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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~! 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 o and the density of the liquid and vapor phases p; and py,

61/4

P= , 1
PL — Py M

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 ef 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.
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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,

Omix = (PLpL - Pv/’v)m 2)

with mixing and combining rules

Pu=) D xxP; and Py=) > vyP; S

i=1 j=1 i=1 j=1

P P, +P;

j == 8)——, “
where §; is an optional binary interaction parameter, and x; and y; 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 P; 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 o; The parachors are evaluated at the temperature
of interest for the binary mixture, however for temperatures greater than or equal to
0.9T;, where T_; is the pure fluid critical temperature, the parachor is calculated at
0.9T ;. Tt also is necessary to have the saturation densities and compositions x; and
y; 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.
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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
(6;=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 ; to the experimental data with a trust-
region reflective least squares algorithm in Python, scipy.optimize.curve_fit [198].!
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(0 .y — Gexp)/Ocxps
and AAPD=(Y | PCTDEV | )/n, and the summation is over all n points. AAD is

' 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.

@ Springer



110

Page 5 of 46

(2023) 44:110

International Journal of Thermophysics

[9z] N-VSAOVAAAHN-AHZONIOOIXIOMS L-65-0FpL uag0k1) °H p-wmnieH wnipH
[8¢] N-VSOVOAAISZ-dNI[AADONAOATX 0-0T-68LL TERM o‘a SpIX0 WNLIRINAQ 1pem KAeoH
[e] N-VSAOVAdIHN-OINdIAATILNTONA P-1$-001 onewory HED sueye[Audyq QuozuaqAyIg
[L£] N-VSAOVAIAHN-NLZNIIMONMIVOAT 1-12-L01 109410 ‘O°HD [o1pueyIg-T'| [094]3 dualfypg
[L2] N-VSAOVAAIHN-ZHLLHITAMDSOAT S-LIH9 [0Yod[y O°HO [oyoo[e [Apg [oueyg
[9z] N-VSAOVALIHN-AAINVANZIASINLO 0¥8bL  QUENY-U *HO sueyg sueyyg
[9z] N-VSAOVAAAHN-NNATIIIOOINANS €0pTIT  QUEYY-U THYD auedapo-u sueaapo
[L£] N-VSAOVAJIHN-AMIOAIAZINDMOH 0-L67679 Quey[V-U FHED sursodoq-u suesodoq
[oz] N-VSAOVAIAHN-MOATDOVLAMNTOOT 9-01-ST1 Ty O°HO QUBYIOWAXOYRN oo [Ayawiq
[+2] N-VSAOVAIIHN-dd TIAZ INdDIfAI 9-8¢-919 BYO ‘O°HD PIoE o1u0qIed 13189 [Ayowid  (DINQ) dreuoqied [Kyiowi
¥zl N-VSAOVAIIHN-HAXIVIAAZAZLY L-62-09 oy 0""H"D 10 (AL YR Ay
[Lg] N-VSAOVAIIHN-GDIAAIZO0AISM T90-L01 qoo[eH 40'HD AUBYIROIOTYIA-T T AUBYIROIOTYII
[9z] N-VSELZIWOMAA-TINAINOOD TIHAN 0-6£-T8LL usgok1) a wnLeNa( wnuRINa(
[9z] N-VSAOVAZIHN-TVSNLOOSAZOOIA S8I-¥CI  QUEYV-U YD suedeq-u aueoaQ
[Lg] N-VSAOVAAIHN-MAIIOAONdMEID9Z T surury ‘ON"'H"D SunuE[ouRyRIq vad
[+2] N-VSAOVAIIHN-VNOMIAHNIOXSINX 9-20-1%S suexonrg  “1IS°0%H'D suexofisejuadoroAafyioweag sa
[+2] N-VSAOVAIIHN-VONOIAXVMINOWINH T-19-95¢ suexonls  MIS'O"H®D SUEXO[ISENRIO[IAI[AYIUWEID va
[+2] N-VSAOVAAIHN-VOSALNVVADASOA €-76-L8C  duayydeN “HD suejuado[ok) surjuadopk)
[9z] N-VSAOVAAIHN-AINANIOISONLAX L-T8-011  susyydeN “HD suexayo[dh) auexayo[dk)
[Lg] N-VSAOVAIIHN-ZWM AIHIAVAdAIN L-06-801 Q0[EH ID°HD auaZuURqOIOYD suszuaqoIo[y)
[9z] N-VSAOVAAIHN-MOXAVINNIIIVADN 0-80-0€9 usgok1) 0D aprxouow uoqIe) Sprxouow uoqre)
[9z] N-VSAOVAZIHN TATATZNONLTIND 6-8€-1CI RO ‘0D SpIXOIp uoqIE) SpIXoIp uoqIE)
[9z] N-VSAOVAAIHN-AOALIOMIANONAIT 8-L6-901 Quey[y-u "D sueing-u sueIng
[9z] N-VSAOVALIHN-INJOSAZNOAOHN TEp-IL  onewoly *H%D auozuag suozuog
[9z] N-VSAOVAZIHN-AOISNAD THAIINX 1-LE-0PL us3ok1) 1y uosry uosry
[9z] N-VSAOVALIHN-XDD00ZODVAdISD 1-99-L9 Suoky O°H®D auourdoig 2U0J0OY
SQOUAIJY A3 TYDU] prepuel§ 'ou SYD A[rure g R[NULIO] Qureu [[ng QBN

