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Srinivasan’s criterion states that, for all pure fluids, the saturation functions φ1 ) (1 - Tr)Pr and φ1* ) (1
- Pr)Tr (with Tr ) T/Tc and Pr ) P/Pc, Tc and Pc being the temperature and pressure at the critical point)
in the vapor-liquid coexistence region present maxima at two different temperatures Tr1 and T r1* within a
small spread of values: Tr1 ≈ 0.85 to 0.9 and T r1* ≈ 0.71 to 0.76. In this paper, we study this criterion for
51 fluids, including quantum fluids (3He, 4He, and H2) and normal alkanes CnH2n+2 with n e 40. We find
that Tr1 ≈ 0.77 to 0.93 and T r1* ≈ 0.64 to 0.82. Correlations between the values of these maxima, (Tr1, φ1, max)
and (T r1*, φ1, max* ), are derived depicting their mutual dependence. We also find that the values of the maxima
can be accurately predicted in terms of the Pitzer acentric factor ω. These predictions are checked against
additional data for 1214 fluids.

Introduction

The vapor pressure curve provides the relation between
temperature and pressure of a fluid in the liquid-vapor
coexistence region. This curve extends from the triple point to
the critical point, and its shape has been the object of
thermodynamics research for about 175 years since Clapeyron
proposed his famous equation. A plethora of equations have
been reported in the literature to correlate or to predict vapor
pressure experimental data. In this long way, several criteria/
conditions have been proposed to check thermodynamic con-
sistency of the used equations. Perhaps, the more known and
used criteria are Waring’s criterion and the two Riedel condi-
tions. Waring’s criterion1 states that -d(ln Pr)/d(1/Tr) (with Tr

) T/Tc and Pr ) P/Pc, Tc and Pc being the temperature and
pressure at the critical point) presents a minimum at a reduced
temperature around Tr ≈ 0.80 to 0.85. The first Riedel condition2

states that the quantity Rc ) (dPr/dTr)Tr)1 is a characteristic
constant for each fluid (Riedel’s factor), typically in the range
5 to 8. The second Riedel condition, also known as the
Plank-Riedel condition,3 states that (dR/dTr)Tr)1 ) 0 with R )
d(ln Pr)/d(ln Tr). Strictly, this condition is at odds with
renormalization-group theory which predicts that d2Pr/dTr

2 should
diverge at the critical point, and therefore, it must be substituted
by the condition that the Riedel function R(Tr) presents a
minimum at a reduced temperature close to the critical value Tr

) 1.

Some years ago, analyzing the vapor pressure curve for meth-
ane and refrigerants R123 and R134a, Khan and Srinivasan4–6

found that the functions φ1 ) (1 - Tr)Pr and φ1* ) (1 - Pr)Tr

exhibit maxima at two different reduced temperatures, Tr1 and
T r1*, with T r1* < Tr1. More recently, this fact was analyzed more
systematically by Srinivasan7 for 55 fluids ranging from
monatomic liquids to polar high boiling point liquids. Three
main conclusions can be derived from Srinivasan’s study: (1)
the values of Tr1 and T r1* occur in a narrow band: Tr1 ≈ 0.85 to

0.9 and T r1* ≈ 0.71 to 0.76; (2) the values of Tr1 and T r1* seem
to increase with the molecular complexity of the fluid; and (3)
there exists a linear relation between the maximum values of
these functions, φ1,max ) φ1(Tr1) and φ1,max* ) φ1*(T r1*). Very
recently, Tian et al.8 have used a hard-sphere equation of state
with a Redlich-Kwong attractive term to analyze Tr1 and φ1,max.

The aim of this work is to extend Srinivasan’s study in two
directions. The first is to include in the analysis some quantum
fluids (3He, 4He, and H2) and normal alkanes CnH2n+2 with a
high carbon number (n e 40), to check or to amplify Srini-
vasan’s conclusions. The second is to analyze more quantita-
tively the dependence of the different maxima with the
molecular complexity by choosing the Pitzer acentric factor ω
as an indicator of such complexity9

ω ) -1.0 - log10 Pr at Tr ) 0.7 (1)

