-illed capillary coming off the bottom of the
cell. Pressures were measured simultaneously and at the
same temperatures as the volume measurements. For
pure fluids, the pressure should not change with the
volume accessible to the sample aslong as two phases are
present; such a lack of volume dependence on pressure
was, infact, observedto the accuracy level of the pressure
transducer. This apparatus was used to measure R134a
vapor pressures from 268 K (23°F) to the critical temper-
ature and R123 values from 303 K (86°F) to 373 K(212°F)
at an accuracy of 1%.

Critical Point

The critical point of R134a was measured in the vari-
able-volume apparatus described above. At the critical
density, the volumes of the liquid and vapor phases formed
asthe sample is cooled from above the critical point will be
identical; that is, the meniscus will appear at the middle of



mnecell Inprinciple, the critical point could be determined
py either raising or lowering the temperature. The presence
of even minor impurities, which inevitably segregate into
onephase or the other in the two-phase region, can cause
a specious critical pointdetermination if based on the dis-
appearance of the meniscus uponheating thesample. The
iormation of the two phases from a carefully prepared
homogeneous fluidleadsto amore accurate critical point
cdetermination.

The sample was heated above the critical tempera-
wure, vigorously stirred, and then slowly cooled (approxi-
mately 0.05 K/h, 0.08°F/h). The approach to the critical
pointis accompanied by the strong scattering of the blue
part of the visible spectrum, giving the sample a charac-
teristic reddish-brown color when viewed by transmitted
light and a pearly blue color by scatteredlight. The forma-
tion of two phasesis marked by a sudden loss of the color.
After phase separation, the sample was allowed to stand
and settle at a constant temperature; the location of the
meniscus was thenmeasured. This procedure was repeat-
ed atleast three times with the volumes varied by about 1%
so that the meniscus appeared above, near, and bélow the
center of the cell. These measurements were interpolated
to find the conditions at which the meniscus would have
appeared exactly in the center (i.e., the critical point).

By these measurements, the critical parameters of
R134a were determined as

T. = 374.205 + 0010 K (213900 + 0.018°F)

P = 4056 '+ 10 kPa (588.3 + 1.5 psia)

pc = 5153 + 1 kg/m?(32.2 + 0.1 Ib/t3)
These values are in good agreement with other measured
values. Kabata et al. (1988) report

T. = 37430 + 0.01 K(214.07 + 0.02°F)

pc = 508 £ 3kg/m3(31.7 + 0.21b/t3). . ..
The slightly higher.critical temperature reported by Kabata
et al. would be consistent with theirtechnique of observing
the disappearance of the liquid-vapormeniscus. The criti-
cal temperature measured by Wilson and Basu (1988) is

T, = 37425 + 015 K (21398 + 0.27°F)

Wilson and Basu did not directly measure the critical

pressure and density, but their values determined by,
extrapolation are also in good agreement with the values
presented here.’

The critical point for R123 was measured using a con-
stant-volume cell consisting of two sapphire disks approx-
imately 25 mm (1.0 in) in diameter with a spacing of 12.7
mm (0.50 in) supported within a stainless steel housing
(Hocken et al. 1975). The cell was sealed with gold foil
compression seals, avoiding the problems associated with
elastomeric O-rings. The cell was loaded to slightly above
the critical density and immersed in a silicon oil bath with
the temperature controlled to 0.01 K (0.02°F). The sample
was heated until there was a single phase, stirred vigor-
ously, and then cooled until a meniscus appeared. On
successive runs, small amounts of the sample were bled
from the celluntil, as discussed above; a set of measure-
mentsspanning the critical pointhad beenmade. The cell
with its contents was weighed after each run, thusallowing
the density at the point of phase separation to be evalu-
ated. The critical parameters determinedin this way were

267

T. = 45694 + 003 K (362.82 + 0.05°F)
0.

. =550 + 5kg/m3 (343 + 03 I1b/ft3)
The cnitical pressure was not directly measured but was

cdetermined by extrapolation of the vapor pressure data to
the tritical temperature; the value thus obtained was

0, = 3676 + 10 kPa (5332 + 15 psia)

There are. to our knowledge, no other documented deter-
minations of the critical parameters of R123 with which to
compare these values.

non

Speed of Sound

Theheatcapacity of theidealgas state, aswell as virial
coefficients, were evaluated from speed of sound data. In
the limit of zero frequency, the speed of sound, v, is a
thermodynamic quantity which is related to other quan-
tities by the expression

w5, = ELART+ A Mptn(me+.) @)
where -
e e —— (3

1-R/C3

Risthe gasconstant, Mis the relativemolecularmass, and,
3, and v, are the acoustic virial coefficients. The second
acoustic virial coefficient, 8,, is related to the “ordinary”
second virial coefficient, B (such as that determined by the
Burnett measurements described above), by
Bu(T) = 25+ (p5t) 748 4 (B 12 878 (24)
dT  k° dT?
By measuring the speed of sound along an isotherm over’
arange of pressures, C9, 8,, v, etc.; can be evaluated at
that temperature by a Ieast squares optimization. The'
evaluation of 8 from B, involves temperature derivatives of
B. Thusitis convenient to'assume a functional form for the
temperature dependence of B; the form used here is that
derived for hypothetical molecules intéracting vna the
square well potential (Ewing et al. 1988):"
B(T) = e+ ezexp (ey/T) (29)
This functional form allows the evaluation of the derivatives -
in Equation 24 and, hence, the evaluation of the coefficients
e,.e, and e,in Equation 25 by a nonlmear least squares
optimization.

The method used here for measuring the speed of
sound was first proposed by Moldover et al. (1979) and first
demonstrated by Mehl and Moldover (1981). The gas of in-
terest is contained within a thick-walled spherical cavity,
which itself is contained within an isothermal enclosure.
The resonant frequencies of the radially symmetric oscilla-
tions of the gas are measured by means of a sonic trans-
mitter and a detector mounted flush with the inside of the
cavity. The speed of sound is related to these frequencies,
fon DY

v = fon V:/:/ Yo,n (26)

where V, is the volume of the spherical cavity and », , are



zigenvalues that are known exactly. In practice, V, is deter-
:ined from sound speed measurements with argon, agas
ior which the speed of sound is very accurately known.
Several small (< 0.016%) corrections were made to the
neasured frequenciesto account forheat conduction from
e gasinto and out of the shell during the course of each
acoustic cycle and to account for the elastic response of
ihe spherical shell.

