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Abstract
We compiled an experimental database for the surface tension of binary mixtures 
containing a wide variety of fluids, from the chemical classes (water, alcohols, 
amines, ketones, linear and branched alkanes, naphthenes, aromatics, refrigerants, 
and cryogens). The resulting data set includes 65 pure fluids and 154 binary pairs 
with a total of 8205 points. We used this database to test the performance of a para-
chor model for the surface tension of binary mixtures. The model uses published 
correlations to determine the parachors of the pure fluids. The model has a single, 
constant binary interaction parameter for each pair that was found by fitting experi-
mental mixture data. It can be also used in a predictive mode when the interaction 
parameters are set to zero. We present detailed comparisons on the performance 
of the model for both cases. In general, the parachor model in a predictive mode 
without fitted interaction parameters can predict the surface tension of binary mix-
tures of non-polar mixtures such as linear and branched alkanes, linear and branched 
alkanes with naphthenes, aromatics with aromatics, aromatics with naphthenes, 
and mixtures of linear alkanes of similar sizes with an average absolute percentage 
deviation of about 3 % or less. Polar mixtures of halocarbons with other halocar-
bons and also polar/nonpolar mixtures of alkanes with halocarbons could be mod-
eled with an average absolute deviation of less than 0.35 mN·m−1 with the use of a 
binary interaction parameter. The parachor model even with a fitted binary interac-
tion parameter performs poorly for mixtures of water and organic compounds and is 
not recommended.
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1  Introduction

Surface tension is an important physical property that has long had significance 
in the oil and gas industry, and is also of interest in applications as varied as phar-
maceuticals [1, 2], heat transfer in low-global warming potential (GWP) refriger-
ants [3], ink-jet printing [4, 5] and diesel engine design [6]. Specific examples in 
the pharmaceutical industry include [2] the importance of controlling the surface 
tension of coating solutions of tablets to improve product appearance and con-
trol the rate of drug release, the effect of surface tension on the size of drop-
lets in a nebulizer, and control of the size of eye drops. In addition, fluorocarbon 
based fluids with low surface tension are being investigated as blood substitutes 
for oxygen delivery [1]. In the refrigeration industry, new low-GWP refrigerant 
blends are being proposed. In order to evaluate the performance of heat exchang-
ers, accurate knowledge of the surface tension is needed to model the bubble 
behavior in pool boiling [3]. In ink-jet printing, From [5] analyzed the fluid flow 
behavior of impulsively driven laminar jet flow in terms of dimensionless param-
eters involving the surface tension, density, viscosity, and a characteristic dimen-
sion, and made recommendations for when the fluid has stable drop formation. In 
order to optimize engine performance to reduce soot emissions, there is a need 
for surface tension data at high pressures and high temperatures [6]. Accurate 
property values for surface tension are necessary for successful analysis of all 
these processes.

In 1923, Macleod proposed a simple empirical relationship between surface 
tension σ and the density of the liquid and vapor phases ρL and ρV

where P is a temperature-independent parameter called the parachor by Sugden [7]. 
Other practical engineering methods for predicting surface tension can be found 
in handbooks such as Ref. [8]. In addition, there are numerous theoretically based 
approaches to predicting the surface tension such as density gradient theory [9, 10], 
density functional theory [11], hard-sphere fluid scaled particle theory [12], pertur-
bation theory [13] and friction theory [14].

The parachor approach can also be applied to mixtures, as was demonstrated 
by Weinaug and Katz [15] and Hugill et al. [16]. Although the parachor method 
has been used for many years in the petrochemical industry, is in active use now 
[17], is the recommended approach in the API Technical Databook [18], and is 
discussed in reference books for engineers [8] there has not been a comprehen-
sive evaluation of the performance of this type of model with respect to mixtures 
using a large database of binary data in the open literature. It is the goal of this 
work to provide an evaluation of the parachor model to a wide variety of binary 
mixtures, including not only common hydrocarbons involved in the petrochemical 
industry, but also recent low-GWP fluids of interest to the refrigeration industry 
and to indicate expected performance and limitations of this model for a wide 
variety of mixtures.

