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Abstract. A simple extension of the Redlich-Kwong equation of state in which one of the original con-
stants is replaced by a polynomial in powers of temperature is shown to accurately fit the p-v-T data of the
new refrigerants: HCFC-123 and HFC-134a and the data of refrigerant HCFC-22. The two new refriger-
ants are developed to replace the thermally efficient but 0zone-depleting refrigerants CFC-11 and CFC-
12, respectively. The coefficients of the polynomial extension are determined by fitting known p-v-T prop-
erties at a number of selected base points. Based on this equation of state and a specific heat relation, a
simple computational procedure is used to compute the enthalpy and entropy. With only 4 terms in the
polynomial extension of the equation of state, the method is shown to produce highly accurate results over
a wide range of pressures and temperatures for each of the three refrigerants.
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Y = aconstantin the exponential term of the BWR-equation of state

In all equations, the basic SI unit is used for each quantity.
Introduction

Recent scientific investigations revealed that the phenomenon of atmospheric ozone
depletion has now taken new alarming dimensions. This phenomenon is not confined
to Antarctica anymore. In fact it has already spread to the middle and high latitudes
of the stratosphere in both hemispheres and is persisting over the four seasons.
Ozone depletion has been found to be related to the chlorine content of halogenated
hydrocarbon compounds released to the atmosphere, primarily as refrigerants from
air conditioning and refrigeration equipment. Refrigerants are classified into groups
according to their molecular structure as CFC, HFC or HCFC compounds. Refriger-
ants in the first group, such as CFC-11 (CCLyF) and CFC-12 (CCLF ,), have the high-
est chlorine content (3 and 2 chlorine atoms respectively) and accordingly have the
highest ozone depletion potential (ODP). On the other hand HCFC refrigerants
such as HCFC-22 (CHCI F,) (with only one chlorine atom) are far less harmful to the
ozone layer.

The refrigeration industry has come under tremendous pressure to find replace-
ment refrigerants that can be used in existing equipment with minor retrofits. Based
on safety, ozone depletion potential, global warming potential, energy efficiency,
and compatability with traditional lubricating oils, two new refrigerants: HCFC-123
(CHCI, CF,) and HFC-134a (CH,FCF;) have emerged as clear candidates for low-
pressure and medium pressure systems, respectively. The first is a balanced alterna-
tive refrigerant for machines that run on CFC-11 while the second is for machines
that use CFC-12. For high pressure chillers, HCFC-22 continues to be a good choice
until a replacement becomes available. Assigning an ODP of 1.0 to CFC-11, the can-
didate refrigerants HCFC-123, HFC-134a and HCFC-22 are found to have ODP
values 0f 0.016, zero and 0.05 respectively [1]. In spite of their low ODP. HCFCs are
currently planned to be phased out by the year 2020. However, it appears now that
the phase-out of HCFC-123 may be extended or eliminated altogether due to the
many advantages it has and its extremely low ODP. The industry has moved quickly
to make these new refrigerants available by opening chemical plants specifically built
to produce them in 1991 [1].

As with any other thermodynamic cycle, one has to know the working fluid
properties at all salient points of the refrigeration cycle in order to be able to carry
out thermodynamic analysis. Thermodynamic properties of the new refrigerants
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have already been made available by the industry in the form of tables and/or charts.
However, using charts is generally inaccurate, while using tables is cumbersome due
to encountered interpolation. The main objective of the present paper is to provide
a simple and accurate computerized procedure to determine properties of these refri-
gerants. The proposed procedure is simple enough to be used conveniently on small
hand held computers. This work is also motivated by the trend towards greater com-
puterization in the industry as a whole, which makes the present procedure highly
desirable as a part of large analysis packages. The method used earlier by the authors
[2] for CFC-12 is applied here for the new refrigerants.