SpIny JOISIT | dqeL

pringer

& s



(2023) 44:110

International Journal of Thermophysics

Page 6 of 46

110

[L€] N-VSAOVALIHN-[H3dVZIIMOTZIN S-11-65€ Qoo[eH CAHD uajAyie010ony LI, €TIny
¥zl N-VSAOVAIIHN-OGATTAHA M TIN €Tp-901  onewory OHD suazudqIAYIRWI- | audAx-d
[9z] N-VSAOVAIIHN-VINdHODLAAINOOO 1-L0-S11 Suay[y-u *H®D suadoig ausjfdoig
[9z] N-VSAOVAIIHN-ZHLIIMIHM AONLY 9-8677L  QUENY-U o) suedoig suedoig
[9z] N-VSAOVAIIHN-WOFIAOIOSIOFA0 0-99-601  Quey[y-u “HD suejuag-u suejuaq
[+l N-VSAOVAZIHN-NIVAINd TOONOLD 9-Ly-S6  onewory OTHED SudzZURqIAYIPWI-T T audAx-0
[oz] N-VSAOVAIAHN-ANOHAZOZIAOWAIN L¥-T8LL ua50£1) ‘0 ua3hxQ uaghxQ
[9z] N-VSAOVALIHN-AI09dVIODAXINAL 6°59-111 auey[y-u STHSD QuePQ-U auelQ
[9z] N-VSAOVALIHN-SONONINNLININTI g TSIl auey[y-u 2% SuBUON-U aueuON
[9z] N-VSAOVALIHN-VSINAXHSOHINIOIT 6-LELTLL usgok1) N usdonIN usSonIN
[9z] N-VSAOVAAIHN-AHSIDAIIdOOV IO 6-10-0FtL usgok1) N uoaN uoaN
vzl N-VSAOVAAAHN-VAAIAOAZX TZSAI €-8€-801  onewory gD SudzZUAqIAIRWI-€ T SuRIAX-w
[+cl N-VSAOVAIAHN-NAILLIOYMZNIAVN T-18-801  ouayydeN "HO QUEXAYO[IAIAYION aueXayo[AIAYIIN
[+2] N-VSAOVAIIHN-SASIAZOAADVITA 0-6£-TI1 HAV O™ "D ajeourIOpEXaY [AYDIN apeyured Aoy
[9z] N-VSAOVALIHN-ANTLATIIATNO 1-95-L9 [04Od]y O"HO [OUBYIRN [ouryON
[9z] N-VSAOVAIIHN-AOIOHLAMNOLIMNA 8-78VL  QuUENY-U YHD QU SuRYIRN
[Lg] N-VSAOVAIAHN-MINASTIATHAXVZH SEp-Th1 suruy ON‘HD surwejoueg  (VHIN) QUIWEOURYIROUOI
[+l N-VSAOVAIAHN-TTOdAIAOINNVAY 8-7$-L01 suexonis  IS*O“H"'D SUEXO[ISEXY[AYIOUIEIIPELA], NYAIN
[+l N-VSAOVAAAHN-OLSAVOMAXNYZEA 6°€9-111 auexonts  "OIS*H'D auexoiseiuadiAyrowresopoq INEAIN
[+l N-VSAOVAAAHN-ZOId THANAADDIA 829 T+1 ouexoits  fO"S*H'D QUEXO[ISEIRNAYIOWER INCAN
[97] N-VSAOVALIHN-ZINIAASSMSSNNA 6-06-6£¥L ua50£1) &)} uoydAry] uoydAry]
¥zl N-VSAOVAIIHN-LTAVIdIHAANLHN [-48-0S  QuUBN[V-iq STHSD suejuad[AypowLL 42T AUEID00S]
[oz] N-VSAOVAIIHN-dANAINDOD TAHAN 0-vL-€E€1 ua30A1) ‘H (fewiou) us3oIpAH (feuriou) uaSoIpAH
[9z] N-VSAOVALIHN-dIIHIVAOIOZI TA €bS-0I1  QuUENY-U "D SueXaH-U suexaH
[Lg] N-VSAOVAAAHN-NOIVIVMNAJAVOA €9LYPS  QUENY-U 192 o) SuBOopEXSH-U aUBAPEXOH
[9z] N-VSAOVAIIHN-WINAWHINANAANIAT S-T8THI  QUEYY-U *'HO aueydoy-u sueidoy
SAIUAIRJY A9 TYDU] prepuels ‘ou YD e B[NULIO] suwreu [[ng QwieN