(1)P =
�1∕4

�L − �V
,
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2 � The Parachor Model

The parachor model that we will apply to mixtures was originally presented by Wein-
aug and Katz [15] and later modified by Hugill et al. [16] to allow for the use of binary 
interaction parameters. For a mixture,

with mixing and combining rules

where δij is an optional binary interaction parameter, and xi and yi are the molar 
compositions of the liquid and gas phases, respectively. Historically [15, 16, 19] the 
exponent m has been set to 4, but here we use m = 3.87 based on theoretical consid-
erations as presented by Garrabos et al. [20]. In addition, it also is common to use a 
fixed value of the parachor obtained from compilations such as that of Quayle [21]. 
Zhelezny et al. [22] has studied the temperature dependence of the parachor. Mulero 
and coworkers [23–31] developed an extensive body of work on correlations for 
the surface tension of many important industrial fluids that can be used to compute 
the pure fluid parachors Pi as a function of temperature. These correlations are very 
accurate and can represent the data to within experimental uncertainty. We primar-
ily use these correlations as implemented in the computer program REFPROP v10 
[32] for pure fluid surface tension σi. The parachors are evaluated at the temperature 
of interest for the binary mixture, however for temperatures greater than or equal to 
0.9Tc,i, where Tc,i is the pure fluid critical temperature, the parachor is calculated at 
0.9Tc,i. It also is necessary to have the saturation densities and compositions xi and 
yi of the liquid and vapor phases. If the compositions and densities from the VLE 
calculations are inaccurate this will increase the uncertainty in the surface tension 
calculations, so care should be used in the selection of the VLE model. We obtain 
these compositions and densities from the default equations of state and models 
implemented in REFPROP v10 [32]; a description of these can be found in [33]. A 
few changes were made in the models of REFPROP v10 that enabled calculation for 
some mixtures not permitted in the original version, as well as some changes in mix-
ture parameters that are summarized in the Supplementary Information in Appendix 
A.

(2)�mix =
(

PL�L − PV�V
)m

(3)PL =

n
∑

i=1

n
∑

j=1

xixjPij and PV =

n
∑

i=1

n
∑

j=1

yiyjPij

(4)Pij = (1 − �ij)
Pi + Pj

2
,
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3 � Experimental Data

We extracted experimental data for the surface tension of binary mixtures for 
liquid–gas interfaces from the NIST TDE database [34] for which the pure fluid 
components are available, the composition of the liquid is explicitly specified, 
and also for which there are reliable models for the vapor–liquid equilibrium and 
thermodynamic properties in the REFPROP database [32]. We excluded HCl/water 
and benzene/water due to the lack of a good mixture model for thermodynamic 
properties in REFPROP. The resulting data set includes 65 pure fluids and 
154 binary pairs with a total of 8205 points. Table  1 provides a list of the pure 
components along with information for compound identification, along with a 
reference for the pure fluid surface tension correlation implemented in REFPROP 
v10 [32] used to evaluate pure fluid surface tension in this work. A summary of the 
binary mixture data is given in Table 2 including a reference code (starting with the 
publication year), the experimental method, an uncertainty estimate, the fluids in the 
binary mixture, the number of data points, temperature range, and composition in 
terms of the mole fraction of the first component. The full data set is available in the 
supplementary information in the file InputData.txt. A discussion of experimental 
methods for obtaining surface tension can be found in Ref. [35]. The estimated 
uncertainties (at a k = 2 level) are those as assessed by the NIST TDE database and 
may not be the same as those stated by the original authors. As part of the data 
capture process, software [36] is used that assesses the uncertainty of the data taking 
into account factors such as the experimental method, the sample purity, property 
precision, precision of independent variables. However, the reader should consult 
the original data reference for complete details of the measurement technique and 
uncertainty analysis for assessment of the quality of an individual data set.

4 � Results

Evaluations were first made with the interaction parameter in Eq.  4 set to zero 
(δij = 0) for all the mixtures. All properties such as the pure fluid surface tensions and 
the mixture densities and compositions required in Eqs. 1–4 were obtained using the 
REFPROP v10 [32] computer program, with additional changes that are detailed in 
the supplementary information, Appendix A. A second set of evaluations was made 
after fitting the binary interaction parameter δij to the experimental data with a trust-
region reflective least squares algorithm in Python, scipy.optimize.curve_fit [198].1 
A single binary interaction parameter was fit for each fluid mixture pair, including 
all data sets for any given pair. For discussion of the results, we define AAPD as 
the average absolute percentage deviation, where PCTDEV = 100(σcalc − σexp)/σexp, 
and AAPD = (∑│PCTDEV│)/n, and the summation is over all n points. AAD is 

1  Certain equipment, instruments, software,  or materials,  commercial or non-commercial, are identi-
fied in this paper to specify the experimental procedure adequately. Such identification is not intended 
to imply recommendation or endorsement of any product or service by NIST, nor is it intended to imply 
that the materials or equipment identified are necessarily the best available for the purpose.
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the average absolute deviation, AAD = (∑│σcalc − σexp │)/n, expressed in mN·m−1, 
and AADMAX is the maximum value of the AAD. We do not include in the sta-
tistics any points where the REFPROP program had convergence errors. Since the 
surface tension is zero at the critical point, some points near the critical region may 
have unusually large percentage deviations and it is more informative to examine the 
absolute deviation instead. Detailed results for each data set listed in Table 2 are pre-
sented in the supplemental information in Appendix B, Table B1. The data are also 
provided in the supplemental information. Here we will discuss the results in terms 
of chemical families.