Measurements were made on 13 isotherms for R134a
spanning the temperature range 233.15t0 340 K (-40.0°
10 152.3°F); for R123, six isotherms over the temperature
range 260 to 335 K (8.3° to 143.3°F) were measured. The
pressure was varied from 5% to 50% of the saturation
pressure at each of the temperatures. The instrumental
arrorsin the measurements of the frequencies, tempera-
iures, and pressures were insignificant. Small (0.01%) in-
consistencies in the sound speed data for the refrigerants
were observed. These probably resulted from the slow
dissolution of the sample into severalfluoro-elastomercom-
ponents of the apparatus. The resulting accuracy for the
heat capacitiesis +0.1%. Although not presented in detail
here, the second virial coefficients derived from the sound
speed measurements using Equations 24 and 25 were in
axcellent agreement with those measured in the Burnett

. apparatus.

Surface Tension

Surface tension is a fluid property required in many
two-phase heat transfer correlations. Surface tension influ-
ences the growth of bubbles in nucleate boiling and the
drainage of condensatefrom certain enhanced condenser
surfaces. The surface tensions of R134a and R123 were
measured using a differential capillary rise technique

similar to that described by Rathjen and Straub(1973)in

combination with density data. The temperaturerange was
263 to 368 K (14° to 203°F) for R134a and 248 to 413 K
{-=13° to 284°F) for R123. The capillary height, h;, was
rneasured in atleast two different capillaries to a resolution
of $£0.02mm (+0.0008 in) with a cathetometer. The difficult
measurement of the bulk meniscus height, h,, was
avoided by the two-capillary method. The experimental
~easurements determinedthe capillary length parameter,
«?, through the relation derived by Rayleigh (1916):

ot = r[te=o s Boorme B o E g
I,

(hi-ho) (As-ho)?
where r, is the capillary radius. In this work four different
capillaries, with radii ranging from 0.148 to 0.574 mm
(00058 to 0.0226 in), were used in order to increase the
dynamic range of the measurements. The surfacetension
is related to o through
c=a’lpg/2 (28)
where Ap is the difference between the liquid and vapor
densities and g is the acceleration due to gravity. Density
values calculated from the equation of state were used to
compute surface tension values. The parameter o? is rep-
resented by the form (Chaar et al. 1986):
a? = @l 799

(29)

where 7 = 1 — T/T.. ag = 635 mm?for R134a and 5.75
mm? for R123. Expermental and calculated values of sur-
facetension are showninfigure 1. The estimated accuracy
of the valuesis +0.0001 N/m (+0.1 dyn/cm). The surface
tensions were also correlated directly as
o = o, 7126 (30)
where g, = 00608 N/m (608 dyn/cm) for R134aand g, =
00575 N/m (57.5 dyn/cm) for R123. Although more conve-
nientthan Equations 28 and 29, Equation 30is notas accu-
rate, leading to errors of as much as 000025 N/m (0.25
dyn/icm).
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Figure 1 Surface tension as a function of temperature for R134a and
R123; symbols are experimental points, fines are coelation.

Fluid Samples

The sample of R134a was stated by the manufacturer
to have a purity of approximately 99.94 wt%. The majorim-
purities were related fluorocarbons, which should have an
insignificant effect on the measured properties at the levels
present, and water. The sample of R123 was assayed by
the manufacturer as 99.99 wt% pure with a water content
of less than 20 parts per million (ppm). An analysis con-
ductedin thislaboratory using gas chromatography and
mass spectroscopy techniques confirmed this result. A
trace quantity of the isomer R123a (1,2-dichloro-1,2,2-tri-
fluoroethane) was detected. The amount of R123a was
barely above noise levels and thus could not be quantified,
but should be no more than a few parts per million.

Both samples were found to contain significant quanti-
ties of air. (The purity values stated above areon an air-free
basis.) The air, along with-any other highly volatile impuri-
ties, was removed by repeatedly freezing the sample at
liquid nitrogen temperatures, evacuating, and thawing.

The sound speed measurements are sensitive to any
water present as an impurity and thus significant effort was
devoted to analyzing for water content. The R134a was
analyzed by gas chromatography using a 2 m packed col-
umn and a thermal conductivity detector. Calibration was
done using four gravimetrically prepared standards of
water in nitrogen. The water content of the R134a as re-
ceived was 215 + 8 ppm. The sample used in the sound



speed measurements was dried by passing over a
molecular sieve to alevel of 105 + 5 ppm water. A similar
technique was used for R123 except that the sample was
injected as a liquid into the GC column using a cooled
syringe, and gravimetrically prepared acetonitrile/water
calibration standards were used. This analysis yielded a
R123 water content of 23 + 2 ppm as received and 8 +
2 ppm for the dried sample used in the sound speed
measurements. An analysis of R123 by a second method,
a Karl Fischer titration, yielded a water content of between
12 and 35 ppm.

The water content of the dried samples was sufficiently
low to not affect the sound speed measurements. There
was no detectable difference incritical point between dried
and undried samples of R134a.

FORMULATION OF THERMODYNAMIC SURFACE

The previous discussion outlined how an equation of
state could encompass all of the thermodynamic proper-
ties of a fluid. Not all equations of state, however, are ap-
plicable tothe entire thermodynamic surface. Forexample,
the Martin-Hou equation, which is often applied to refrig-
erants (ASHRAE 1986), is not accurate in the liquid region.
With thisand many otherequations of state, separate corre-
lations for saturated liquid density and vapor pressure are
required. A single equation, applicable to both the liquid
and vapor phases, from which all the thermodynamic
propertiescan be computedin a thermodynamically con-
sistent way, is desired; two such equations were in-
vestigated for use with R134a and R123.

CSD Equation of State

The Carnahan-Starling-DeSantis (CSD) equation of
state has been applied to refrigerants and, particularly,
refrigerant mixtures (Morrison and McLinden 1985, 1986).
Itis of the form

2V _ 1+p0 e
RT  (1+y)'  RT(V4d)

wherey = b/4V. Thefirstterm on the right side of Equation
31 is the Carnahan-Starling (1969) representation of the
behavior of a system of rigid, noninteracting spherical
molecules; the parameter “b" is related to this “hard-
sphere” volume. The second term, proposed by DeSantis
et al. (1976), accounts for the long-range attractive forces
between molecules; the parameter “a"” characterizes this
interaction. The parameters “a" and “b" are temperature-
dependent and are represented as:

@31

¢ = ggexp(a; T+ 63 T?) 32

The attributes of a strong theoretical basis and relative
simplicity allow the CSD equationtorepresentafluid with
aminimum of data. The CSD equation was fitted tothe pre-
sent experimental data. The accuracy with which the CSD
equation represented the properties of R123 was good;
however, the fit to the R134a data, while usable, was not of
alevel commensurate with the accuracy of the experimen-
tal data. This failure may be due to the highly polar nature
of these new fluids and necessitated fitting a more complex
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equation of state. Given the high accuracy data now
available for thesefluids, itis appropriate to employ amore
sophisticated equation of state. For consistency, the MBWR
equation of state will be used for both R134a and R123.