(ponunuoo) | |qey

pringer

f's



110

Page 7 of 46

(2023) 44:110

International Journal of Thermophysics

pringer

As

[6€] N-VSAOVAIIHN-dNITdADONAOATX S-81-TELL 1M OH ESILJT RSN
[9z] N-VSAOVAIIHN-MNOIXDTIVAAIXA €-88-801  onewoly *HO QUSZUAQIAYISIN auan|o,
[9z] N-VSAOVAIIHN-OLLAANASOI0D0d €-6T-S11 qoo[eH 847D SUEINGOPAD0IONYEI0 81€0d
[9z] N-VSAOVAAIHN-OLLODIVIMIIMY S-01-SL Q0[EH YI°HO aueyIWoION I zed
[9z] N-VSAOVHAIHN-"TLATANTIANANAX 0-68-1¢ qoo[eH tqefp  ouedoxdoronperdoH-¢*C €T T T T vaLTTd
[9z] N-VSAOVAAIHN-AQOAAIMZXNMIOA 9-Gh-GL qoo[eH SIIDHD SUBYIOWOIONYIPOIONYD e
[9zl N-VSAOVAAIHN-D0AIAOINLZANIN 9-LE-GL qoo[eH WUHO QuByIR0I0NYId-1T LAY R
[+2] N-VSAOVAIIHN-OHdIddNOTANAIN 90T QoOeH SI°HO QUBYROIONYUL- T ‘] eey I
[9z] N-VSAOVALIHN-OMAVIOALOZNOAT L6118 qoo[eH TIH®D SUBYIR0IONPEIRL-T T[] epeld
[9z] N-VSAOVALIHN-ZIWN TNAXSADVILO 9-€€-¥GE Qo0[EH *AHD SUBI20IONEIUS] STy
¥zl N-VSQALIOMO-VSMDIHHSNVOOdD  67+T-811°6T Qo0[EH B2 o) suadoxdorongenal-¢ g g 1-supil (Dezpezrd
[9z] N-VSAOVHAAHN-MAOHAAD IO TIXA 1-2I-vSL qoo[eH HAD ouo-[-doxdolonyeaRI-€°c E‘T JpeTrd
[9zl N-VSAOVAAIHN-Z1SIAOAAVNVIIA €-61-9L qoo[eH dI0%D sueyeotonyeiuadoIoy) SI1d
SAIUAIRJY A9 TYDU] prepuels ‘ou YD e B[NULIO] suwreu [[ng QwieN

