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ABSTRACT: A few commonly used correlation equations of the enthalpy of vaporization es-
sential to the analysis of refrigeration cycles are reviewed. A new four-parameter correlation
equation is proposed assuming that the enthalpy of vaporization could be represented with a
linear form- of the temperature and an additional function which slowly decreases as the tem-
perature increases. It is not a common practice to measure the enthalpy of vaporization by
experiment; therefore, performance of the new correlation is examined using numeric data
from the ASHRAE tables for 22 pure substance refrigerants. The new correlation equation
and other existing ones are fitted to the data optimizing the root mean squared deviation. All
data points are weighted equally and NBP (normal boiling point) is used as a fixed point
since the NBP is important for refrigeration application. The new four-parameter equation
yields an average absolute deviation of 0.05% for 22 refrigerants which is smaller than those
of other four-parameter equations, such as Guermouche-Vergnaud (0.08%), Aerebrot (0.13%),
Radoz-Lyderson (0.08%), and Somayajulu four-parameter equation (0.08%).

Nomenclature Greek symbols

a : linear coefficient o critical exponent or constant
Ah : enthalpy of vaporization [k]J/kgl B critical exponent or constant
t ! data number, term number 4 : constant
k : exponent 6 : function of temperature(=1— T, )
! : exponent or coefficient 7 function of temperature(=1/7, —1)
m  exponent or coefficient A ! critical exponent
N : number of data points .
n : exponent or coefficient ' ‘Subscripts
R : gas constant [k]/kgK]
T : saturation temperature [K] b : normal boiling point
Z : compressibility factor ¢ critical point
cal © calculated
r : reduced
t : triple pojnt
t Corresponding author tbl : property table value
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1. Introduction

Refrigeration cycles, in general, transfer heat
from a lower temperature body to a higher
temperature body using 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 es-
sential for a cycle analysis. Calculation of the
enthalpy also affects the evaluation of the heat
transfer coefficients since the enthalpy of vapori-
zation is involved in most of the correlations
for prediction of phase change heat transfer.

It is not a common practice to measure the
enthalpy of vaporization by experiment. Most
of the so—called experimental values come from
the Clapeyron equation or the saturation condi-
tion determined by an equation of state. 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
typical of various correlations found in the
literature.” ™"

In this study, first, some of independent cor-
relations of the enthalpy of vaporization are
reviewed. Then a new correlation is introduced
and is compared with the existing correlations.
It is our aim to improve the method of calcu~
lation and reproduction of the enthalpy of va-
porization for each pure substances.

2. Vaporization enthalpy correlations

Based on available data, it is usual to pro-
pose a correlation which expresses the en-
thalpy of vaporization as a function of tem-
perature. For this purpose, we have ‘simple
two—parameter Watson equation.m

V)

Ah [T V"
AR, \1— T,

where Ak, is the enthalpy of vaporization at

NBP (normal boiling point) and 73, is the re-
duced temperature at NBP (= 7;/T,), The val-
ue of exponent, n is known to be about 0.38,
but the optimal value lies in the range of 0.23
~0.41 depending on the substance.m

Recently Meyra et al.(z) proposed the follow—
ing equation (MKZ) similar to the Watson.
Ah _( 1-T, )ZSI(T,— T/ (- T+ 2 -
Aht 1~ T,

where Ah; is the value at the triple point (TP),
T,, is the reduced temperature (= 7,/7.) at TP,
Z, being a universal critical ratio. Equation (2)
has a constraint that the curve should pass the
TP. When TP data is not available, data point
at the lowest temperature could be used in-
stead.

As a three-parameter equation, Majer et al®
suggested the following Majer-Svoboda-Pick
equation (MSP).

Ah=a(l— T.)"exp(—mT,) 3
Torquato and Stell(e) suggested the following
complicated equation having a semi-theoretical

basis.

Ah
AT,

=000° +a,0° "2+ 0,6 P+ Y a8 (@)
i=1

where 6 =(1—T,), a=0.11, $=032 and A=
051. These are general exponents representing
the non-analytic behavior near the critical po-
int. Xiangm modified the Eq. (4) to give

Ak (ag™ +a, 671 7)

RT, {1+np) ®

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

As a four-parameter equation, Guermouche
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and Vergnaud(s) proposed the following correla-
tion (GV).

Ah= 00a+ﬂT+’yT . (6)

where a B and v are constants. Aerebrot
equatlon (A) has linear coeff1c1ents as follows.

Ah = 0y0'* +a,0*° + 0,0 + a3 6*2 )

Radoz and Lydersen(m) proposed the four-pa-

rameter correlation (RL).
Ah=a091/3+a>,02/3+a205/3+a302 (8)

Somayajulu suggested the lmear-parameter equ~
ations'” (S3 and S4, respectively).

Ah = agr+a,6%8 + 0,6/ )

Ah = ay0%8 +0,6"8 +0,0" + 0, 6*"*  (10)

In this study, we introduce a new correlation
(P4) as follows:
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Fig. 1 Plot of v vs. 7.