4.1 � Mixtures with n‑Alkanes

Table  3 summarizes the results for mixtures with n-alkanes, presenting results 
both for binary interaction parameters set to zero and for fitted binary interaction 
parameters. Figure 1 displays these results graphically. The mixtures considered in 
this section contain n-alkanes mixed only with nonpolar fluids (branched alkanes, 
naphthenes, cryogens, and CO2) except for four mixtures with polar aprotic fluids 
dimethyl ether, acetone, dimethyl carbonate, and octamethylcyclotetrasiloxane (D4). 
Excluded from these results are mixtures of n-alkanes with hydrogen bonding flu-
ids, aromatics, or halocarbons; these mixtures are treated separately in later sections. 
The results in Table 3 are arranged by mixture classes.

Overall, Fig.  1 and Table  3 show that without the use of binary interaction 
parameters, non-polar mixtures such as linear and branched alkanes, and linear and 
branched alkanes with naphthenes have average absolute percentage deviations of 
about 3 % or less. The propane/dimethyl ether mixture and the cyclohexane/acetone 
mixture also are represented very well without an interaction parameter. Mixtures of 
linear alkanes show increasing deviations as the mixtures become more asymmetric 
with respect to size, as has been discussed previously [199]. Figure 2 shows that the 
deviations of the parachor model for a series of mixtures of components of varying 
chain lengths (pentane, heptane, decane, and dodecane). Note that the full citations 
for the reference codes used in the figures are given in Table 2. The pentane/hexade-
cane mixture has the largest size difference, and the largest deviation, reaching 2.5 
mN·m−1, and this deviation can be reduced with the use of a fitted binary interaction 
parameter to 1 mN·m−1 indicating that even mixtures of linear alkanes that only have 
size differences can benefit from the use of a binary interaction parameter. The tem-
peratures of the data covered 293 K to 598 K, the details for each data set are given 
in Table 2. Although we used a simple constant binary interaction parameter, Hugill 
and Van Welsenes [16] and Gasem et al. [200] pointed out that the binary interac-
tion parameters are temperature dependent, and introducing temperature dependence 
in the interaction parameters could further reduce the deviations.

Mixtures of n-alkanes with dimethyl carbonate and hexadecane with a siloxane 
have larger deviations with the maximum absolute deviation of approximately 2 
mN·m−1, and although the use of an interaction parameter can reduce the deviations, 
the parachor model does not perform quite as well for these systems (with a max 
AD of ~ 1 mN·m−1) as it does for the n-alkane/n-alkane systems that often have max 
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AD of 0.7 mN·m−1 or less with an interaction parameter. There are three mixtures 
of methane with cryogens; methane/argon and methane/krypton were represented to 
within 3 % without an interaction parameter, but methane/nitrogen required a binary 
interaction parameter to achieve an AAPD of less than 4 %.

Finally, the parachor model without interaction parameters does not adequately 
capture the mixture composition behavior of n-alkanes with carbon dioxide, and an 
interaction parameter is needed. This is illustrated in Fig.  3. The temperatures of 
the data covered 303 K to 378 K, the details for each data set are given in Table 2. 
Similar to what is indicated in Fig. 2, Fig. 3 shows the largest deviations occur for 
systems with the largest size differences, with decane/CO2 showing larger deviations 

Fig. 1   Summary of results for mixtures with alkanes
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than hexane/CO2 and butane/CO2. For the hexane/CO2 mixture without interac-
tion parameters, the AAPD is near 30 % but can be reduced to less than 2 % (0.3 
mN·m−1) with a binary interaction parameter. Note that the percentage deviations 
for decane/CO2 and butane/CO2 are still large even with a binary interaction param-
eter, but this is because the data sets contain points approaching the critical region 
where the values of the surface tensions are small and the resulting percentage devi-
ations are very large.