Modified BWR Equation of State

A modification of the Benedict-Webb-Rubin equation
of state (MBWR) proposed by Jacobsen and Stewart (1973)
isadoptedhere. Itis versatile, applicable over wide ranges
of temperature and pressure, and has found wide accep-
tance for the representation of hydrocarbons and
cryogenic fluids (eg., Younglove 1982; Younglove and Ely
1987); it has also seen limited application to the halocarbon
refrigerants (ASHRAE 1986). Itis of the form

15

2 0 | VAR
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9
p= Y el VP + exp(=V2/ V) (34)

n=1

where the temperature dependence of the coefficients is
given by
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The greater complexity of the MBWR equation of state
compared to the CSD equation, along with the flexibility
allowed by its 32 adjustable parameters, allows a much
more accurate representation of the experimental data but
simultaneously entails a more involved fitting procedure.

Auxiliary Functions

In order to fit the saturation boundary (which is given
heavy weight) in a straightforward way, information on the
saturated liquid and vapor densities and vapor pressure
as well as their temperature derivatives, all at common
temperatures, is required. Since such data are seldom
available, the saturation data are first fit to separate func-
tions, which are then used to compute the required points.
These auxiliary functions are used only in the fitting pro-



cess: the final computation of all thermodynamic quantities
is based directly on the MBWR equation of state.

The measured vapor pressure values were fit to the
form

Inp = 7/T+m+m T+ m(l— T/ Tt (36)

The coefficients, =,, are given in Table 1. (Critical region
theory predicts a value of 1.9 for the exponent in the last
term of Equation 36; a value of 1.5, however, wasempirically
found to yield a better fit over a wide temperature range.)
ForR134a,there are datafromthree apparatusandtwoin-
dependent sources. For the temperature range where they
overlap (above 3100 K or 98.3°F), the data of Wilson and
Basu andthose measured here onthe Burnett apparatus
arein excellentagreement with RMS deviations from Equa-
tion 36 of 0.11% and 0.07%, respectively. At lower
temperatures, the data from the variable-volume apparatus
are consistently lower than those of Wilson and Basu. The
difference is greatest (approximately 3%) at 268 K (23°F).
Infitting Equation 36, a higherweightwas givento the data

TABLE 1
Coefficients for the Auxiliary Functions and C2

R134a R123
Constants for use with Equations 22, 36-40:
Sl Units
T.(K) 374.205 456.94
e (kg/m3) 515.3 549.9
8 0.34 0.333
M 102.030 152.930
I-P Units
T, (°R) 673.57 822.49
Pe (lb/ft ) 32.17 34.33
B 0.34 0.333
‘m 102.030 152.930
Vapor pressure, Equation 36
Sl Units (p in kPa; T in K) o
L3 -3.35346E+3 -399171E+3
L 1.836 06 E +1 1.80335E +1
r3 —290804E-3 -237767E-3
2.78366 E+0 281272E+0
- P Umts (pinpsia; Tin °R)
r, -6.03623 E+3 -7.18508E+3
x5 1.64299E +1 1.61028E +1
%3 -1.61558E-3 -1.32093E-3
T, 2.78366E+0 2.81272E+0
Saturated liquid density. Equation 37 (dimensionless) - -
d, 1.72389 1.882 64
d, 1.717 61 0.257 94
d, - -2.26904 0.68074
ds 1.707 44 -0.10191
Saturated vapor density, Equation 40 (dimensionless)
[ol . -3.47966 . -49157
Q 9.34904 18.877 51
Qs ’ -0.40186 -17.60147
Qs 28.09001 41.639.63
9s 31.91004 33.89977 ¢ ¢
Ideal gas heat capacity, EQuation 41
SI Units (C2in J/(mol - K); Tin K)
c, 1.94006E+1 . 2.92604E+1 |
[ - 2.58531E-1 3.02994E-1
C3 -1.29665E-4 -1.92907E-4
I-P Units (CQ in BTU/(Ib mol - °R) -
¢, 4.63694E+0 6.99353E+0
c, 3.43286E-2 402326E-2
5 -9.56519E-6 -1.42305E-5

from the Burnett apparatus. reflecting their higher accu-
racy compared to the variable-volume apparatus. The data
of Wilson and Basu were also included because of their
high stated accuracy and greater temperature range
(down t0.211.0 K or —79.9°F). The overall weighted RMS
deviation for R134a was 0.20%. For R123, the RMS devia-
tions from the fit were 0.07 and 0.39% for the Burnett and
variable-volume apparatuses, respectively, with an overall
weighted RMS deviation of 0.15%. Again, the datafrom the
Burnett apparatus were given a higher weight.
The saturated liquid densities were fit to the form:

ploc = 1+ ditt + dg i3 4 dyr 4 d 1 37)

where7 = (1 — TIT) and p. is the critical density. The coef-
ficients for the fit to R134a and R123 are given in Table 1.
The value of the critical éxponent, B, i5 taken as 0.34 for
R134a based on the work of Kabata et al. (1988); it is
assumedto be V3 for R123. A comparison of experimental
values with those calculated by Equation 37 is given in
Figure 2for 134a. There are significant differences, aslarge
as 1.5%, especially near the critical temperature, between
the different sources. At thistime, there is little justification
for selecting one source over another and thus all were
given equal weight in the fit. The RMS deviations between
the experimental values and the auxiliary function are
0.44% for the variable-volume apparatus, 0.38% for the
data of Wilson and.Basu, and 0.24% for the data of Kabata
etal. A similarcomparison for R123 is givenin Figure 3: For
this fluid, all of the data are from this work but by three dif-
ferentmethods, as described above. There is good.agree-
ment between the various techniques with RMS deviations -
from Equation 37 of 0.06% for the low-temperature buoy-
ancy technique, 0.34% for the variable-volume apparatus, -
and 0.16% for the constant-volume apparatus. -

The fitting of an auxiliary function for saturated vapor
density presents a special problem; the experimental |
values from the Burnett apparatus extend over a limited -
temperature range (320 to 366 K or 117° to 199°F for
R134aand 3400 425 K-or 152°to 305°F for R123). Densi- |
ties at lower temperatures were generated bythe truncated
vmal equatlon of state

"=‘_"T/p+‘?_‘* S @9

=My T g

whereM isrelative molecular mass; the pressure, p, is com-
puted at saturation conditions by Equation 36; and the
second virial coefficient, B, is based on sound speed data
andis given by Equation 25. These calculated points were
combined with values from the Burnett apparatus and
fitted to the following form:

In(p/pe) = lr" + 9P 4 grt g 4 g (T T (40)
Againthe coefhuents are givenin Table 1. The virial equa-
tion of state truncated-at the second virial coefficient is
accurate only for low to moderate pressures; thistranslated
into an upper temperature limit of 273 K (32°F) for R134a
and 323 K (122°F) for R123. There is thus a significant
temperature span where no information on saturated



vapor volumes is available. Equation 36 should, however,
adequately interpolate between the high-temperature
Burnett measurements and thelower temperature calcu-
lated values. The RMS deviations were 0.09% for both
R134aand R123.
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P-V-T Surface

The isochoric p-V-T measurements made with the
Burnett apparatus along with the second virial coefficients
derived from the sound speed and Burnett measurements
were used, along with the auxiliary functions for the satura-
tion boundary, to fitthe MBWR equation of state. for R134a
the isochoric measurements of Wilson and Basu were also
included.

