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Abstract

An empirical equation for the enthalpy of vaporization of quantum fluids is presented. Dimensionless analysis is used to define enthalpy of
vaporization as a function of temperature with a standard deviation of about 1%. Experimental data represented in these variables show two
different behaviours and exhibit different maximum values of the enthalpy of vaporization, one corresponding to fluids with a triple point and
the other to fluids having a lambda point. None of the existing empirical equations are able to describe this fact. Also enthalpy of vaporization
of helium-3,n-deuterium ana-tritium are estimated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tence curve with much less dispersion than the equations of
Watson or Fish and Lielmezs.
Since Kamerlingh Onnes in 1908 liquefied helium-4 many
of the quantum liquids of low critical temperature have been
extensively studied and applied in industrial proce$5&. 2. Empirical equation for the enthalpy of vaporization
Enthalpy of vaporization is an indispensable physical prop- of quantum liquids
erty for the design and development of refrigeration at low

temperatures. To construct the empirical equation that fits the experi-
The AvapH of classical and quantum fluids is zero at mental data along the coexistence curve, we define the di-
the critical point. Classical fluids have a maximum value of mensionless variables as follows. For quantum liquids the
AvapH at the triple point. But in quantum fluids this maxi-  temperature along the coexistence line varies between the
mum is shifted to temperatures close to the triple or lambda ¢yitical temperaturdl, and the triple temperaturg (7; <
points. Existing empirical equations fawapH such asthat 7 < 7,), or between the critical and the lambda temperature
of Watson[3] or Fish and Lielmez$4] give a maximum 7, (7, < T < T.). Therefore these temperatures must be

AvapH at the triple point or at the lambda point, and there- included in the dimensionless variabléVhen the quantum
fore these correlations fail at low temperature. The structure jiquid has a triple point we defineas:

of these equation,4], a power law of dimensionless tem-

perature, is unable to reproduce the experimental data. _ (T-T) (1)
The present work proposes a universal empirical equation (Te — Tv)

for AvapH. The equation is written as a power of dimension- o )

less temperature, but correlates the shift of the maximum of @1d when the liquid has a lambda points:

both classes of quantum liquids, and fits the whole coexis- (T —T5)
= —— )
- (Te — 1))
* Corresponding author: Tel454-221-425-4904; L
fax: +54-221-425-7317. In both cases the new variablies bounded between zero and
E-mail addressvasco@iflysib.unlp.edu.ar (G.J. Zarragoicoechea). one(0 < r < 1). This definition of reduced temperature is an

0040-6031/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2004.04.018



44 V.A. Kuz et al./ Thermochimica Acta 423 (2004) 43-47

extension of that given by van der Waals. The corresponding The correlation for fluids with a lambda point is obtained by

dimensionless enthalpies are

AvapH(T)

Ah(f) = =207 3

(0 Avaoll 3)
AvapH(T)

Ah(f) = =27 4

0] Avall, (4)

Whel’e Avath == A\/apH(T == T:[) and A\/ap[‘[)L ==

the substitution oEgs. (2), (4) and (7into Eqg. (5)to give
(Te—T :|0-499((T—TA)/(Tc—Tx))—O.242

AvapH(T) = AvapH), | ————
vapH(T) vap AI:(TC—TA)

(9)

The values ofl;, Ty, T;., AvapHi, andAyapH,; depend on the
substance, therefore each substance has a different curve of

AvapH(T = Ty) are the values of the enthalpies of vapor- AvapH(T) versusT. Fig. 2 presents the experimental data

ization at the triple and theambdapoints, respectively.

for helium-4, normal and parahydrogen and the correlations

With these dimensionless variables we represent the ex-(8) and (9). A simple inspection shows a good correspon-
perimental data for normal hydrogen, para hydrogen and dence between the correlations and the experimental data.

helium-4[5]. The three curves are representeig. 1. The
maximum values are not at= 0, as in the case of classical

The dispersion between our correlation and the experiments
is of the order of 1%Table 1shows the standard deviations

fluids, but between the boiling temperature and the triple or (S.D. = Z | AvapH(T)calc. — AvapH(T)exp|/NAvapH(Tt/A_))
lambda temperature. These experimental data are well cor-0f empiricalEgs. (8) and (9and that of Watso{8] and Fish

related by the following function

Ah(r) = (1 — @b ()
wherea and b are constants obtained by fittirigp. (5)to
the experimental data. For fluids having a triple point,

a=044 and b= -0.137 (6)

For fluids with alambdapoint,
a=0499 and b= -0.242 7)

With the variablesAyapH and T, for quantum fluids with a
triple point, substitution oEgs. (1), (3) and (6nto Eg. (5)
gives

(Te—T) :|0.44((TT1)/(TCTI))0.137

AvapH(T) = AyapH; [m 8

and Lielmezg4]. Our equations correlate the experimental
values better than the earlier equati§®gl]. Eq. (5)is not a
simple power law of the dimensionless variable as the other
empirical equations. Instead, it is a linear power of the same
variable in the region & 7 < 1.