In Ref. [2], the authors compared the performance of three equations of state;
namely the Benedict-Webb-Rubin (BWR) equation, an extended van der Waals
(EVDW) equation and an extended Redlich-Kwong (ERK) equation. In the last two
equations which are originally two-constant equations, the authors replaced one of
the two original constants by a polynomial in powers of temperature. The ERK equ-
ation with only 4 terms was found to give an accuracy comparable to that given by the
full BWR equation for CFC-12. In the present work the ERK equation is again cho-
sen as the preferred equation of state, and the BWR equation is still considered for
comparison purposes. The enthalpy and entropy are calculated by a procedure based
on general thermodynamic relations that utilizes the developed equation of state and
a low-pressure specific heat relation. The accuracy of both the ERK and BWR equ-
ations is investigated for different numbers of terms.

Brief Description of the Method of Analysis
In this section we present a brief description of the method. For more details the

reader is referred to Ref. [2]. The Redlich-Kwong and BWR equations of state (see,
for example, [3, p. 250] for their original forms) are recast in the form

N
RT
P - E=21’Ki ¢;(T,v) (1)
1=
\(3\/2—1) RT, RT,
whereb = 3 : - =0.08664 —— for ERK equation and zero for the
C PC

BWR equation. The molar mass M, gas constant R, critical pressure P_ and critical
temperature T_ are given in Table 1 for all the three refrigerants investigated.
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Table 1. Molar masses and critical properties

Refrigerant M (kg/kmol) R (J/kg°K) P (MPa) T.(K)
HFC134a 102.03 81.478 4.0550 374.15
HCFC-123 152.93 54.367 3.7896 458.15
HCFC-22 86.47 96.154 4.9771 369.15

The number of terms N is 7 for the untruncated BWR equation and is arbitrary
(up to this point) for the ERK equation. The functions ¢, for the BWR equation are
as follows:

¢, = RT?, ¢, = — 102, ¢y = — 1/(T?0v?)
¢, = RT3, g = — 103, ¢ = 1100
and ¢, = (1 + y/2)e v/ (T2 v3) )

where y is an additional constant assumed to be known in the linearized problem. For
the ERK equation, functions ¢, are given by

¢; =T/ [ VTu(u + b)) 3)

The coefficients K; in both equations of state are determined by solving an overdeter-
mined system of linear equations formed by applying eq. (1) at a number of base
points N* > N, using a least squares procedure [4, p. 534]. The properties p,v and T
must be known at these base points.

To calculate h and s at an arbitrary state point, specified by the property pair
(p.T), we start from a reference point r with known enthalpy h, and entropy s and
with a pressure p, low enought to assume ideal gas behavior. Following a path along
the isobaric p, = constant from (p,, T,) to (p,,T) and then along an isotherm T = con-
stant from (p,, T) to (p.T), we can write

h(p.T) = h, + Ah_ + Ah, (4)

s(p,T) =s, + As, + Asy 5)
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where T JT
b (Lr C ] ©)
T C
p UT, _TEdT)pr ™)
0
thy = {J: {”‘T (%)p}dp}jr ®)

d
and Asp = {—J-:r (%)pdp} )

The evaluation of the integrals in egs. (6) and (7) is fairly straight forward provided
that we have an ideal gas approximation for C, e.g.,

&

>
&
I

C, = by, + bT + b,T2 + b,T? (10)

The evaluation of the integrais in egs. (8) and (9) is somewhat tricky and needs man-
ipulations making use of the thermodynamic relations and functions as given in [2].
The final results when using the ERK equation are

N

1 v i(3/2)
Aht = —In -=| K T
T 7 n+b§(l 2) *+(pv—RT) (11)
v—b 1 v N 3
Ast = R In +—1 c 2 e mi=(5/2)
T oF b“NbZ( St (12)

=1

when using the BWR equation of state, we get

3 1 1
s +tKe—=
v 2v° 5v°

y/\)2 _
[ ( J }+(Pl) RT) (13)

AhT =
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v R 2 R
Asp = R In— K, ~ K3 — -K, —
T ve ly TRy g2
2
+K7i3 1-(1+—Y—2]e'w" (14)
YT 2v

where v* = v(p,.T) is the specific volume at the low pressure p, at which C p(T) is fit-
ted, and the temperature T of the point at which solution is sought. The spec1f1c vol-
umes v* and v in equations (11) to (14) are obtained from the equation of state with
already determined K-coefficients. However, since v is an implicit function of p and
Tin either equation of state, v has to be obtained iteratively for any given pair (p.T),
e.g. by Newton’s method, the regula-falsi method or any other standard root finding
scheme. The properties h and s are then easily obtained by substituting from equa-
tions (6), (7) and (11) to (14) into equations (4) and (5), respectively.