One advantage of the MBWR equation of state isits
ability to represent the entire thermodynamic surface, in-
cludingthe compressed liquid region. There are, however,
no experimental compressed liquid data available at the
present time with which to fit this region. To resolve this
situation, p-VT values along several isothermsinthe com-

2n

pressed liquid region, extending from near saturationto a
pressure of approximately 10,000 kPa (1500 psia), were
calculated using a property estimation program based on
the theory of extended corresponding states (Ely 1984).
-This method starts with a very accurate thermodynamic
surface for a well-characterized reference fluid (inthiscase,
propane), scales this surface by the use of reduced proper-
ties (i.e.. a property such as temperature divided by that
property at the critical point), and then fits a number of
“shape factors" to slightly distort the reference surface to
reproduce the available experimental vapor pressure and
saturated liquid density for the fluid in question. The “data”
generated using the extended corresponding states
model were given a very low statistical weight compared
to the experimental values in fitting the coefficients of the
MBWR equation.

The routines developed by Ely (1984) were used with
minor modification to fitthe MBWR equation of state tothe
experimental data. These fitting routines employ a multi-
property linear least-squares analysis and incorporate a
weighting scheme proposed by McCarty (1980). The result-
ing coefficients are givenin Table 2. The MBWR equation
of state is constrained to pass through the critical point.

TABLE 2
" Coeftficients for the MBWR Equation of State
- R134a R123
b1 5.432 351 078 E+01 -3.565 346 146 E+02
bz -2.817 179 422 E+03 2.460 182 902 E+04
ba 4.180 438 062 E+04 -4.886 306 960 E+05
b4 -3.256 922 234 E+06 6.975 297 669 E+07
bs 3.083 105 280 E+07 -5.898 504 668 E+09
be -2.306 068 261 E-O1 2.020 863 609 E+01
by -1.802 987 614 E+03 -4.091 285 105 E+04
bs 1.895 347 500 E+06 2.267 025 665 E+07.
be 1.266 051 930 E+09 3.494 004 970 E+09
bio 1.741 323 933 E01 -3.856 016 874 E+00
b1 -4.772 988 829 E+01 7.137 009 696 E+03
b2 -3.432 544 166 E+04 -2.373 613 586 E+06
b3 1.686 496 803 E+01 -2.291 124 604 E+01
b4 -6.286 672 309 E+03 -7.7686 150 982 E+04.
bis -7.041712 468 E+05 3.187 411 790 E+06
b 5.735 386 537 E+02 8.700 369 537 E+03
bir -1.356 666 658 E+01 -2.108 108 831 E+02
bis 3.072 670 709 E+03 -8.707 384 556 E+04
b -8.493 229 270 E+01 4,686 633 868 E+03
b2 -1.849 376 298 E+09 -7.380 524 773 E+09
bas 5.825639 389 E+10 5.193 095 367 E+10
b2z £6.512 433 009 E+07 <6.105 495 540 E+08
bz 6.341 579 266 E+ 11 1.634 552631 E+13
bas -6.885 139 519 E+05 -1.513 595 925 E+07
bzs -3.691 540 607 E+07 9.576 741 434 E+08
b2s -9.494 108 810 E+03 -3.322908 616 E+05
b2y -3.083 412 869 E+07 -1.324816 394 E+10
bzs -1.514 309 042 E+01 -4.461 246 944 E+03
b2o -4.323 050 466 E+03 1.591 820 977 E+06
bao -2.023 379 823 E-01 -5.971 857 323 E+00
bat -5.752 269 805 E+01 -3.155 068 205 E+04
baz -7.535 403 081 E+03 -8.095 134 997 E+05

Note: These coetlicients are for pressure in kPa, temperature in K, and volume in
L/mol: the gas constant, R = 8.314 471 J/(moi * K).
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Figure 4 Comparison of experimental p-V-T data with MBWR
equation of state, R134a; solid symbols are data of
this work, open symbols are data of Wilson and Basu
(1988), lines connect measurements along an isochor.

The fit of the equation of state in the single-phase
region can be assessed by comparing either pressures
computed given temperature and volume, or volumes
computed giventemperature and pressure. A comparison
of experimental and calculated pressures is given in Figure
4 for R134a. Theisochoric p-VT values reported by Wilson
and Basu and those measured with the Burnett apparatus
generally show good agreement. The RMS deviations for
the two data sets are very similar (0.09% for the Burnett
data vs. 0.15% for Wilson and Basu's data). The lowest
densityisochore of Wilson and Basu (indicated by open,
inverted trianglesin Figure 4) appearedto be inconsistent
with the other data and was given zero weightinthe fit. The
RMS deviations for volume are somewhat larger (9.1.7% for
this work, 0.76% for the values of Wilson and Basu). A large
share of the total error (especially for the data of Wilson and
Basu) is due to a few measurements near the critical point
where the pressure-volume isotherms are very “flat,” so
small differences in pressure or temperature resultin large
errors in volume. . ’

The average absolute difference between experi-
mental and calculated second virial coefficients was 0.55
cm3/mol; the maximum difference was' 1.04 cm3/mol
corresponding to 0.28%. For temperatures from 233 K
(—40°F) to the criticaltemperature, the MBWR equation of
state reproduced the saturated liquid and vapor densities
and vapor pressures given by the auxiliary functions with

RMS deviationsof 0.70%, 0.18%, and 0.03%, respectively. -

Again, much of the total error is due to the near-critical
region; over the more limited temperature range of 233
t0353 K (—40°to 176°F), the RMS errors reduce to 0.03%,
0.10%, and 0.003%. These deviations must be combined
with the RMS deviations for the auxiliary functions (present-
ed above) to obtain the differences between the MBWR
equation of state and the actual experimental values.
Theresidualsfor the R123 p-VT data are presented in
Figure 5. A small (approximately 0.1%) systematic devia-
tion with temperature is observed. The RMS deviation for
the 64 p-VT points is 0.10% in pressure and 0.15% in
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Figure 5 Comparison of experimental p-V-T data with MBWR
equation of state, R123

.

volume. The average absolute deviation in the experi-
mental and calculated second virial coefficients is 1.32
cm3¥/mol. Along the saturation boundary, the MBWR
reproduces the liquid density with an RMS error of 0.71%,
the vapor density to 0.29%, and the vapor pressure to
003%. As with R134a, most of the total RMS error is due
to the near-critical region. Over the temperature range of
279910 4300 K (26.3 to 314.3°F), the RMS errors reduce
to 0.07% for liquid density, 0.12% for vapor density, and
0010% for vapor pressure, respectively.

