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ABSTRACT: A few commonly used correlation equations of the enthalpy of vaporization are
reviewed and a new three-parameter correlation equation is proposed. Performance of the pro-
posed equation is examined using the data listed in the ASHRAE table for 22 pure substance

refrigerants. The new equation yields an average absolute deviation of 0.14% for 22 refrig-
erants, which is better than those of other equations, such as Xiang (0.18%), Majer-Svoboda-

Pick (0.18%), and Somayajulu equation (0.23%5).

Nomenclature

a ¢ linear coefficient

Ah . enthalpy of vaporization [k]/kg]
! data number, term number

. exponent

: exponent or coefficient

. exponent or coefficient

- number of data points

: gas constant [kJ/kg K]

: saturation temperature [K]

S T B I B

. function of temperature
Greek symbols

. critical exponent

: critical exponent

. function of temperature(=1—T,)

: function of temperature( =1/7T,—1)

. acentric factor

h & " © ™ R

. critical exponent
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Subscripts
b : normal boiling point
c . critical point
cal ¢ calculated
¥ : reduced
tbl . property table value

1. Introduction

Enthalpy of vaporization or latent heat of
vaporization is the difference in enthalpies of
saturated vapor and saturated liquid at the same
temperature. Refrigeration cycles, in general,
transfer heat from a lower temperature body to
a higher temperature body wusing the latent
heat which a working fluid accepts or rejects
during its phase change processes. Therefore,
calculation of the enthalpy of vaporization is
considered to be essential for a cycle analysis.
Since the enthalpy of vaporization is involved
in most of the correlations for prediction of
phase change heat transfer, calculation of the
enthalpy also affects the evaluation of the heat
transfer coefficients.

It is not a common practice to measure the
enthalpy of vaporization by experiment. Most
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of the so-called experimental values comes from
the Clapeyron equation or the saturation condi-
tion determined by an equation of state. If
there are not much data for saturation state,
the enthalpy of vaporization may be estimated
from the corresponding-states principle.“) These
approaches are rather complicated so that, when
only simple hand calculation is necessary, it is
desirable to have a correlation independent of
any equation of state. Watson equationm is the
one while there are several others found in the
literature.® ¥

In this study, (1) some of independent corre-
lations of the enthalpy of vaporization are re-
viewed, (2) a new correlation is proposed, and
(3) the performances of selected three—parameter
correlations are compared based on the ASHRAE
data"” which is considered to be reliable. It is
our aim to improve the method of simple yet
accurate calculation and reproduction of enthal-
py of vaporization for each pure substance re-
frigerants.

2. Vaporization enthalpy correlations

Reid et al.®

tion based on the corresponding-states principle.

suggested the following correla-

Pal

_dh_ _ _ 0.3
RT. =7.08(1-T,)

1
+10.94w(1— T,)"48 )

where R is a gas constant, 7, is a reduced
temperature( = T/ T,), T, is a critical tempera-
ture and o is an acentric factor. The corre-
lation may be used within the temperature
range of 0.6< T,<1.0. Equation (1) is used
when there are not sufficient experimental data.
Its accuracy depends on the validity of the
corresponding-states principle.

When there are some data available, it is
desirable to have an independent correlation
which expresses the enthalpy of vaporization
as a function of temperature. For this purpose,

. 2
we have Watson equatxon.( )

Lh _ (1=, Y
dh, ‘(1—T,,,) @

where 4h, is the enthalpy of vaporization at
NBP (normal boiling point) and 7%, is the re-
duced temperature at NBP (= T,/T.). The
value of exponent, » is known to be about
0.38, but the optimal value lies on the range of
0.23~0.41 depending on the refrigerant.“) Fish-
Lielmezs® (FL) correlation is more complicated
and gives better performance than Watson.

an _ T, X*+X @)
dny  Tp 14+X™

where X=T,(1—T,)/T,(1—T4,) and the

optimal values of exponents, # and m vary de-
pending on the group of substances. Park®
suggested the following equation (P1) which
simplified the FL equation improving perform-

ance.

dn _ (1=T, \"{ T,\"
Ih, _(1—7‘,,,) (T,,,) @

Figure 1 shows behavior of the enthalpy of
vaporization for R-718(H:0)."" In Eq. (@), n
represents the behavior mainly at higher tem-
peratures including the critical point, while m
corrects the low temperature behavior. Majer