(ponunuoo) | |qey



(2023) 44:110

International Journal of Thermophysics

Page 8 of 46

110

06'0-01°0 86T 6 ELOEN SURIAX - €0 HSdO¥A [6%] 0 ue& £no 00T
0100 86T 11 [oueyg QURIAX -t €0 HSdO¥d [L¥] € n1 £no $00¢
01-00 £€6C I oueydoy QUOIAY -ut ¥0-€0 HSdO¥d [#S10 % u» L10C
0100 €6 11 aue10 QURIAY -t ¥0-€0 HSdO¥d [#610 % um L10T
01-00 80€-86C 8T auexayo[ok) QURIAX -t L0-90 Mo [ov] o urs el pL61
0100 €67 11 suexoH QURIAX - Y0-€0 HSdO¥d #6102 ue3 L10T
S6'0-10°0 86 81 auexaH QURIAY -t T0-1°0 AdO¥A [¢] 0 8os wop 900z
0100 €6 I duejuag QURIAX -t ¥0-€0 HSdO¥d [#610 % u®1 L10T
68°0-C1°0 8¢ 6 surjuag QURIAX - T0-1°0 ASIAdVO [€t] 0 oyo yew 7261
60-1°0 £0€-€6T 81 QUAZUSqOIONYD) QuAAX -t 80-L0 ASTIAYD [2] 0 yew yp 8161
0100 £7€-98C €1 Qudzudg QUBYIROIONYPI 90-50 NSINN (€61 1 29 10m $161
670 1ig I sueylow sueing 200 YHHLO [zs] 0 uep 208 5007
160-S1°0 8LE-61€ 47 SpIXOIp uoqIe) sueing 7010 HSdO¥d [16] 0 Seu nsy ¢g61
0100 YSTYET vT 81€0Y oueing 10 ASTAdVO [06] 0 1o 89 8261
$6'0-90°0 80¢ 01 JINA QuaIAX-d €0 AdOdd [st] 0 seo A8 £T0T
060-01°0 86 6 QUOKRDY QuAIAX-d €0 HSdO¥d [6¥] 0 uek £no $00z
0'1-00 81€-€6T 24 [oueyIoN QudIAX-d L0790 ENREL) [8%] T Teu uem Z661
0100 86 1 [oueypy QualAx-d €0 HSdO¥d [L¥] € 1 £no $00T
S6'0-01°0 80¢ 1 auedR( QuAIAX-d €0 AdO¥d [s¥] 0 seo A8 £10T
$6°0-01°0 86T 11 aueoa( QudlAx-d €0 AdO¥d [9%] 0 sea sow 600T
S6'0-S0°0 80€¢ 41 aueQ Quo[AX-d €020 AdO¥A [st] 0 se2 £eS €10¢
01-00 80€-86T 8T QUEXYO[IAD) QudIAX-d L0790 MdONA [ov] o us rel y261
S6°0-CI°0 86T 91 suexoH SudIAx-d To-1°0 AdO¥A [¥+] 0 11 wop 0107
780110 88¢ L suejuag QudIAx-d T0-1°0 ASINdVD [ev] 0 oyo yew 7261
60-10 £0€-€6C 81 2URZURQOIOIYD QURIAX-d 80-L0 HSIAdVO [2i] 0 yew uyp 8L61
01-00 6T 6 auedapexeH auazuaqIApg 0 HSdO¥d [1%] 0 moo exd 4107
01-00 80€-86T 8T QuEXaYO[IAD) audzudqIApg L0-90 MdOodd [ov] o ws rel 261
dSuer 'x (3]) oSuer 1N 7 pmig 1 pmnig (-t Nw) oupy POYIRIN P02 AJUIJY