Because of the necessity to estimate compressed
liquid p-VT values, theaccuracy of the MBWR equation of
state in this region cannot be stated. However, because its
behavior in this region is based on a real reference fluid
(rather than being an extrapolation of vapor and saturated
liquid behavior), themodest amounts of subcooling usually
encountered in refrigeration systems should be repre-
sented with good accuracy.

Ideal Gas Heat Capacity

Theideal gas heat capacities derived from the sound
speed measurements were fitted to a simple polynomialin
temperature:

3

P

=¢+¢T+c T? (41)
where the coefficients are given in Table 1. The RMS devia-
tions between Equation 41 and the experimental values
were 004 % for R134a and 0.17% for R123 over the temper-
ature range of the data. The values for R134a measured
here are 1.2%to 1.7%lower than those reported by Chen
et al. (1975) and 1.4% to 2.7% lower than the values
reported by Wilson and Basu with the greater differences
atthe highertemperatures. For R123, the value measured
here at 305 K (89°F) is 0.6% higher than the value reported
by Luft (1954). The values of Chen et al., Wilson and Basu,
and Luft are calculated using statistical mechanics and the
assignment of molecular vibrational modes based on
spectroscopic data. Although this method of calculating
C2is, in principle, highly accurate, the assignment of the
various spectral lines to specific vibrational modes of the
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0.217
0.216
0.216
0.215
0.214
0.214
0.212
0.211
0.209
0.207
0.203
0.197
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[
(BIU/1b: *F)

liq -

0.159
0.167
0.174
0.180
0.186

0.190°

0.194
0.198
0.201
0.203
0.205
0.207
0.208
0.209
0.210
0.210
0.211
0.212
0.213
0.214
0.216
0.218
0.222
0.227
0.233
0.245

vap

0.154
0.158
0.161
0.165
0.168
0.172
0.176
0.180
0.184
0.188
0.192
0.196
0.200
0.204
0.208
0.213
0.217
0.222
0.227
0.232
0.238
0.244
0.251
0.259
0.267
0.277

: g
(BIU/E' °F)  (dynv/cm)

liq

0.270
0.276
0.283
0.289
0.296
0.302
0.308
0.314
0.320
0.326
0.332
0.339
0.345
0.352
0.359
0.367
0.376
0.386
0.399
0.414
0.433
0.459
0.498
0.566
0.721
1.549

vap

.742
.758
.774

vap

0.177
0.182
0.186
0.190
0.195
0.200
0.206
0.211
0.217
0.224
0.231
0.238
0.246
0.255
0.266
0.277
0.291
0.308
0.328
0.355
0.391
0.442
0.520
0.650
0.918
2.129

a

(N/m)

0.0177
0.0169
0.0161
0.0154
0.0146
0.0139
0.0132
0.0124
0.0117
0.0110
0.0103
0.0096
0.0089
0.0083
0.0076
0.0069
0.0063
0.0056
0.0050
0.0044
0.0038
0.0032
0.0027
0.0022
0.0016
0.0012
0.0007
0.0003
0.0000

17.7
16.8
16.0
15.1
14.3
13.5
12.7

[y
[
.
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Table &

Saturation Proparties for R123; SI Units
Terp Pressure Density Enthalpy Entropy G, S g Tenp
('c)  (kpa) (kg/m) (k3/%3) (KI/kg"K) (KJ/¥5"K) (KJ/¥3°K) (N/m)  (0)
lig vap liq vap lig vap " lig vap lig vap
-20. 12. 1571. 0.9 17.2 202.2 0.067 0.798 0.665 0.573 0.838 0.633 0.0209 -20.
-15. 16. 1560. 1.1 21.4 205.2 0.083 0.795 0.670 0.581 0.852 0.642 0.0203 -15.
~-10 20. 1549. 1.4 25.7 208.1 0.100 0.793 0.674 0.590 0.866 0.652 0.0197 -10.
-5. 26. 1537. 1.8 30.1 211.1 0.116 0.792 0.678 0.599 0.881 0.661 0.0191 =5.
0. 33. 1525. 2.2 34.5 214.1 0.133 0.790 0.681 0.607 0.896 0.671 0.0184 0.
5. 41. 1514. 2.8 39.0 217.2 0.149 0.790 0.684 0.616 0.912 0.680 0.0178 5.
10. S1. 1501. 3.4 43.6 220.2 0.166 0.789 0.687 0.624 0.928 0.689 0.0.72 10.
15. 62. 1489. 4.1 48.3 223.2 0.182 0.789 0.691 0.632 0.945 0.699 0.0166 15.
20. 75. 1477. 4.9 53.1 226.3 0.198 0.789 0.694 0.640 0.962 0.708 0.0160 20.
25. 91. 1464. 5.9 57.9 229.4 0.215 0.790 0.698 0.648 0.979 0.717 0.0154 25.
30. 109.  1452. 6.9 62.9 232.5 0.231 '0.790 0.701 0.655 0.995 0.725 0.0148 - 30.
35. 130. 1439. 8.2 67.9 235.5 0.247 0.791 0.705 0.662 1.012 0.734 0.0142° 35.
40. 154. 142s5. 9.6 73.0 238.6 0.264 0.793 0.708 0.669 1.028 0.743 0.0136 40.
45. 181.  1412. 11.2 78.2 241.7 0.280 0.794 0.711 0.675 1.043 0.751 0.0131 45.
50. 212. 1399. 13.0 83.5 244.7 0.297 0.796 0.714 0.681 1.058 0.759 :0.0125 50.
SS. -247. 138s. 15.0 88.8 247.8 0.313 0.797 0.717 0.686 1.072 0.768 0.0119 55.
60. 286. 1371. 17.3 94.2 250.8 .0.329 0.799 0.720 0.692 1.085 0.776 0.0113 - 60.
65. 330. 1356. 19.8 99.7 253.8 0.345 0.801 0.722 0.697 1.097* 0.785 0.0108 65.
70. 378. 1342. 22.6 105.2 256.7 0.361 0.803 0.725 0.701 1.108 0.793 0.0102 70.
75. 431. 1327. 25.8 110.8 259.6 0.377 0.805 0.727 0.706 1.119 0.802 0.0097 - 75.
80. 490. 1312. 29.2 116.4 262.5 0.393 0.807 0.729 0.710 1.128 0.812 0.0091 - '80.
85. 555. 1296. 33.1 122.1 265.3 0.409 0.809 0.731 0.714 1.137 0.822 0.0086 8s.
90. 626. 1280. 37.3 127.8 268.0 0.425 0.811 0.733 0.718 1.145 0.833 0.0080 - 90.
95. 704. 1264. 42.0 133.5 270.7 0.440 0.813 0.735 0.722 1.152 0.845 0.0075 = 95.
100. 788. 1247. 47.2 139.3 273.3 0.456 0.815 . 0.737 0.726 1.160 0.859- 0.0070 . 100.
10s. 880. - 1230. 52.9 145.1 275.8 0.471 0.817 0.739 .0.730 1.167 0.874 0.0065 " 105.
110. 979. 1212. 59.2 150.9- 278.2 0.486 0.818 0.740 0.734 1.174 0.891 0.0060 11l0.
115.  1087. 1193. 66.1 156.8 280.5 0.501 0.820 0.742 0.738 1.182 0.911 0.0054 115.
120.  1203. 1173. 73.8 162.7 282.7 0.516 0.821 0.744 0.743 1.191 .0.933 0.0050 ° 120.
125. 1327. 1153. 82.3 168.6 284.8 0.531 0.822 0.746 0.749 1.202 0.960 0.0045 125.
130. 1461. 1131. 91.8 174.6 286.7 0.545 0.823 0.748 0.755 1.215 0.992 0.0040 130.
135.  160s. 1109. 102.3 180.6 288.5 0.560 0.824 0.750 0.763 1.232 1.030 0.0035 135.
140. 1760. 1085. 114.1 186.7 290.2 0.574 0.825 0.753 0.771 1.253 1.076 0.0031 140.
14s. 192s5. 1060. 127.3 192.8 291.7 0.589 0.825 0.757 0.781 1.281 1.132 0.0026 145.
150. 2102. 1033. 142.4 199.0 292.9 0.603 0.825 0.763 0.793 1.317 1.202 0.0022 150.