Results and Discussion

The general procedure described in Ref. [2] and summarized in the previous sec-
tion has been used to calculate the properties of Refrigerants 134a, 123 and 22. The
base points used to determine the coefficients of the equations of state for these refri-
gerants are displayed on the pressure-enthalpy (p — h) charts in Figs 1 to 3. Also
shown on these figures are the points at which the results of the procedure (v, h and
s) are checked against tabulated (“correct”) values [5;6;7, p.70]. For HFC-134a, the
base points cover a wide range to temperatures and pressures extending from T =
— 50° C to 210°C and from p = 0.02 MPa to 4 MPa which is very close to the critical
pressure. For HCFC-123, the range of available data [6] is more limited, however, it
covers the working pressures and temperatures of vapor compression systems of
most applications. The base and check points shown in Fig. 2 spread over the range
covered by the tables: T = — 17 to 65°C and p = 0.014 to 0.23 MPa. The base points
for HCFC-22 cover the range: T = — 60 to 200°C and p = 0.02 to 2.8 MPa. In the
three cases a number of base points are located on the saturation line. The checking
points are scattered within the range covered by the base points for all refrigerants.
The ranges for HFC-134a and HCFC-22 are much larger than the working ranges in
which these refrigerants might be used.

The input to the present procedure are the base points discussed above and an
ideal-gas specific heat relation C (T). For HFC-134a, we used

C, = 0.3270633 + 1.706384 x 107 T (15)
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Fig. 1. Base and check points for Refrigerant 134a.
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where Tisin °K and C, inkJ/kg® K. This expression for C, was obtained by fitting the
enthalpy at p = 0.02 MPa, which is the lowest pressure found in the tables [3]. by a
polynomial in powers of temperature. The degree of the polynomial was increased
so long there was significant decrease in the variance [4]. Cp was then found simply as

the derivative of the polynomial with respect to temperature, (_ST)"'
Using a similar procedure, we obtained expressions for the specific heats of the
other two refrigerants. These are:

C, = 0.3080039 + 1.216815 x 10° T (16)

for HCFC-123 obtained by fitting the enthalpy at a pressure of 0.01365 MPa, and

C, = 0.2975566 + 1.200945 x 10° T — 8.67371 x 10° T* a7
for HCFC-22 obtained by fitting enthalpy at a pressure of 0.020684 MPa.

The procedure was run using each of the ERK and the BWR equations of state.
Results were obtained when different numbers of terms are retained in these equa-
tions. Of course the full BWR equation has 7 terms only as mentioned before. The
accuracy of the results is assessed by evaluating the root mean square (rms) of the
percentage errors (in v,h and s) at the checking points shown in Figs 1.2 and 3. The
root mean square percentage error is defined, for v as an example, as follows:

1
Npts 2 |2
1 . /u[ab—u \
'or = —10 € %100 18
rms error S 2 L X } (18)

pts 1 Vtab

where N, is the number of checking points, v, is the tabulated specific volume and

v, is the calculated specific volume.

For HFC-134a, Fig. 4 shows the rms of the percentage errors in computed v,h
and s using both equations of state against the number of terms retained in these equ-
ations. The results indicate that when using the BWR equation, the errors drop as the
number of terms N is increased to 5, then stay roughly constant as N is increased to
7 terms (full equation). When using the ERK equation of state, the errors drop as N
increases up to 4 then stay roughly constant thereafter except for a slight increase
around N = 7. Using either equation of state with N = 4 gives roughly the same rms
error in h and the same rms error in s. Such errors are only slightly higher thanthe
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minimum errors which are obtained when using the full BWR equation. It is worth
noting that using the ERK equation with N < 4 gives substantially more accurate
results than using the truncated BWR equation, especially for v. In Fig. 5, the per-
centage errors in v, h and s obtained by using the ERK equation with 4 terms are
shown on the p-h chart at a number of selected points. The maximum errors in v, h
and s are about 0.223%. 0.289% and 0.161%, respectively. Because these values as
well as the rms errors reported earlier are extremely low, we feel that the ERK equ-
ation of state is an excellent alternative to more complicated equations of state. The
coefficients K, to K, computed for this equation are given in Table 2. Ref. [8] gives
the following complicated equation