BIep 9IM)XIW AIeUlq UOISUQ) 90BJINS Jo Arewwing g a|qe|

pringer

As



110

Page 9 of 46

(2023) 44:110

International Journal of Thermophysics

01-00 8€6—¢€0¢ 19 sueidoy QueIudq TI-1'0 ASTIdVD [89] 0 epe pqe Z661
18°0-ST°0 88C L auexayo[ok) Quejudq o010 HSTAdVD [ev] 0 owd yew 7261
60-1'0 €0€—€6C 81 audjkx-0 QUAZURQOIOTYD 8'0-L0 HSIAdVD [2y] 0 yew 1yp 8L61
60-1°0 £0€-€6C L1 ouozuog QUIZURGOIOTYD) 80-L0 HSTIdVD [zy] 0 yew wp 8261
79'0-1T0 €1¢-€8¢ 9 ouozuag QURZURqOIOTYD 9°0—¥'0 MdOoda [£6] 0 118 Jow 161
€0 88C I QUOJRIY QUAZURqOIOTYD o0 Mdoda [£6] 0 13 Jow 161
6'0-1'0 £0€-¢6C 81 QUEXAYO[IAD) QUIZUGOIOIYD 8090 HSTIdVD [z¥] 0 yew Wp 861
¥8'0-81°0 88T L Quejudq QUIZULGOIOTYD) 010 HSTIdVD [ev] 0 oo yew z261
01-00 £€€-€6C |14 ouozuag auonjof, 7'0-¢°0 da1d9nd [29] 1 vAT w0y 0L61
°L0-¢C0 €1e-¥8¢ 9 quozudg auan|of, 90-¢'0 Mdoda [£6] 0 13 Jow £6]
0'1-0°0 87€—88C 99 QU0 auanjog, 90-S0 HSdOJd [99] 0 yey pus 00T
0'1-00 87£—88C 99 QUORIY quonjo], €0-C0 HSdOdd [S9] 1 pem yey €00T
0'1-00 81€-€6C a4 [oUByIN auon|of, L'0-S0 HSTIdVO [8¢] 1 reu uem 7661
0’100 80¢ I [OouBIRN auan[og, 1’0 HSIAdVO [¥91 0 re uis 2861
6'0-1'0 86T S [ouemy duanog, 1'1-8°0 MdOda [€9] 0w eys €661
0'1-00 €0¢ o1 [ouemy auonjog, €0 da1949n9g [29] 0 21> ohwr 261
0'1-00 €1¢-86¢ 144 uUBd9peXoH auanjo], S0 HLONIY [09] 0 M1e YA 20T
0'1-00 ¥6¢ 8 QUEBIOPEXSH duan[og, 0 HSdO¥d [1+] 0 Mmoo vxd $10¢
68°0-01°0 86T o1 auejuadofdh) Juanjo, L0790 da194dndgd [851 0 usq wer 0L61
0'1-00 87¢—88C 143 sueydoy duan|og, €0-C0 HSdOYdd [191 0 pem yey 00T
0'1-00 €1¢-86C 144 QUEUON auanjog, S0 HLONIY [09] 0 M1e YA 20T
0'1-00 86£—¢€0¢ LT QUEIO Quanjog, 01-8 JYIHLO [66] T uea 1y 8661
06'0-1T°0 86C T QUEXaYO[OAD) Juanjog, Lo dg194dn9 [851 0 usq wrer 0L61
6L°0-81°0 88C 8 duejudd duaniog, 10 HSTddVD [e¥] 0 oyo yew 761
18°0-9T°0 €1¢-€8¢ 9 QUAZULQOIO[YD) auan[og, 0 MdO¥a [£6] 0 13 1ow £[6]
0'1-0¥'0 86C S ouozuog SuoIkx-ut 0 HSTIdVO [9¢] 0 pue wey 6z61
oSuer 'x (3]) oSuer s1dN 7 pmig I pmg (;w-Nw) dup) POUIOIN P02 AOUIY