Besides its intrinsic interest as a guide to check the precision
of experimental vapor data, Srinivasan’s points present the
peculiarity that one can obtain the slope of the vapor pressure
curve, Pr′ ) dPr/dTr, at such points in terms of the temperature
and pressure of the points. This property makes Srinivasan’s
points very useful as reference points. For example, Velasco et
al.10,11 have recently proposed a method to estimate the two
first critical amplitudes for the simplest scaling vapor pressure
equation in terms of the reduced temperature Tr1 and pressure
Pr1 of the maximum of the function φ1 ) (1 - Tr)Pr.
Furthermore, we remark that the experimental determination of
Srinivasan’s points is rather accessible because they are far
enough from the critical point to avoid the usual difficulties
(thermal stability, gravity effects, and impurity effects) associ-
ated to experimental measurements in the critical region.

Srinivasan’s Criterion

Figure 1(a) and Figure 1(b) show a typical variation of φ1 )
(1 - Tr)Pr and φ1* ) (1 - Pr)Tr, respectively, with Tr for three
common fluids (argon, water, and methanol) from the vapor
pressure data reported in the NIST Webbook.12 These plots show
that φ1(Tr) and φ1*(Tr) present maxima at different, fluid-
dependent reduced temperatures Tr1 and T r1*, respectively, with
T r1* < Tr1.
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The fact that φ1(Tr) goes through a maximum at Tr1 is
mathematically expressed by the relation

[dφ1(Tr)

dTr
]

T)Tr1

) -Pr1 + (1 - Tr1)(dPr

dTr
)

T)Tr1

) 0

(2)

where Pr1 ) Pr(Tr1). From eq 2, one obtains

Pr1′ ≡ (dPr

dTr
)

T)Tr1

)
Pr1

1 - Tr1
)

φ1,max

(1 - Tr1)
2

(3)

with φ1,max ≡ φ1(Tr1) ) (1 - Tr1)Pr1.
On the other hand, the fact that φ1*(T) goes through a

maximum at T r1* implies that

[dφ1*(Tr)

dTr
]

T)Tr1*
) -Tr1*(dPr

dTr
)

T)Tr1*
+ (1 - Pr1* ) ) 0

(4)

where P r1* ) Pr(T r1*). From eq 4, one obtains

Pr1*
′

≡ (dPr

dTr
)

T)Tr1*
)

1 - Pr1*

Tr1*
)

φ1,max*

Tr1*
2

(5)

with φ1, max* ≡ φ1*(T r1*) ) (1 - P r1*)T r1*.
Equations 3 and 5 show that the slopes of the vapor pressure

curve at Srinivasan’s points can be obtained in terms of the
reduced temperature and pressure of such points.

All Srinivasan’s parameters can be derived from a suitable
vapor pressure equation. In the Supporting Information, a direct
estimation of these parameters is made from the Clausius-
Clapeyron (CC) equation.

Results and Discussion

We have analyzed the φ1(Tr) and φ1*(Tr) functions for the 51
substances listed in Table 1 of the Supporting Information (SI).
For 3He and 4He, vapor pressure data were obtained from the
corresponding ITS-90 vapor pressure equation.13–15 For normal
alkanes CnH2n+2 with n ) 20, 30, and 40, vapor pressure data
were obtained from the Lemmon-Goodwin vapor pressure
equation.16 For the remaining fluids, vapor pressure data were
recorded from the NIST Webbook.12 The choice of these fluids
is based in the same criterium as that of Srinivasan7 so that a
representative sampling of monatomic liquids, hydrocarbons,
refrigerants, and cryogenic liquids is considered. The obtained
values for Tr1, φ1,max, T r1*, and φ1, max* are also given in Table 1
of the SI. The fluids are ordered with increasing values of the
Pitzer acentric factor ω, which is usually considered as an
indicator of the molecular complexity of a fluid. The values of
Tr1 vary between Tr1 ) 0.7743 for 3He and Tr1 ) 0.9314 for

tetracontane (C40H82). The values of T r1* vary between T r1* )
0.6420 for 3He and T r1* ) 0.8147 for tetracontane. These values
enlarge the ranges reported by Srinivasan for Tr1 and T r1* and
suggest that both Tr1 and T r1* tend to 1 when ω increases, in
agreement with the results obtained with the CC equation [eq
2 of the SI].