(19)

4
b= RT Y (A; +B,T+C, exp(-KT)

v—-B (U_B)i+l

i=1

to represent the p-v-T behavior of HFC-134a. Since the errors obtained here when
using the ERK equation with 4 coefficients are within the uncertainty of the values
in the tables [5], we strongly recommend this simple equation in conjunction with the
current computational procedure to calculate the properties of HFC-134a.

Table 2. Computed coefficients of the ERK equation of state

i "
HFC-134a HCFC-123 HCFC-22
I —11993.38234111341 61726.56092475343 ~7169.275575756461
2 66.62041228150454 ~639.9733053854964 32.22209613419979
3 —0.1486540955412096 2.132141649121004 ~6.910131872636901D-02
4 1.134020436840702D-04 —2.354521544495022D-03 5.15191799349599D-05

Figure 6 shows the rms error results versus the number of terms in the equation
of state for HCFC-123. We observe that the errors in v.,h and s are generally smaller
than corresponding errors for HFC-134a in Fig. 4. This may be attributed partly to
the small range of pressures and temperatures of the base and check points used for
HCFC-123. We further observe that errors do not change as drastically with increas-
ing N as for HFC-134a. The best results for h and s are obtained with only 2 coeffi-
cients in the equation of state while the accuracy of v improves slightly at higher N.
Similar to the previous case we list the coefficients of the equation of state obtained
with N = 4 in Table 2.
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The corresponding results for HCFC-22 are shown in Figs 7 and 8. The behavior
of the rms of the percentage errors in v.h and s with the number of terms retained in
the ERK and BWR equation of state is similar to that reported earlier for HFC-134a.
It appears that an ERK equation with 4 terms produces results with errors inv.h and
s comparable to the minimum errors obtained by using the BWR equation with
larger number of terms. The percentage errors at sample points are displayed on the
p - h chart in Fig. 8. Based on these results, we may expect a maximum error of 0.1%
inv.0.26% in h and 0.18% in s in the range covered in Fig. 3. Again such errors are
very small and are within the uncertainty of the values in the Table, [7]. Therefore,
we also recommend the ERK equation with 4 terms and the present procedure to cal-
culate the properties of HCFC-22. For the range considered, the coefficients of this
equation are given in Table 2.

Summary and Conclusion

Because of their adverse effects on the ozone layer protecting the earth from
harmful ultraviolet solar radiation, CFC refrigerants such as CFC-11 and CFC-12
will be phased out in the near future. HCFC refrigerants such as HCFC-22 are found
to have much less ozone depletion potential and therefore they will not be phased out
before the year 2020. Concerted effort by the industry produced two viable alterna-
tive refrigerants; HCFC-123 to replace CFC-11 and HFC-134a to replace CFC-12.

A computerized procedure developed earlier by the authors was adapted for the
two new refrigerants HFC-134a and HCFC-123, and for HCFC-22. Starting from the
tabulated p-v-T data at a number of base points, the coefficients of an equation of
state are obtained. With the equation of state and a C, relation, the enthalpy and
entropy are calculated at any general point in the range covered by the base points.
Two equations of state were investigated. The first is a simple extension of the Red-
lich-Kwong equation, proposed previously by the authors, in which one of the con-
stants is replaced by a polynomial in powers of temperature. The second equation is
the well known BWR equation. Maximum errors in computed v,h and s around
0.3% or less should be expected over a wide range of pressures and temperatures
covering possible working ranges of vapor compression systems employing these
refrigerants. The present computer-based procedure is very convenient in thermal
design or performance analysis saving effort and time and eliminating human error
in interpolating tables and charts. The procedure can be built in on-line flow and
thermal power measuring devices by utilizing digital technology.

Acknowledgement. The authors would like to express their thanks to Mr. Larry Butz
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