(ponunuoo) zs|qey

pringer

As



110

(2023) 44

International Journal of Thermophysics

Page 10 of 46

110

0'1-00 €E€-€6C 6¢ Quazudg QuEXAYO[AD) 70-€0 da1gadand [£9] T eAT U0y 0L6T
L8'0-60°0 £0€-€6C SI Quozudg QUEXAYO[IAD) 0] ASTAAVD [68] 0 wex s 896
0'1-0'0 €6C 6 Quozudg QUBXAYO[IAD) 80-L0 HLONIY [€L] 0 g pur £961
79°0-0€°0 86¢ S Quazudg QUEXAYO[IAD) 0 ASTAAVD [9¢] 0 pue wey 6z61
$6'0-90°0 €0¢€ 01 QU0JIY QUEXAYO[IAD) €0 da1adand [+8] T 8os fowr 80T
0'1-0'0 81£-88C 4 QUOJIY QUEXAYO[IAD €0-20 HSdO¥d [S9] 1 pem yey €00
0'1-00 £0€ 11 [oueyg QUEXAYO[AD) €0 dga1ddand [29] 0 3P hw 261
0'1-00 S6T 9 [oueyg QUEXAYO[IAD) 10 N3INN [6L] 079 10 Ge6T
0'1-00 £7€-86C 9zl1 QUEID00S] QUEXAYO[AD S0+0 HLONIY [¢£8] 0 fowr wo3 100
0'1-0'0 87€—88T 99 sueidoy QUEXAYO[IAD) €00 HSdO¥d [S9] 1 pem yey €00
0'1-0'0 86C 9 aurdd( QUEXAYO[IAD) 90 Mdoda [z8] 0 fowr wo3 zoog
0'1-00 €62 8 Quozudg QuexoH 8090 HLONIY [€L]10q prr L961
0'1-00 £1€-86C €T Quozudg QuexoH 9'0-50 da1g4dnd [18] 0 U1 yos 9961
0'1-0'0 81€-€0¢ 44 [oueyION ouexoHq L0-S0 N3INN [08] 0 1ed wex oL61
0'1-00 S6T 14 [ouByION SuexoHq 1o NSINN [6L1 0% tn Ge61
16'0-L0°0 €1€-€8C LL Joueyyg QuExoOH €0 AdO¥d [8L] T 1A WIS £00T
€6'0—+0°0 86C LT [oueyg QuexaHq 10 AdO¥d [£L1 0 seo wil 00T
0100 86 0T [oueyig QuexoH 10 ASTIAVO [9£] T ued ded 1661
0'1-S2°0 €0€ S 9pIXOIp UOqIE) QuexoHq 7010 SIS [sL] 0 uek 10 610
0'1-00 £1£-86C 1T QuEdAPO QuexaH L'0-S0 da1gdnd [L] 1 910 yos 8961
0'1-0'0 £6C 8 QUEXAYO[IAD QuexaHq L0-90 HLONIY [€L10nq p1r £961
0'1-00 80€-86C 61 QUEXAYO[IAD) SuexoHq €020 da1gdng [2L] 0 'yo 310 €961
$60-0S°0 €Ie L QUEYIOIN Queudg 7010 HSdO¥d [1L] 0 009388 10T
18°0-60°0 88T L suozudg Quejuag T0-1'0 ASIAdVO [e¥] 0 oyo yew 7261
60-C0 €TE—€6T g¢ SUBIOPRXSH quejuaq T0-1°0 ASTIAVO [0L] 0 % yow 1102
L60-L1°0 €T€-€6C 8¢ sueidoy Eluaek 0 da1gdndg [69] 0 sex yow 0107
oguer lx (3]) oSuer 1N 7 pmig 1 pmig (;-w-Nw) oupn POYIDIN P02 AOUAIYY

(ponunuoo) zs|qey

pringer

As



110

Page 11 of 46

(2023) 44:110

International Journal of Thermophysics

60-10 £6C 6 QUEXAYO[IAIAYIOIN Quedapo €0 HSdO¥d [€01] 0 unur exd 810t
0'1-00 £1€-86C € Quozudg Quedapo 90-50 da1adnd [18] 0 ue1 yos 9961
$6'0-S0°0 £0€-86C 44 [oueyy Quedepo €0 da1adnd [86] 0 xed fow [10¢
08°0-1€0 €L5-86C 9¢ QUBOIPEXIH suedapo ¥0-T0 HSdO¥d [2o1] 0 na wek 720
0'1-00 €0¢€ 6 QUE1D00S] Quedapo €020 da1adand [101] 0 210 BA2 $961
00 86¢ I [oueyg apeyrued [Ayo €0 AdO¥d [001]1 0 Tes puo 0zoT
$6'0-S0°0 86C 11 audjhx-0 QUBUON '0-€0 HSdO¥d [66] 0 Tew pue 910
0'1-00 €1€-86C 4 Quazudg QUBUON S0+0 ALONIY [09] 0 me e 1270T
S6'0-S0°0 80¢ 14! JINd sueQ €070 AdO¥d [sv] 0 seo A3 ¢10T
$6'0-S0°0 86C I SUIAX-0 QUEQ €0 HSdO¥d [66] 0 Tew pue 910
06'0—+0°0 81€-86C 1€ [oueypy aueO €0 dg1gand [86] 0 1eo fow 10T
76'0—L0°0 86C LT [oueyg QUEIQ 0 AdO¥d [£6] 0 19P 398 €00z
0'1-00 €1E-€6C S QUEID00S] QUEQ 1K0] AdO¥d [96] 0 181 o ST0OT
0'1-00 8YE-86T S9 RRITNY vada 6090 ALONIY [S6] 0 % ous 810C
0'1-00 £7€-€0€ ST Iorem vaa 90 YAHLO [¥6] 0 91x Ny 8102
L00-20°0 £ee—€le 6 RENJTN vdaa 80 HSdO¥d [¢6] 0 sep £op 810C
L0000 £T€-€6C 4! RRITNY vaa 0T YAHLO [z6] 0 np 0y 10T
Sro £7€-86C 9 Torepm vada S0 HSdO¥d [16] 0 ueo Afe £00T
L00-20°0 £9€-€6C |14 RENJTN vdaa SI—¢1 HSdO¥d [06] 0 @1 n3e 100
SI0 £7€-86C 9 REJTN vdaa 80 Mdoda [68] 0 uax ATE 8661
0'1-0'0 £7€-86C 99 Torepm vada S0—€0 YIHLO [88]1 0 ATe ZeA 9661
L00-20°0 £65€-€6C 4 Torepm vaa L1-S'T HLONIY [£8] 0 190 ULx $661
0'1-00 €Ie 71 [ouBRyRN vdaa L0-S0 HLONIY [98] 0 Seq 1qe 610C
0'1-00 €Ie €1 [oueyyg vada L0-S0 HLONIY [98] 0 Srq 1qe 610
01-00 80€-86C 8T QURIAX -0 auexayo[A) 8090 MO [ov] 0 wis rel y/61
68°0-01°0 €0€-€6C 8C Quazuag auexao[dh) 8090 datgdnd [8S] 0 uaq wey 0L61
oguer lx (3]) oSuer 1N 7 pmig 1 pmg (;-w-Nw) oupn POYIDIN P02 AOUAIJY