Where there are no experimental dataAqs,H we pro-
ceed as follows. First we estimatg,pH at the boiling point
via Trouton’s rule[6]. Trouton’s constants for common lig-
uids lie between 9RNnd 14R, wherer is the gas constant.
Hydrogen and helium are not comparable with the simple
liquids because of the large size of the “quantum correction”
[6]. If we assume that isotopic elements have approximately
the same Trouton's constant, then from the experimental
data of hydroge5],

AvapH (Tp)

~ 44 ymol K
1

(10)
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Fig. 1. Reduced enthalpy of vaporization as a function of dimensionless temperature. Points are experimgbfal data
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Fig. 2. Enthalpy of vaporizatiomyapH as a function of temperaturd, Points are experimental dafa], solid lines are plots oEgs. (8) and (9with
the corresponding values @t, Ti, 7)., AvapH; and AyapH,.. (@) Helium-4, (b) normal and parahydrogen.

Table 1
Standard deviations of empirical equations for the enthalpy of vaporization Table 2 . . » .
Values of lambda, triple, boiling and critical temperature for helium-3
Substance N2 This work Watson Fish and [1,2], deuterium and tritiunf1]
Lielmezs
Substance T [K] T; [K] Ty [K] Tc [K]
Normal hydrogen 32 1.215 16.079 5.049
Parahydrogen 26 0.308 13.267 11.945 Helium-3 0.0027 3.2 3.3
Helium-4 22 0.573 11.649 15.412 n-Deuterium 18.7 23.7 38.4
n-Tritium 20.6 25.0 42.5

2 N, number of data points.
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Fig. 3. Enthalpy of vaporization estimated Bgs. (8) and (9¥or n-deuterium,n-tritium and helium-3.

Table 3
Estimated values ofAyapH(T;) and AvapH(T3) for helium-3 and
AvapH(Tp) and AvapH(Ty) for n-deuterium and:-tritium

Substance AvapH(Ty) AvapH(Ty) AvapH(Tt)
[3/mol K] [3/mol K] [3/mol K]

Helium-3 62.8 146.3

n-Deuterium 1042.8 1035.1

n-Tritium 1100.0 1088.1

Therefore fom-deuterium and-tritium, AyapH(T},) can be
evaluated fronEq. (10)using data given imable 2 [1,2].
Similarly we can estimatéapH(T}) for helium-3 using the
Trouton’s constant for helium-g],

AvapH (Tp)

~ 19.63 ymol K
Ty

(11)

With these AyapH values at the boiling temperature and
Egs. (8) and (9we find AyapH at the triple and lambda
points respectively. These values are displayedahble 3.
With the temperature data @&ble 2and the estimated val-
ues of AyapH given in Table 3we evaluateAyapH at any
temperature (sekig. 3).

3. Discussion

Eq. (5)is valid for both quantum and classical fluids. In
the case of classical fluids = Z. (the universal critical
ratio Z. = 0.292[7]), anda = b°. Therefore, one universal
equation without any adjustable paramdg@ris sufficient
for these fluids. In quantum fluidg, and b are given by

Egs. (6) and (7), respectively. For these kind of fluids no
universal relation exists.

Eq. (5)correlates the experimental data better because of
inclusion of a power of the variable. While Wats[3) uses
nearly the same dimensionless variable for the temperature,
the dimensionlesaapH is given byAh(r) = (1—1)%, with
«a = cteinstead.

Fish and Lielmezg44] propose an interesting classifica-
tion of fluids in relation toAyapH behaviour. They suggest
that fluids may be classified into three groups, metallic,
organic and inorganic, and quantum liquids. The present
analysis indicates that fluids should be classified as clas-
sical fluids and quantum fluids with triple and lambda
points.

Finally a comment aboutyapH of deuterium, tritium and
helium-3. As no experimental data fakapH is available for
these liquids, we assume the validity of Trouton’s rule for
isotopic fluids. This assumption allows estimatiomaf,H
at the boiling temperature and then, Hgs. (8) and (9), to
obtain AyapH for the whole coexistence line. The assump-
tion of Trouton’s rule is acceptable in light of the known
values of Trouton’s constant for self-similar substance

[9].
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