Figure 2 shows plots of Tr1, φ1,max, Pr1 ) φ1, max/(1 - Tr1),
and Pr1′ ) φ1,max/(1 - Tr1)2 vs ω. Symbols correspond to NIST
data using the values reported in the forth and fifth columns of
Table 1 of the SI. Dashed lines correspond to theoretical results
obtained from the CC equation [eqs 6 to 9 of the SI]. Equation
6 of the SI predicts Tr1 values with an average relative deviation
(ARD) of 0.17 % with respect to those reported in Table 1 of
the SI, while eq 8 of the SI predicts φ1,max values with an ARD
of 1.46 % with respect to those reported in Table 1 of the SI.
On the other hand, eq 7 of the SI predicts the NIST Pr1 values
with an ARD of 2.31 %, while eq 9 of the SI predicts the NIST
Pr1′ values with an ARD of 3.60 %. The main discrepancies
between experimental and theoretical CC results appear for
negative ω values (quantum fluids) and large positive ω values
(alkanes with a high carbon number).

To obtain accurate empirical correlations between the acentric
factor ω and the values of Tr1 and φ1,max characterizing the
maximum of the function φ1(Tr), we have performed a regression
analysis of the data reported in Table 1 of the SI. We have
found the following relations

Tr1 ) 1 - 0.13864
1 + ω

- 0.07911ω
(1.47977 + ω)2

(6)

and

Figure 1. Variation of the saturation functions φ1(Tr) ) (1 - Tr)Pr (a) and
φ1*(Tr) ) (1 - Pr)Tr (b) with Tr for Ar (black), H2O (red), and methanol
(blue). Vapor pressure data were obtained from the NIST Webbook.12 Solid
lines correspond to functions φ1(Tr) and φ1*(Tr) with vapor pressure obtained
from the Clausius-Clapeyron equation [eq 2 of the Supporting Information].

Figure 2. (a) Plot of Tr1 vs ω for fluids given in Table 1 of the SI. The
dashed line corresponds to the Clausius-Clapeyron result [eq 6 of the SI].
The solid line is a fit to the data [eq 6]. (b) Plot of φ1,max vs ω for fluids
given in Table 1 of the SI. The dashed line corresponds to the
Clausius-Clapeyron result [eq 8 of the SI]. The solid line is a fit to the
data [eq 7]. (c) Plot of Pr1 ) φ1,max/(1 - Tr1) vs ω for fluids given in Table
1 of the SI. The dashed line corresponds to the Clausius-Clapeyron result
[eq 7 of the SI]. The solid line corresponds to Pr1 using eqs 6 and 7. (d)
Plot of Pr1′ ) φ1,max/(1 - Tr1)2 vs ω for fluids given in Table 1 of the SI.
The dashed line corresponds to the Clausius-Clapeyron result [eq 9 of the
SI]. The solid line corresponds to Pr1′ using eqs 6 and 7.
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φ1,max ) 0.07398
1 + ω

- 0.02188

(1 + ω)2
+ 0.00491

(1 + ω)3
(7)

Equations 6 and 7 are plotted by solid red lines in Figure 2(a)
and Figure 2(b), respectively. Equation 6 fits the Tr1 values of
Table 1 of the SI with an ARD of 0.028 %, while eq 7 fits the
φ1,max values of Table 1 of the SI with an ARD of 0.22 %. For
ω ) 0, eq 7 gives Tr1

(0) ) 0.86136, while eq 7 gives φ1,max
(0) )

0.05701, very close to the values obtained with the CC equation.
Furthermore, when ω f ∞, eq 6 gives Tr1

(∞) ) 1 and eq 7 gives
φ1,max

(∞) ) 0, in agreement with the same limit values obtained
with the CC equation.

From eqs 6 and 7, one can obtain the ω-dependence of Pr1

) φ1,max/(1 - Tr1) and, using eq 3, of Pr1′ . These dependences
are plotted in Figure 2(c) and Figure 2(d), respectively, by solid
red lines. The empirical correlations fit the NIST Pr1 values with
an ARD of 0.21 % and the NIST Pr1′ values with an ARD of
0.37 %. We note that the maximum positive deviations in Figure
2(c) correspond to R41 (0.75 %) and to H2 (0.51 %), while the
maximum negative deviations correspond to 12-fluoropentane
(-0.99 %), N2O (-0.59 %), CO2 (-0.57 %), and methanol
(-0.55 %).