(ponunuoo) zs|qey

pringer

As



(2023) 44:110

International Journal of Thermophysics

Page 12 of 46

110

01-00 6T 14 QUE}O00S] sueidoy ¥0-€0 HSdO¥A [L1T] 0 Moo un] $10¢
01-00 87€-867 99 oM VAN 6090 ALONTI [s6] 0 29 ous 810T
0'1-00 €T€—€0¢ Sl 191BM VAN 90 Y4H1LO [¥6] 0 21X nJ 810T
11°0-L0°0 £TE-€6T 4! IOl VAN 0T JYHHLO [z61 0 P 0y $10CT
I7°0-L0°0 £€€-€0€ vC ToreM VAN 6TST AdOYA [9111 0 9om Lel ¢10T
$$°0 ereE—€Ie 14 I00epM VAN 81 AdO¥A [s11] 0 Ael Kel ¢10¢
0'1-00 £€€-€0€ a2 IOl VAN 80-9°0 HSdOdd [¥111 0 wif uey Zr0z
€20 £7€-86C S IO\ VAN 91-¢T Mdodad [68] 0 uax ATE 8661
01-00 £7€-86C €8 oA VAN 9010 YHIHLO [E111 0 ATe ZeA L661
S0°0-€0°0 £6£-€0€ 0T Jorem VAN 1'1-6°0 ASTAAYO [211] 6 29 oue 1861
66'0—8C°0 €0€ 01 [oueyoN VAN L'0-S0 HALONIY [111] 0 Seq 1qe 00T
0'1-00 €I¢ 4! [oueyIRN VAN L0-$0 HILONII [98] 0 Seq 1qe 610T
86°0-LT°0 €0¢ 4! [oueyg VAN L0-$0 HLONII [1111 0 Seq 19 0Z0C
0'1-00 cIe 2! Joueyig VAN L0-S0 HLONII [98] 0 Srq 1qe 610
S0'0-0°0 Or1-L8 IC uosry uaS0IpAH 1o ASdVO [o11] 0 0 ®Iq £961
96'0-0€°0 0C-91 L9 wntRINaq u050IpAH 1o HSTAdVO (6011 0 PnI 113 1961
$6'0-50°0 80¢ I JNA auedRq €0 AdO¥A [S¥] 0 seo A3 ¢10T
$6'0-50°0 86 I QudIAx-0 aued2(q 0 HSdO¥d [66] 0 Tew pue 910
L6°0-20°0 8T€-€0€ 43 [oueypy ELLRETe] €0 da1g9dndg [86] 0 0 fowr 10T
80-C0 erE-€Ie 61 Ques020(] auedRQq 0-€0 YIHLO [8011 0 92 anb 500z
01-00 £E€-€6T ST SUBOIPEXH suedRqg 0 HLONII [£011 0 92 [01 200T
0100 86¢ 9 aUEI000S] ELERETe 90 Mdoda [28] 0 fowr wos z00T
0100 £E€-€6T ST sueidoy auedR(q 0-€0 HLONTI [£0T] 0 982 [01 Z00T
68°0-01°0 e €T SpIXOIp uoqIE) aueRq L0-T0 HSdO¥d [9011 0 go1 ®YS 100T
1$°0-01°0 8LE—THE |82 9pIXOIp uoqIE) aued2(q L0-T0 Mdoda [S01] 0 qox Seu 9861
69°0-67°0 £EE-EHT 481 suedoiq Toye [Aylowiq ¥0 HSTAAVD [+0110 119 0T0CT
oguer lx (3]) oSuer 1N 7 pmig 1 pmig (;-w-Nw) oupn POYIDIN P02 AOUAIYY