molecule is often ambiguous (as demonstrated by the dif- ~

fering values obtained by Chen et al. and Wilson and -

Basu). Given the high precision and accuracy of the sound
speed measurements, ideal gas heat capacities based
solely on those data are adopted here (except that Luft's
datafor R123 at 400 K [260.3°F] and 500 K [440.3°F] were
includedinthe fit of Equation 41 in order to extendits tem-
perature range). .

THERMODYNAMIC TABLES AND DIAGRAMS

The preparation of tables of thermodynamic proper- ;

ties is a straightforward matter given a set of routinesimple-
menting an equation of state. A full set of FORTRAN
property routines were developedforthe MBWR equation
of state based on the routines developed by Ely (1984).
These routines computed reduced properties relative to
the ideal gas reference state (eg., S(T, VR - ST, V)/R))
and thus required modification to provide absolute quanti-
ties. The input and output format was alsochangedto yield
a set of routines identical in form to those previously
developed for the CSD equation of state (Morrison and
McLinden 1985, 1986). Saturation properties, in both Sl
and inch-pound units, are presented as Tables 3 and 4.
Space does not permit the presentation of a full set of
superheated vapor properties; sample tables at atmo-
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'sphenc pressure (1 01.325 kPa [14.696 psna]) are glven as
Tables 5 and 6. .

Diagrams of the thermodynamlc propertles on pres-
sure-enthalpy and temperature-entropy coordinates were
preparedas described by Gallagher et al. (1988). Theyare
presented here as Flgures 6-11.

SUMMARY AND DISCUSSION

Expenmental measurements of the thermodynamuc
properties of two leading alternative refrigerants, R134a
and R123, are'described here. These measurements are
particularly valuable in that a single group, working with
commonfluid samples, has carried out a diversified set of
measurements. Where practical, the same property was
measured on different apparatuses(e.g., vapor pressures
on both the Burnett and variable-volume apparatus) as a
consistency check. Additional checks were provided by
complementary data (e.g., virial coefficients derived from
both speed of sound and Burnett measurements).

These measurements, along with other data available
inthe literature, were used to fita modified Benedict-Webb-
Rubin equation of state, which, in turn, was used to gener-
atetablesand diagrams of the thermodynamic properties.
This equation of state provides a consistent formulation of
allthe thermodynamic properties in the compressed liquid



Table 4b
Saturation Properties for R123; I-P Units

Terp Pressure Density Enthalpy Entropy " 5% g Terp
(*F)  (psia) (1b/£t3) (BTU/1b) (BTU/b" *F) (BIU/1b" °F) (BTU/1b°F) (dyryam) (°F)
lig vap lig vap lig vap lig vap lig vap

0. 2.0 97.8 0.06 8.2 87.6 0.018 0.190 0.160 0.138 0.202 0.152 20.7 0.
10. 2.6 97.0 0.08 10.2 89.0 0.022 0.190 0.161 0.140 0.205 0.155 20.0 10.
20. 3.5  96.2 0.11 12.3 90.4 0.026 0.189 0.162 0.142 0.209 0.157 19.3 20.
30. 4.5 95.4 0.13 14.4 91.8 0.031 0.189 0.163 0.145 0.213 0.160 18.6 30.
40. 5.8 94.6 0.17 16.6 93.3 0.035 0.189 0.163 0.147 0.218 0.162 17.9 40.
s0. 7.3 93.7 0.21 18.8 94.7 0.040 0.189 0.164 0.149 0.222 0.165 17.2 0.
60. 9.2 92.9 0.26 21.0 96.2 0.044 0.189 0.165 0.151 0.226 0.167 16.5 60.
70. 11.4 92.0 0.32 23.3 97.7 0.048 0.189 0.166 0.153 0.231 0.170 15.9 70.
80. 14.1  91.1 0.39 25.6 99.1 0.053 0.189 0.167 0.155 0.235 0.172 15.2 80.
90. 17.2 90.3  0.47 28.0 100.6 0.057 0.189 0.168 0.157 0.240 0.174 14.5 90.