This equation originated from an assumption
that, as in Fig.1, ¥(=Ah/T.) can be repre-
sented with a linear term ;7 and an additional

function f(7), where 7= (1/ 7, ~1); that is,
Ah A :
il =f(r)+ar (12)

T

where f(7) is proportional to +# near the criti-
cal point (8~ 1/3) and slowly decreases with
temperature. Therefore, it is assumed f(r)=
aorﬁ T* ' This argument leads to the new
correlation, Eq. (11).

In this study the four-parameter equation
Eq. (11) will be tested and its performance will
be examined comparing with existing equations.

3. Performance comparison

It is our aim to find a correlation which re-
produces the pure substance enthalpies of va-
porization accurately. Since the enthalpy of va-
porization data are hardly measured by experi-
ment, we used ASHRAE property tables(m
a source of the enthalpy of  vaporization data
from the lowest temperature to the critical
point for 22 substances. Table 1 shows critical
temperatures, minimum temperatures, NBP's, and
enthalpies of vaporization at NBP which are
required to set up the correlations. -

The average absolute deviation (AAD) and
root mean squared deviation (RMS) used in this
study are defined, respectively, as

AAD =X IDEV,| (%) a3)

RMS = [~ IDEV? (%) (14)

where NV is the number of data points and de-
viation (DEV) is,

A h’cal

DEV =
’ ‘ Ahtbl

L X100 (%) - (15)
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Four-parameter correlations including P4 equa-
tion (11). proposed in this study are compared
mutually. Therefore, exponents and/or coeffi-
cients in GV equation (6), A equation (7), RL
equation (8), S4 equation (10), and P4 equation
(11) are optimized for each substances.

For GV equation (6) and P4 equation (11) of
which parameters are non-linear, the object
function to be optimized is the value of RMS.
For A equation (7), RL equation (8), and S4
equation (10) of which parameters are linear,
least squares method is used to find values of
the parameters.

During the optimization process, NBP is used
as a constraint that every equation should pass

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

Tc Tmin n Ah’b
Subst. | iy (K) K | &/ke)

R-22 | 36930 | 17315 | 232.34 | 23375

R-23 | 29928 | 118.02" | 191.09 | 23868
R-32 | 35126 | 136.34° | 221.50 | 381.86
R-125 | 339.17 | 17252° | 22502 | 163.78
R-134a | 37421 | 169.85 | 247.08 | 21697
R-152a | 38641 | 15456° | 249.13 | 32991
R-143a | 34586 | 161.34° | 22591 | 22663

R-245fa | 42720 | 22315 | 288.05 | 196.69

R-717 | 40540 | 19550° | 239.82 | 1369.50
R-718 | 647.10 | 273.16" | 373.12 | 2256.47
R-744 | 30413 | 21659" | 273.15 | 230.89

R-50 | 19056 | 90.69" | 111.67 | 510.83
R-170 | 30533 | 9815 | 18455 | 489.47
R-290 | 369.85 | 123.15 | 231.07 | 42543
R-600 | 42516 | 173.15 | 27262 | 38.79
R-600a | 407.85 | 17315 | 26154 | 366.69

JR-1150 | 28235 | 103.99" | 169.38 | 48241
. R-1270 | 36557 | 133.15 | 22546 | 43917

R-704 | 520 | 218 423 20.75
R-728 | 12619 | 6315 | 77.35 | 19884
R-732 | 15458 | 54.36" | 90.19 | 213.06
R-740 | 150.66 | 83.80° { 87.29 | 160.99

the NBP[R-744 (CQO2) is an exception since the
constraint point is at 0CJ]. For this purpose,
the forms of equations GV, A, RL, S4, and P4
are changed, respectively, as

Ah - n+mT,+IT? ‘
2h, (0/6,) (16)
Ah
20— (0/8,)3 +m(0/8,)*°
Ahy ' b an
+1(6/6,)+ (1 —n—m—1)(6/6,)*
AR (0/8)" +m (06,7
b (18)

+1(6/6,)*° + (1 —n—m—1)0/6,)

Table 2 Numbers of data points and AAD’s
of GV, A, RL, S4 and P4 equation

. Correlation
GV| A |RL | S4 | P4

Subst. N

R-22 68 10.10 ] 0.13 | 0.09 | 0.04 | 0.05
R-23 69 | 0.08 | 0.10 | 0.05 | 0.06 | 0.02
R-32 67 | 010|017 { 0.09 | 0.10 | 0.05
R-125 | 68 | 0.14 {013 ] 0.08 | 0.05 | 0.04
R-134a | 68 | 0.12 | 016 | 0.09 | 0.05 | 0.05

R-152a | 68 | 0.09 | 0.14 | 0.09 | 0.01 | 0.06
R-143a | 65 | 0.08 | 0.13 | 0.07 | 0.06 | 0.04
R-245fa | 66 | 0.10 | 0.08 | 0.06 | 0.04 | 0.02
R-717 | 66 | 0051002 | 001 | 012 | 0.01