Figure 3 shows plots of T r1*, φ1,max* , P r1* ) 1 - (φ1,max* /T r1*),
and Pr1

*′ ) φ1,max* /Tr1
*2 vs ω. Symbols correspond to NIST data

using the values reported in the sixth and seventh columns of
Table 1 of the SI. Dashed lines correspond to theoretical results
obtained from the CC equation [eqs 10 to 13 of the SI]. Equation
11 of the SI predicts T r1* values with an average relative deviation
(ARD) of 0.31 % with respect to those reported in Table 1 of
the SI, while eq 12 of the SI predicts φ1,max* values with an ARD
of 0.16 % with respect to those reported in Table 1 of the SI.
On the other hand, eq 10 of the SI predicts the NIST P r1* values
with an ARD of 1.58 %, while eq 13 of the SI predicts the
NIST Pr1

*′ values with an ARD of 0.60 %. Again, the main

discrepancies between experimental and theoretical CC results
arise for negative ω values (quantum fluids) and large positive
ω values (alkanes with a high carbon number).

To obtain accurate empirical correlations between the acentric
factor ω and the values of T r1* and φ1,max* characterizing the
maximum of the function φ1*(Tr), we have performed a regres-
sion analysis of the data reported in Table 1 of the SI. We have
found the following relations

Tr1* ) 1 -

0.28246 + 0.16318 ln(1 + ω) + 0.02546[ln(1 + ω)]2

1 + ω
(8)

and

φ1,max* ) 1 -

0.36873 + 0.18868 ln(1 + ω) + 0.03674[ln(1 + ω)]2

1 + ω
(9)

Equations 8 and 9 are plotted by solid red lines in Figure 3(a)
and Figure 3(b), respectively. Equation 8 fits the T r1* values of
Table 1 of the SI with an ARD of 0.056 %, while eq 9 fits the
φ1,max* values of Table 1 of the SI with an ARD of 0.040 %. For
ω ) 0, eq 8 gives Tr1

*(0) ) 0.71754, while eq 9 gives φ1,max
*(0) )

0.63127, also very close to the values obtained with the CC
equation. Furthermore, when ω f ∞, eq 8 gives Tr1

*(∞) ) 1 and
eq 9 gives φ1,max

*(∞) ) 1, in agreement with the same limit values
obtained with the CC equation.

From eqs 8 and 9, one can obtain the ω-dependence of P r1*
) 1 - (φ1,max* /T r1*) and, using eq 5, of Pr1

*′. These dependences
are plotted in Figure 3(c) and Figure 3(d), respectively, by solid
red lines. The empirical correlations fit the NIST P r1* values
with an ARD of 0.44 % and the NIST Pr1

*′ values with an ARD
of 0.10 %.

To check eqs 6 to 9, we have considered 1214 substances
with data reported by DIPPR.17 These substances were chosen
among those for which DIPPR provides accepted data for Tc

and Pc. The corresponding values of Tr1, φ1,max, T r1*, and φ1,max*
were obtained by calculating the maxima of φ1(Tr) and φ1*(Tr),
with Pr given by a generalized Riedel equation.2,18 The values
for the acentric factor ω were also obtained from the Riedel
equation using eq 8. The values of Tr1 and T r1* against ω are
plotted in Figure 4(a) together with eqs 6 and 8. Equation 6
predicts Tr1 with an overall ARD of 0.13 %, while eq 8 predicts
T r1* with an overall ARD of 0.36 %. The values of φ1,max and
φ1,max* against ω are plotted in Figure 4(b) together with eqs 7
and 9. Equation 7 predicts φ1,max with an overall ARD of 2.57

Figure 3. (a) Plot of T r1* vs ω for fluids given in Table 1 of the SI. The
dashed line corresponds to the Clausius-Clapeyron result [eq 11 of the
SI]. The solid line is a fit to the data [eq 8]. (b) Plot of φ1,max* vs ω for fluids
given in Table 1 of the SI. The dashed line corresponds to the
Clausius-Clapeyron result [eq 12 of the SI]. The solid line is a fit to the
data [eq 9]. (c) Plot of P r1* ) 1 - (φ1,max* /T r1*) vs ω for fluids given in Table
1 of the SI. The dashed line corresponds to the Clausius-Clapeyron result
[eq 10 of the SI]. The solid line corresponds to P r1* using eqs 8 and 9. (d)
Plot of Pr1

*′ ) φ1,max* /Tr1
*2 vs ω for fluids given in Table 1 of the SI. The

dashed line corresponds to the Clausius-Clapeyron result [eq 13 of the
SI]. The solid line corresponds to Pr1

*′ using eqs 8 and 9.