4.2 � Mixtures with Alcohols

Table  4 summarizes the results for mixtures with alcohols, and Fig.  4 displays 
these results graphically. We include only mixtures with methanol and ethanol; 
larger alcohols are not presently available in REFPROP. This group of mixtures 
includes alcohols with a variety of fluid types [alcohols, n-alkanes, branched 
alkanes, amines, aromatics, glycols, ketones, naphthenes, and a fatty acid methyl 
ester (FAME)]. Mixtures with water are excluded and treated in Sect.  4.3. For 
the binary mixture of methanol and ethanol, the parachor method represents the 

Fig. 2   Deviations between the model and experimental data for mixtures of a series of n-alkanes with 
hexadecane
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surface tension to essentially within experimental uncertainty, and an interaction 
parameter is unnecessary. Similarly, mixtures of methanol and ethanol with ace-
tone are represented very well without an interaction parameter. Mixtures of alco-
hols with aromatics and alcohols with linear alkanes have AAPD’s without binary 
interaction parameters ranging from roughly 1 % to 5 %, which can be reduced to 
less than 3 % with binary interaction parameters. In Fig. 4, for mixtures without 
binary interaction parameters, mixtures of alcohols with the amines MEA and 
DEA, and with ethylene glycol show large deviations. Of the components in mix-
tures with methanol and ethanol, pure MEA, DEA, and ethylene glycol have the 
largest values of surface tension (approximately 45 mN·m−1 at 313 K) compared 
to less than about 27 mN·m−1 for the other fluids in Table 4, and approximately 
21 mN·m−1 for pure methanol and ethanol. Maximum deviations can be as large 
as 7 mN·m−1 for the mixtures with these three fluids and the parachor model is 
not recommended without a binary interaction parameter. With a binary interac-
tion parameter, the maximum deviations can be reduced to 1–2 mN·m−1.

Fig. 3   Deviations between the model and experimental data for mixtures of a series of n-alkanes with 
carbon dioxide
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4.3 � Mixtures with Water

Table 5 summarizes the results for mixtures with water, and Fig. 5 displays these 
results graphically. The mixtures of water and heavy water with methanol and etha-
nol, and those with water and acetone show extremely large deviations, with a maxi-
mum AAD reaching 15–41 mN·m−1. The parachor model completely fails to rep-
resent the surface tension of these mixtures. The use of a single, constant binary 
interaction parameter somewhat reduces the magnitude of the deviations, but the 
model is still not very good with maximum deviations on the order of 5–13 mN·m−1. 

Fig. 4   Summary of results for mixtures with alcohols
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Without interaction parameters, all organic/aqueous mixtures investigated here show 
a common deviation pattern, where the deviations have an asymmetric shape with 
respect to composition, with a very rapid change as one nears the pure water end 
[8]. Water also has a very high surface tension (~ 70 mM·m−1 at 313 K) compared 
to other fluids. Figure  6, showing the percentage deviations of the acetone/water 
mixture as a function of composition, illustrates this pattern. The temperatures of 
the data covered 273 K to 343 K, the details for each data set are given in Table 2. 
One can see that although the use of an interaction parameter can somewhat reduce 

Fig. 5   Summary of results for aqueous mixtures
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the size of the deviations, it cannot properly reproduce the composition behavior. A 
small amount of the organic can greatly change the surface tension, and the parachor 
model does not have the ability to model this composition behavior. It is possible 
that a more complex, composition and temperature dependent interaction parameter 
could capture this behavior, but it is beyond the scope of this work.

4.4 � Mixtures with Aromatics

Table 6 summarizes the results for mixtures with aromatics, and Fig. 7 displays 
these results graphically. With a fitted binary interaction parameter all mixtures 
show an AAPD below 5 % except for the mixture toluene/octane that has an 
AAPD of 5 %. Without interaction parameters some of the points exceed 10 % 
deviation. However, these points occur at relatively high temperatures (380 K to 
400  K) where the magnitude of the deviation is not excessively large (AAD of 
less than 0.82 mN·m−1) but the percentage deviations are larger due to the smaller 
value of the surface tension at higher temperatures. Other systems with deviations 
of approximately 10 % without interaction parameters are o-xylene/acetone, and 

Fig. 6   Relative deviations as a function of composition of water for acetone/water mixture
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some points in benzene/dodecane, toluene/pentane, and m-xylene/benzene. With 
interactions parameters the AADP in these systems, except m-xylene/benzene, 
can be reduced to 1 %. The m-xylene/benzene point with near 10 % deviation 
(for both fitted and non-fitted cases) is due to a pure fluid point for m-xylene (that 
we believe is flawed) from the 1929 data set of Hammick and Andrew [56]. In 
summary, when a fitted binary interaction parameter is used, the aromatic/alkane 
and aromatic/napthene mixtures have an AAPD of no greater than 1 %, however 
the deviations are a function of composition. With the use of a binary interac-
tion parameter these mixtures can generally be represented to within 3 % over the 
entire composition range.