R-718 | 68 | 0.05 | 0.17 | 0.09 | 0.10 | 0.07
R-744 | 64 | 007 | 0.01 [ 001 | 003 | 0.01
R-50 28 1003008005010 0.04
R-170 | 66 | 008 | 018 | 0.11 | 0.06 | 0.06
R-200 | 66 | 0.10 j0.22 | 0.11 | 0.08 | 0.08
R-600 | 66 | 0.08|0.13]0.08|004]004
R-600a | 63 | 0.01 | 0.10 | 0.02 | 0.17 | 0.05
R-1150 | 67 [ 0.08 | 0.20 | 0.10 { 0.09 | 0.05
R-1270 | 68 | 0.06 | 0.17 | 0.08 | 0.12 | 0.05
R-704 | 32 | 035030031 030|029
R-728 | 25 1001 | 0.05(0.02 004 (001
R-732 22 1007019012008 0.08 .
R-740 | 26 | 0.01]0.03 [ 0.01 { 0.07 | 0.00

AVE. 0.08 { 0.13 | 0.08 | 0.08 | 0.05

"Triple point temperature.

*Data from ASHRAE."™”



122 ‘ Kyoung Youl Lee, Kyoung Kuhn Park

Ah _ 3/

Ahy ~ OO+ m /0, (19)
+10/6,)°8 + (1 —n—m—1)(6/6,)*"/®

fl’:_b =n(r/n)™(T./ Ty} +(1—-n)(0/8,)  (20)

These equations have three parameters (n, m, [)
that should be determined from the data. At
NBP, 7=1;,, I,=T,,, 7=7, and 0=6,, and
thus the right-hand side becomes unity re-
gardless of the values of n or m or L

For all 22 substances, optimized correlations
are used to calculate the enthalpies of va-
porization. AAD’s are calculated and shown in
Table 2.

Comparing the equations by performance for
individual substance, it is noted that the best
equations are GV equation (6) for R-718, R-50,
R-600a, and R-732, S4 equation (10) for R-22
and R-152a, P4 equation (11) for R-23, R-32,
R-125, R-143a, R-245fa, R-1150, R-1270, R-
704, R-740, respectively. For R-717, RL eqution
(8) and P4 equation (11) seems to be equiv-
alent, while for R-728 GV equation (6) and P4
equation (11) are equivalent. For R-134a, R-170,
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Fig. 2 Deviations of calculated R-23 enthalpies
from the ASHRAE table values.

R-290, R-600, S4 equation (10) and P4 equation
(11) gives essentially same performance and
for R-744 A equation (7), RL equation (8), and
P4 equation (11) are equivalent.

On the -average, P4 equation (11) is the best
among others yielding average AAD of 0.05%
for 22 substances. . :

For R-23, Fig.2 compares the values from
ASHRAE Tables™ with those calculated using
the correlations. GV equation (6), A equation (7),
and RL equation (8) give relatively larger devi-
ations at both ends of the temperature range.
S4 equation (10) yields small deviations at low
temperatures while large deviations at high
tempertures. P4 equation (11) gives smaller de-
viations over the whole temperature range than
other correlations except at low temperatures.

Table 3 Values of the"-parameter in equation

(20)
Subst. : Parameter -
) n m - l

R-22 0.40426 | 035022 | 1.89103
R-23 041640 | 034840 | 1.81597
R-32 041310 | 035460 | 1.84878
R-125 042468 | 034639 | 192862
R-134a | 040639 | 034790 | 2.00204
R-152a | 041397 | 034676 | 1.89952
R-143a | 042381 | 0.35181 1.92380°
R-245fa | 041013 .| 032196 | 1.93811
R-717 044427 |. 036428 | 1.55409
R-718 038756 | 037098 | 1.89113
R-744 071079 *| 034754 | 1.96629
R-50 047765 | 036163 | 158447
R-170 042558 | 035553 | 1.76799
R-200 | 041641 | 035533 | 1.88279
R-600 043313 | 034802 | 1.84091
R-600a | 040838 | 036295 | 2.00554.
R-1150 | 039776 | 035606 | 1.86540
R-1270 | 040981 | 036834 | 1.88605
R-704 0.81467 | 038172 | 1.68084
R-728 044345 | 036234 | 178354
R-732 043087 | 036494 | 1.74270
R-740 040401 | 037151 1.87541
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In Table 3 optimized values of (n, m, 1) in
P4 equation (20) suggested in this study are
given.

4. Conclusions

Several commonly used correlations of the
enthalpy of vaporization for pure substances
are reviewed and a new four-parameter equa-
tion is proposed. Performances of some se-
lected correlations are compared for 22 pure
substance refrigerants.

The new four-parameter equation assumes
that the enthalpy of vaporization could be rep-
resented with a linear term to the temperature
and an additional function which slowly de-
creases as the temperature increases. The new
equation reproduces the data from ASHRAE
property tables with 0.05% of mean average
absolute deviation which is smaller than those
of other four-parameter equations, such as
Guermouche-Vergnaud (0.08%), Aerebrot (0.13%),
Radoz-Lydersen (0.08%), and Somayajulu four-
parameter equation (0.08%).

The new correlation can be used to re-
produce the enthalpy of vaporization for 22 re~
frigerants and is valid from the critical point
to the lowest temperature where data point
exists. Characteristic and optimal values of co-
efficients and exponents are given for the new
four-parameter equation.
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