L(G)

et a used the Majer-Svoboda-Pick equation

(MSP).

dh=a(1—T,)" exp(—mT,) 5)

This equation also uses (1— T,)" to represent
the behavior at higher temperatures and the
exponential function is multiplied to correct the
low temperature behavior. Torquato and Steli”
suggested the following complicated equation

having a semi-theoretical basis.
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Fig. 1 Enthalpies of vaporization for R-718.

dh
RT,

= a09ﬂ+alﬁﬁ+d

6)
+ azé’l_”+‘9+ gd,’0‘

where 8=(1—T,), a=0.11, =0.325 and 4=
0.51. These are general exponents representing
the non-analytic behavior near the critical point.
Xiang® modified the Eq. (6) to give

Adh _ (do Tﬂ+ ay 0ﬂ+d) (7)
RT. — (A+n8)

where = (1/T,—1). Xiang® claimed that Eq.
(7) was the best equation among the three- or
four-parameter equations available.

Some equations have linear coefficients. These
are Eq.(6) and the following Somayajulu Eq.
(9 (S).

dh = agt+a, 0B+ 2,69 ®)

In this study, we introduce a new correlation
(P2) as follows:

-jThb=aOz'ﬂT,2+a10 9)

This equation was made up from an assump-
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Fig. 2 y vs. r plot.

tion that, as in Fig.2, y(=4k/T,) can be
represented with a linear term a;7 and an ad-
ditional function f(zr), where r=(1/T,—1);
that is,

4dh

—7:: =flt)+ar (10)

where f(r) is proportional to r? near the criti-
cal point (8~1/3) and slowly decreases with
temperature. Therefore, it is assumed f(r)=
aorﬁ T,k “!  This argument leads to a new
correlation.

Th, =ayt? TF+a,0 an

Equation (11) was fitted to the enthalpy of va-
porization data for some substances, which found
that the exponent, £ was closed to 2 and that
setting k=2 was good enough for our calcu-
lations. Therefore, we will test Eq.(9), which
has three adjustable parameters and is rela-
tively simple.

3. Performance comparison

Our concern in this study is not predict-
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ability but reproducibility of the enthalpy of
vaporization data available. It is our aim to
find a simple correlation which reproduces the
pure substance enthalpies of vaporization ac-
curately. The independent equations compared
are the three-parameter correlations; P1 Eq. (4),
MSP Eq. (5), X Eq.(7), S Eq. (8) and P2 Eq. (9).
The Watson Eq. (2) and FL Eq. (3) are excluded
because they are not better than P1 Eq.(4) in
terms of their performances.“) Torquato-Stell”
Eq. (6) is also excluded because it has at least
six adjustable parameters making the equation
itself fairly complicated.

Since the enthalpy of vaporization data are
hardly measured by experiment, for the pur-
pose of comparison of correlations, we use
ASHRAE property tables™ as a source of the
enthaly of vaporization data from the lowest
temperature to the critical point for 22 sub-
stances. Table 1 shows critical temperatures,
minimum temperatures, NBP's, and enthalpies
of vaporization at NBP, which are required to
set up the correlations.

First, the selected equations are optimized by
adjusting coefficients and/or exponents for each
refrigerant and then performances of correla-
tions are compared. The object function for
optimization is a root mean squared deviation
(RMS) defined as

RMS = | %Z}DEV? %) 12)

where N is the number of data points and
deviation (DEV) is,

4h cal — Ahth]

DEV = e

%100 (%) (13)

During the optimization process, NBP is used
as a constraint so that every equation should
pass the NBP [R-744 (CO;) is an exception since
the constraint point is the one at 0C]. For this
purpose, the forms of equations Pl, MSP, X,

P2 and S are changed, respectively, as

Adh _ n m
Ahb - (0/0b) (Tr/Tbr) (14)

dh 6y _ _
yrn (t%) exp[—m(T,— T,)]  (I5)

Adh n(t/r)?+m(6/6,)°°
dh, 1+(n+m—1)(8/6,)

=5 (R o) o

j_lfb = n(—r—)-km

(16)

(18

Table 1 Critical temperature, minimum tem-
perature, NBP and corresponding en-
thalpy of vaporization