100. 20.8 89.4 0.56 30.4 102.1 0.061 0.189 0.169 0.159 0.244 0.177 13.9  100.
110. 25.0 88.4 0.66 329 103.5 0.066 0.190 0.170 0.161 0.248 0.179 13.2 110.
120. 29.8  87.5 0.79 35.4 105.0 0.070 0.190 0.171 0.162 0.252 0.181 12.6 120.
130. °35.3 86.5 0.92 37.9 106.5 0.074 0.191 0.171 0.164 0.256 0.183 12.0 130.
140. 41.5 85.6 1.08 40.5 107.9 0.079 0.191 0.172 0.165 0.259 0.185 11.3  140.
150. 48.5  84.6 1:26  43.1 109.3 = 0.083 0.192 0.173 0.167 0.263 0.188 10.7 150.
160. 56.5 83.6 1.46  45.8 110.7.° 0.087 0.182 0.173 0.168 0.265 0.190 10.1 160.
170. 65.3  82.5 1.68 48.5 112.1 0.091 0.193 0.174 0.169 0.268 0.193 9.5 170.
180. 75.2  81.5 1.93 1.2 113.5 0.096 0.193 0.175 0.170 0.271° 0.195 8.9  180.
190. 86.1 -80.4 2.21 $3.9 114.8 ~ 0.100 0.194 0.175 0.171 . 0.273 0.198 8.3 190.
200. °98.2  79.2 252 6.6 116.1 0.104 0.194 0.176 0.172 0.275 0.201 7.7  200.
210. 111.5  78.1 2.87 $9.4. 117.3 0.108 0.195 0.176 0.173 0.277 0.205 7.1 210.
220. 126.1  76.9 3.26 62.1 118.5 0.112:-0.195 0.177 " 0.174 0.279 0.208 6.5  220.
230. 142.1  75.6 3269 64.9° 119.7 0.116 '0.196 0.177 0.175 0.281 0.213 6.0  230.
240.  159.4 74.3  4.18 67.7 120.8 0.120 -0.196 .0.177 0.177 0.283 0.218 5.4  240.
250. 178.3  73.0 4.72° 70.6' 121.8 0.124 0.196 0.178 0.178 0.285 0.224 4.8  250.
260. 198.8 71.5 5.33  73.4 122.8 0.128 0.197 0.178 0.179 0.288 0.232 4.3 260.
270. 221.1 70.0 6.01  76.3 '123.7 0.132. 0.197 0.179 0.181 0.292 0.241 3.8 270.
280. 245.1 68.4 6.78 79.1 124.5 0.136 0.197 0.180 0.183 0.297 0.252 3.3 280.
290. 271.0 66.7 7.66 82.1 125.3 0.140 0.197 0.181 0.186 0.304 0.266 2.8 290.
300. 299.0 64.9 8.67 85.0 125.9 0.143 0.197 0.182 0.189 0.313 0.283 2.3 300.
310. 329.2  62.9 9.83 88.1 126.4 0.147 0.197 0.184 0.193 0.325 0.306 1.9 310.
320. 361.8 60.9 11.19  91.2 126.8 0.151 0.197 0.187 0.197 0.343 0.337 1.4 320.
330. 397.0 58.6 12.79 94.4 127.0 0.155 0.196 0.190 0.203 0.371 0.380 1.0 330.
340. 435.0 56.1 14.73 97.8 127.1 0.159 0.196 0.195 0.210 0.421 0.446 0.7  340.
350. 476.0  53.0 126.8 0.164 0.195 0.200 0.218 0.527 0.575 0.3 350.

17.19  101.6

PR . e
g

and superheated vapor regions, as well asfor-saturated
conditions. The maximum pressure for this formulation is
10,000 kPa (1500 psia); the applicable temperature range
is233t0 450K (—40°to 350°F) for R134a and 255 to 450
K (0° to 350°F) for R123. _

The R123 results presented here are for iSomerically

pure 1,1-dichloro-2,2,2-trifluoroethane (CHCI,CF,). The'

eventual commercial product is likely to contain a signifi-
cant (approximately 5%-10%) quantity of the isomer
R123a (1,2-dichloro-1,2,2-trifluoroethane; CHCIFCCIF,).
TheélimiteddataonR123asuggestthatitis unlikely that the
properties-of R123 and R123a differ-significantly. (For
example, the boiling points of the twoisomers differ by less
than 2.1 K(39°F).) Thus, the formulation presented here
for isomerically pure R123 should also apply to R123/
R123a mixtures. The impact of R123a on the properties of
"R123" remains an area for future work. Apart fromthe lack
of data for R123a. itis not feasible to prepare a lasting set
of tables and diagrams for the R123/R123a mixture at this
time because the R123a content of commercial grade
R123is highly dependent on process conditions employed

in its production, conditions that are currently in a state of -

flux as the processes are refined.
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- While the formulations presented here cover the full

-range of conditions of interest for refrigeration applications

and are based ona modern, well-proven equation of state,
and whilethey are felt to represent the best possible formu-
lation with the available data, they cannot be considered
asfinal. As discussed above, the compressed|liquid region
is based on estimation methods. But perhaps the most
pressing need is for calorimetric (e.g., heat capacity) infor-
mation for the liquid phase and for the vapor phase at
pressures higher than those covered by the sound speed
measurements. The calculation of heat capacity requires
the evaluation of first and second derivatives of the equa-
tion of state, so that any errors in p-V-T or other data are
greatly magnified. Heat capacity data are thus an excellent
check onthe entire thermodynamic surface. Work contin-
ues on such measurements, both on the fluids considered
here and on additional promising alternative working fluids.
Apart from the thermodynamic properties, knowledge
of the transport properties (e.g., viscosity, thermal conduc-
tivity) is needed, particularly for equipment design. Again,
additonal work is under way to collect these vital data.



Table 9Sa

Superheated Vapor Properties for R134a;

Pressure - 101.325 kPa

Temp Density Enchalpy Entropy Cy
(°C)  (kg/m?) (kI/kg) ------ (kJ/kg-
-26.1% 1373.16 16.2 0.067 741
-26.1% 5.26 232.0 0.941 0.682
-25.0 5.23 232.9 0.944 0.684
-20.0 5.11 236.8 0.960 0.691
-15.0 5.00 240.8 0.976  0.699
-10.0 4.89 26448 0.991 0.706
-5.0 4.79 248.9 1.006 0.714
0.0 4.69 252.9 1.021 0.722
5.0 4.59 257.0 1.036 0.730
10.0 4.50 261.2 1.051 0.738
15.0 4.42 265.3 1.066 0.746
20.0 4,34 269.6 1.080 0.754
2.0 4.26 273.8 1.095 0.762
3G.0 4.18 278.1 1.109 0.770
35.0 4.11 282.4 1.123 0.778
40.0 4.04 286.8 1.137 0.786
45.0 3.97 291.1 1.151 0.793
50.0 3.91 295.6 1.165 0.801
55.0 3.84 300.0 1.178 0.809
60.0 3.78 304.6 1.192 0.817
65.0 3.73 309.1 1.206 0.825
70.0 3.67 313.7 1.219 0.833
75.0 3.61 318.3 1.232 0.841
80.0 3.56 322.9 1.246 0.849
*saturated liquid
* saturated vapor