Figure 4. (a) Reduced temperatures Tr1 and T r1* vs the acentric factor ω.
Lines correspond to the proposed empirical correlations [eqs 6 and 8]. (b)
A plot of φ1,max and φ1,max* vs the acentric factor ω. Lines correspond to the
proposed empirical correlations [eqs 7 and 9]. The symbols correspond to
1214 DIPPR fluids with accepted data for Tc and Pc.
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%, while eq 9 predicts φ1,max* with an overall ARD of 0.20 %.
It should be remarked that the DIPPR values for Tc and Pc are
given for many substances with errors up to 25 %.

Figure 5(a) and Figure 5(b) show a plot of T r1* vs Tr1 and
φ1,max* vs φ1,max, respectively, for the fluids of Table 1 of the SI.
These figures indicate that there exists a clear correlation
between them. We have found that, for the fluids considered in
Table 1 of the SI, a simple and accurate empirical relation
between Tr1 and T r1* is given by

Tr1* ) 2.5295 - 5.3869Tr1 + 3.8115Tr1
2 (10)

with an ARD of 0.056 %, a maximum positive deviation (0.24
%) for 3He, and a maximum negative deviation (-0.33 %) for
H2. Equation 10 is plotted in Figure 5(a) by a solid red line.

On the other hand, by excluding quantum fluids (3He, 4He,
and H2) and alkanes CnH2n+2 with n > 8, Srinivasan7 found a
linear relation between the two maxima

φ1,max* )
0.2095 - φ1,max

0.2415
) 0.8675 - 4.1408φ1,max

(11)

which is plotted in Figure 5(b) by a dashed line. If the quantum
fluids and alkanes CnH2n+2 with n > 8 are included in the
correlation, eq 11 gives an ARD of 0.31 %, with the maximum
positive deviation (0.21 %) for R41 and the maximum negative
deviation (-5.5 %) for 3He. We have found that for the fluids
considered in Table 1 of the SI a more accurate empirical
relation between φ1,max and φ1,max* is given by

φ1,max* ) 0.9148 - 5.9235φ1,max + 16.5904φ1,max
2

(12)

with an ARD of 0.07 %, maximum positive deviation (0.25 %)
for water, and maximum negative deviation (-0.18 %) for 12-
fluoropentane. Equation 12 is plotted in Figure 5(b) by a solid
red line.

Conclusions

Srinivasan’s criterion states that there exists a maximum in
the functions φ1* ) (1 - Pr)Tr and φ1 ) (1 - Tr)Pr along the
vapor pressure curve Pr ) Pr(Tr) for all pure fluids. We have
extended Srinivasan’s study by including quantum fluids (3He,

4He, and H2) and alkanes CnH2n+2 with a high carbon number
(n ) 20, 30, and 40). This extension allows one to obtain new
equations for the correlations between two maxima. In particular,
we propose a set of equations for obtaining Srinivasan’s maxima
in terms of the acentric factor ω. These equations provide very
nice examples of the Pitzer three-parameter corresponding state
theory, and they can then be used either for predicting purposes
or for testing experimental vapor pressure data.

Supporting Information Available:

Derivation of Srinivasan’s parameters from the Clausius-
Clapeyron equation. Table of the critical parameters, Srinivasan’s
values, and acentric factor for the substances considered in this
work. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 5. (a) Plot of Tr1* vs Tr1 for fluids given in Table 1 of the SI. The red
line corresponds to a fit to the data [eq 10]. (b) Plot of φ1,max* ) (1 - Pr1*)Tr1*
vs φ1,max ) (1 - Tr1)Pr1 for fluids given in Table 1 of the SI. The solid red
line corresponds to a fit to the data [eq 12]. The dashed line corresponds to
Srinivasan’s linear correlation7 [eq 11].
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