Te | Tum | T | dh

® | ® | ® | e
R-22 369.30 | 173.15 | 232.34 233.75
R-23 29928 | 11802 | 191.09 238.68
R-32 351.26 | 136.34 2215 381.86
R-125 339.17 | 17252 | 225.02 163.78
R-134a | 37421 | 169.85 | 247.08 216.97
R-152a | 38641 | 15456 | 249.13 32991
R-143a | 345.86 | 161.34 | 225091 226.63
R-245fa| 42720 | 223.15 | 288.05 196.69
R-717 40540 | 19550 | 239.82 | 1369.50
R-718 647.10 | 273.16 | 373.12 | 2256.47
R-744 304.13 | 21659 | 27315 230.89
R-50 19056 | 90.690 | 111.67 510.83
R-170 305.33 98.15 184.55 489.47
R-290 369.85 | 123.15 | 231.07 425.43
R-600 42516 | 173.15 | 272.62 385.79
R-600a | 407.85 | 173.15 | 26154 366.69
R-1150 | 282.35 | 103.99 | 169.38 482.41
R-1270 | 36557 | 133.15 | 22546 439.17
R-704 5.20 2.18 423 20.75
R-728 126.19 63.15 77.35 198.84
R-732 154.58 54.36 90.19 213.06
R-740 150.66 83.80 87.29 160.99

Subst.
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These equations have two parameters ( %, m)
of which values are to be determined from the
data. At NBP, T=Ty, T,=T),, t=1, and 0
=@, so that we can find that the right-hand

side becomes 1 regardless of the values of #
or m.

For all 22 refrigerants, optimized correlations
are used to calculate the enthalpies of vapori-
zation. Average absolute deviations (AAD) are
calculated and shown in Table 2. The AAD is
defined as

AAD = LNZ IDEV; | (%) (19)

Table 2 Numbers of data points and AAD’s
of P1, MSP, X, P2 and S equation

Correlation
P1 [MSP| X P2 S

Subst. | N*

Comparing the equations by performance for
individual refrigerant, it is noted that the best
equations are P1 Eq.(4) for R-717, MSP Eq.
(5) for R-170, R-704, R-728, R-732 and R-740,
S Eq.(8) for R-22, R-50 and R-600, P2 Eq.
(9) for R-134a, R-744, R-600a and R-245fa, X
Eq. (7) for the rest of 11 refrigerants, respec-
tively. Comparing the equations by overall per-
formance, it is observed that P2 Eq.(9) is the
best among others yielding average AAD of
0.14% for 22 refrigerants. Excluding R-704 (He-
lium) for which deviations are always large re-
gardless of the correlations, average AAD’s
are 0.12% in case of P2 Eqg.(9), while X Eq.
(7) has the smallest, 0.11%. The difference is
marginal which makes it hard to tell a better
one. Table 3 gives the optimized values of the

coefficient, # and the exponent, m for the Eq.

Table 3 Values of the parameters in Eq. (17)

R-22 | 68 | 014 | 0.13 | 0.04 | 0.08 | 0.03
R-23 [ 69 015 | 013 { 0.10 | 0.12 | 0.35
R-32 {67 | 024 | 018 | 0.08 | 0.13 | 0.35
R-125 | 68 | 0.16 | 0.16 | 0.02 | 0.06 | 0.05
R-134a| 68 | 0.19 | 018 | 0.05 | 0.05 | 0.05
R-152a| 68 | 0.20 | 0.17 | 0.06 | 0.08 | 0.13
R-143a| 65 | 0.17 | 0.14 | 0.02 | 0.06 | 0.05
R-245fa| 66 | 0.08 | 0.09 | 0.03 | 0.03 | 0.06
R-717 {66 | 0.09 | 0.15 | 0.12 | 0.18 | 0.13
R-718 { 68 | 0.36 | 0.20 | 0.10 | 0.11 | 0.16
R-744 | 64 | 0.12 } 0.12 | 0.04 | 0.01 | 0.03
R-50 | 28 | 017 | 024 | 0.28 | 0.29 | 0.09
R-170 | 66 | 0.39 | 0.21 | 0.32 | 030 | 0.26
R-290 166 | 042 | 029 | 0.11 | 0.14 | 0.20
R-600 | 66 | 021 | 0.15 | 0.12 | 0.15 | 0.11
R-600a| 63 | 027 | 018 | 0.11 | 0.05 | 0.25
R-1150| 67 | 0.37 | 024 | 012 | 0.15 | 0.18
R-1270] 68 | 033 | 0.19 |{ 0.08 | 0.11 | 0.38
R-704 | 32 1 055 | 044 | 158 { 049 | 165
R-728 1 25 | 0.14 | 0.05 | 0.10 { 010 | 0.06
R-732 122|047 | 020 | 042 | 0.36 | 0.34
R-740 | 26 | 0.11 | 0.04 | 0.06 | 0.05 | 0.14
AVE. 024 | 018 | 018 | 0.14 | 0.23
*Data from ASHRAE."”