Table 6a
Superheated Vapor Properties for R123;

Pressure = 101.325 kPa

Temp Density Enthalpy Entropy Cy

(°C) (kg/m®) (kI/kg) ------ (kJ/kg"
27.9% 1456.95 60.8 0.224 0.700
27.9* 6.47 231.2 0.790 0.652
30.0 6.41 232.7 0.795 0.652
35.0 6.29 236.3 0.807 0.654
40.0 6.18 239.9 0.819 0.655
45.0 6.06 243.5 0.830 0.658
50.0 5.96 247.1 0.841 0.660
55.0 5.86 250.8 0.852 0.664
60.0 5.76 254.4 0.863 0.667
65.0 5.67 258.0 0.874 0.671
70.0 5.58 261.7 0.885 0.674
75.0 5.49 265.4 0.896 0.678
80.0 5.41 269.1 0.906 0.683
85.0 5.32 272.8 0.917 0.687
90.0 5.25 276.6 0.927 0.691
95.0 5.17 280.3 0.937 0.696
100.0 5.10 284.1 0.948 0.700
105.0 5.02 287.9 0.958 0.705
110.0 4.95 291.8 0.968 0.710
115.0 4.89 295.6 0.978 0.714
120.0 4.82 299.5 0.988 0.719

saturated liquid
saturated vapor

SI Unicts
Cp u
K) ----- (n/s)
1.197
0.787 145.7
0.788 146.1
0.794 147.8
0.799 149.4
0.805 151.0
0.811 152.6
0.818 154.2
0.825 155.7
0.831 157.2
0.838 158.7
0.846 160.1
0.853 161.5
0.860 162.9
0.867 164.3
0.875 165.7
0.882 167.0
0.890 168.4
0.897 169.7
0.905 171.0
0.912 172.3
0.920 173.6
0.927 174.8
0.935 176.1
SI Units
CP u
K) ----- (n/s)
0.988
0.722 128.8
0.721 129.3
0.721 130.6
0.721 131.8
0.723 133.0
0.724 134.2
0.727 135.4
0.729 136.6
0.732 137.7
0.736 138.9
0.739 140.0
0.743 141.1
0.747 142.2
0.751 143.3
0.756 144.3
0.760 145.4
0.764 146.4
0.769 147.5
0.774 148.5
0.778 149.5
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saturated liquid
vapor

Table 5b

Superheated Vapor Properties for Rl34a; I-P Units
Pressure = 14.70 psia

Temp Demsity Enthalpy Entropy Cy C u

("F) (1by£c3) (BTU/1b)  ---- (BTU/1b-*F) --- (ft/s)
-15.0%  85.723 7.0 0.016 0.177 0.286

-15.0%  0.329 99.8 0.225 0.163 0.188 478.0
-10.0 0.324 100.7 0.227 0.164 0.189 481.1

0.0 0.316 102.6 0.231 0.166 0.190 487.2

10.0 0.308 104.6 0.235 0.168 0.192 493.2

20.0 0.301 106.5 0.239 0.170 0.193 499.0
30.0 0.294 108.4 0.243 0.172 0.195 504.7
40.0 0.287 110.4 0.247 0.174 0.197 510.3
50.0 0.281 112.4 0.251 0.176 0.199 515.7
60.0 0.275 114.4 0.255 0.178 0.201 521.1
70.0 0.270 116.4 0.259 0.181 0.202 526.3
80.0 0.264 118.4 0.263 0.183 0.204 531.5
90.0 0.259 120.5 0.267 0.185 0.206 536.6
100.0 0.254 122.5 0.270 0.187 0.208 541.6
110.0 0.249 124.6 0.274 0.189 0.210 546.5
120.0 0.245 126.7 0.278 0.191 0.212 551.4
130.0 0.240 128.9 0.281 0.193 0.214 556.2
140.0 0.236 131.0 0.285 0.195 0.216 561.0
150.0 0.232 133.2 0.288 0.197 0.218 565.7
160.0 0.228 135.4 0.292 0.200 0.220 570.4
170.0 0.224 137.6 0.296 0.202 0.222 575.0
180.0 0.221 139.8 0.299 0.204 0.224 579.5
190.0 0.217 142.1 0.303 0.206 0.226 584.0
200.0 0.214 144.4 0.306 0.208 0.228 588.5
¥ saturated liquid

vapor
Table 6b

Superheated Vapor Properties for R123; I-P Units
Pressure = 14.70 psia

Temp Density Enthalpy Entropy Gy Cp u

(°*F) (lb/fe’) (BTU/lb) ---- (BTU/1b-°F) --- (ft/s)
82.2* 90.956  26.1 0.054 0.167 0.236

82.2% 0.404 99.4 0.189 0.156 0.173 422.4
90.0 0.397 100.8 0.191 0.156 0.172 426.1
100.0 0.389 102.5 0.194 0.156 0.172 430.7
110.0 0.381 104.2 0.197 0.157 0.173 435.2
120.0 0.374 106.0 0.200 0.158 0.173 439.6
130.0 0.366 107.7 0.203 0.159 0.174 443.9
140.0 0.360 109.4 0.206 0.159 0.174 4481
150.0 0.353 111.2 0.209 0.160 0.175 452.3
160.0 - 0.347 112.9 0.212 0.161 0.176 456.4
170.0 0.341 114.7 0.215 0.162 0.177 460.5
180.0 0.335 116.5 0.218 0.164 0.178 464.5
190.0 0.330 118.3 0.221 0.165 0.179 468.4
200.0 0.326 120.1 0.223 0.166 0.180 472.4
210.0 0.319 121.9 0.226 0.167 0.181 476.2
220.0 0.314 123.7 0.229 0.168 0.183 480.1
230.0 0.309 125.5 0.231 0.170 0.184 483.9
240.0 0.305 127.4 0.23¢ 0.171 0.185 487.6
250.0 0.300 129.2 0.237 0.172 0.186 491.4
260.0 0.296 131.1 0.239 0.173 0.187 495.1
270.0 0.291 133.0 0.242 0.175 0.189 498.7
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Figure 7 Thermodynamic properties of R123, Si units
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Figure 8 Thermodynamic properties
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Figure 9 Thermddynamic properties of R123, English units
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