Fig. 7   Summary of results for mixtures with aromatics
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4.5 � Mixtures with Halocarbons

Table  7 summarizes the results for mixtures with halocarbons, and Fig.  8 dis-
plays these results graphically. Included are mixtures containing some of the 
new low-GWP fluids such as R1234yf and R1234ze(E) in addition to HFC’s 
such as R32, R134a, R143a, R152a, and R125, and mixtures of polar halocar-
bons with nonpolar alkanes such as propane and butane. Without using an inter-
action parameter, almost all results are within 10 %, the AAPD’s are generally 
less than 5 %. Exceptions are visible in Fig. 8; the single point for R22/R115 has 

Fig. 8   Summary of results for halocarbon mixtures
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very large deviations; it is unclear why this mixture should deviate from the oth-
ers. The mixture of R152a/propane also has deviations slightly greater than 10 % 
without an interaction parameter. It is unclear why R152a/propane should show 
this magnitude of deviation (AAPD 10.6 %), as a similar polar/nonpolar mixture 
of R32/propane displays smaller deviations (AAPD 2.6 %) without the use of an 
interaction parameter. The mixtures of halocarbons with other halocarbons with-
out an interaction parameter have AAD of about 0.3 mN·m−1, while the mix-
tures of polar halocarbons with nonpolar alkanes have a higher AAD of up to 0.9 

Fig. 9   Summary of results for mixtures with miscellaneous compounds
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mN·m−1. The use of an interaction parameter improves the results, providing an 
AAD less than 0.35 mN·m−1 for both types of mixtures.

4.6 � Mixtures with Miscellaneous Compounds

Table 8 summarizes the results for mixtures with miscellaneous compounds, and 
Fig. 9 displays these results graphically. The mixtures are either of cryogens with 
other cryogens, or siloxanes with siloxanes. All mixtures without interaction 
parameters except helium/argon show an AAPD of less than 10 %. As shown in 
Table 2, the helium/argon mixture data were obtained only for extremely dilute 
solutions of helium less than about a helium mole fraction of 0.01. Without more 
data over a larger composition range, it is difficult to assess the performance of 
the parachor model for the helium/argon system. In addition, there were conver-
gence failures in REFPROP for the systems helium/argon, krypton/argon, and 
nitrogen/helium; points without convergence were not included in the statistics 
and binary interaction parameters were not determined for these systems. There 
also was an extremely limited composition range for neon/argon, hydrogen/
argon, and nitrogen/helium so we cannot fully assess these systems either. The 
data for siloxane mixtures are very limited in the number of points, so it also 
is premature to assess these systems. For the cryogen/cryogen mixtures where 
there are a wide range of data, the parachor model appears to represent the data 
to within 10 % without interaction parameters, with AAPD’s of less than 5 %.

5 � Conclusions

We compiled a database for the surface tension of binary mixtures by extracting 
data from the NIST TDE database [34]. It contains a wide variety of fluids, cov-
ering the chemical classes water, alcohols, amines, ketones, linear and branched 
alkanes, naphthenes, aromatics, refrigerants, and cryogens. The data set includes 
65 pure fluids and 154 binary pairs with a total of 8205 points. We used this data-
base to test the performance of a parachor model for mixtures, in both a predic-
tive mode (no mixture data used) and with a single, constant binary interaction 
parameter found by fitting the mixture data. The parachor model is not new and 
variants of it have been used for many years, but a comprehensive summary of 
its performance on a wide variety of mixtures has not been available until now. 
The data are available in the supporting information to enable model comparisons 
for future research on binary mixtures with new models. In general, the parachor 
model in a predictive mode without fitted interaction parameters can predict the 
surface tension of binary mixtures of non-polar fluids such as linear and branched 
alkanes, linear and branched alkanes with naphthenes, aromatics with aromatics, 
aromatics with naphthenes, and mixtures of linear alkanes of similar sizes with 
an AAPD of about 3 % or less. For mixtures of linear alkanes of differing sizes, 
as the size difference increases it is necessary to use a fitted binary interaction 
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parameter to reduce deviations. Similarly, in a predictive mode the model has 
large deviations for mixtures of n-alkanes with CO2, and an interaction parameter 
should be used. Mixtures of methanol and ethanol did not require an interaction 
parameter. Polar mixtures of halocarbons with other halocarbons and also polar/
nonpolar mixtures of alkanes with halocarbons could be modeled with an AAD 
of less than 0.35 mN·m−1 with the use of a binary interaction parameter for each 
pair of fluids. Future work on developing a predictive scheme for binary interac-
tion parameters for classes of mixtures would make the parachor model more use-
ful. Finally, the parachor model even with a fitted binary interaction parameter is 
not suitable for mixtures of water with organic compounds.
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