Subst. Parameters
% m
R-22 0.38706 0.35319
R-23 0.39081 0.35716
R-32 0.39161 0.36161
R-125 0.41356 0.34768
R-134a 0.40667 0.34783
R-152a 0.40201 0.35377
R-143a 0.41283 0.35465
R-245fa 0.40172 0.32361
R-717 0.35971 0.37474
R-718 0.37041 0.37660
R-744 0.70766 0.34748
R-50 0.38826 0.36844
R-170 0.39603 0.37413
R-290 0.40105 0.36242
R-600 0.41254 0.35755
R-600a 0.40912 0.36271
R-1150 0.37805 0.36301
R-1270 0.39342 0.37428
R-704 0.77480 0.39343
R-728 0.40968 0.37427
R-732 0.39676 0.38633
R-740 0.38227 0.37658
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Fig. 3 Deviations of calculated R-718 enthal-
pies from the ASHRAE table values.

(17) which is equivalent to the P2 Eq. (9) pro-
posed in this study. Figure 3 illustrates, for R-
718, the differences between ASHRAE property
table"” values and the ones calculated using
the four correlations compared. MSP Eq. (5)
and S Eq.(8) gives relatively larger deviations
at low temperatures while X Eq.(7) and P2
Eq.(9) produce smaller deviations and show
almost identical performance over a wide range
excluding the critical point.

4. Conclusions

A few commonly used correlations of the
enthalpy of vaporization for pure substance re-
frigerant are reviewed and a new correlation
equation is proposed. Performances of some
selected three-parameter correlations are com-
pared for 22 refrigerants The new equation re—
produces the data from ASHRAE property tables
with 0.14% of mean average absolute deviation
so that the equation is better than or equivalent
to Xiang equation and is better than Majer-
Svoboda-Pick equation and Somayajulu equa-
tion. The new correlation can be used to re-
produce the enthalpies of vaporization for 22

refrigerants and is valid from the critical point
to the lowest temperature where data point
exists. Characteristic values, optimal values of
coefficients and exponents are given for the
new equation.

References

1. Lee, B.1. and Kesler, M. G, 1975, A gen-
eralized thermodynamic correlation based on
three-parameter corresponding states, AIChE
J., Vol. 21, No. 3, pp. 510-527.

2. Watson, K. M., 1943, Thermodynamics of the
liquid state, Ind. Eng. Chem. Vol 35 pp.
398-406.

3. Reid, R.C,, Prausnitz, J. M. and Poling, B.E,,
1987, The properties of gases & liquids,
McGraw-Hill, New York, p. 220.

4, Park, K. K., 1998, A new correlation of the
enthalpy of vaporization for pure refriger-
ants, SAREK, Vol. 10, No. 4, pp. 449-455.

5. Fish, L.W. and Lielmezs, J., 1975, General
method for predicting the latent heat of .va-
porization, Ind. Eng. Chem. Fundam., Vol
14, No. 3, pp. 248-256.

6. Majer, V., Svoboda, V. and Pick, J., 1989,
Heats of vaporization of fluids, Elsevier,
Amsterdam.

7. Torquato, S. and Stell, G., 1981, Latent heat
of vaporization of a fluid, J. Phys. Chem.,
Vol. 85, No. 21, pp. 3029-3030.

8. Xiang, H.W. 1997, A new enthalpy-of-va-
porization equation, Fluid Phase Equilibria,
Vol. 137, pp. 53-62.

9. Somayajulu, G.R., 1988, New equations for
enthalpy of vaporization from the triple point
to the critical point, International Journal of
Thermophysics, Vol. 9, No. 4, pp. 567-575.

10. ASHRAE, 2001, ASHRAE Handbook Funda-
mentals Volume, Chap. 20, ASHRAE, Atlanta,
GA.