(ponunuoo) zs|qey

pringer

As



110

Page 13 of 46

110

(2023) 44

International Journal of Thermophysics

0'1-00 €1€-86C a4 Quazudg QUEOAPELXIH S0 ALONIY [09] 0 m[e A 1270T
0'1-00 80€-€6C a4 QUEXAYO[IAIAYIOIN QUEID00S] [40] AdO¥d [621] € 1eyz §10T
0'1-0'0 €0¢ 6 Quozudg QUEIO00S] €020 da1adnd [101] 0 215 A2 $961
0'1-00 81€-88C 24 [oueyg QUE}D00S] 0 YAHLO [ozT] 0 nip o0k 9102
S8°0-6€°0 €€€-€ST T vdLTTY ey 10 ASTAAVD [821] ¢ enp u1f £00T
6L°0-62°0 6T€-LST S01 epely eeyd 0 ASIAdVO [L21] 0 enp uIf $00¢
TL0-€T0 €€E€TT K4 epeld ey Iy 7010 ASIAAVD [2T1] 0 Uds 19y 9661
SLO+T0 €€€€TC |54 epeld STId 700 ASIAAVD [2T1] 0 Uds 1oy 9661
610900 8TE—EHT S ezsTy Y4kl 70 ASIAAVD [921] T ®4Z 19 600C
69°0-91°0 £E€—€TT IC LI R sTid T0-1°0 ASAAVD [221] 0 uos 104 9661
85°0-81°0 £€€-€ST 9€T el [YaR:! 70 ASAAVYD [ST1] 0 Ui enp €00
SE0-1€0 €IE—€LT 81 el Y4k 0 ASAAVD [€21] 0 Us e 6661
LLO-LTO £E€-€TT 8 el sTid 700 ASTAdVO [221] 0 Uds 104 9661
170 EEE—EVT 01 eEYTA sTid 0 YGHLO [¥T1] 1 14 013 100T

140 €0€-€LT L ey Iy Y4k 0 ASIAAVYD [€21] 0 Us 0 6661
6L°0-87°0 £E€-€TT 1T eyl sTrd 700 ASTAdVO [221] 0 Uds 1oy 9661
06'0-11°0 86C 6 suazuag suejuadoph) L'0-90 da1gadnd [861 0 uaq wer 0L61
06'0-80°0 £0€-€6C 0c suazuag sueidoq L0-S0 da1ddangd [1211 0 nyz oyz ¢661
0'1-00 £€€-€6C LT ouazuag sueidoq ¥0-€0 da1gdnd [£9] 1 eAruoy 0L6T
0'1-00 81€-€6C 99 Joueyig surydoy 0 YAHLO [oz1] 0 nipenk 910
0'1-0'0 86C w [oueyg sueidoy 10 ASTIAVO [9.] 1 ued ded 1661
SL0-ST0 £rE—€IE 4 QUBS000(] sueidoyq 80-90 HLONIY [61110 118 °nb ¢00T
60-C0 €T€-€6C Se QUBOOPEXSH sueidoH 40 ASTAdVO [0L] 0 % yow 110g
0'1-00 £E€€-€6C ST QUBOIPEXH sueidoy #0-€0 HLONIY [£01] 0 982 [01Z00T
0'1-00 €0€-€6T 9 QUBIIPEXOH sueidoy L0-10 ASTIAVO [8T110 11 20Y 8661
01-00 €1€-€6C [S9 QUE)D00S] sueidoy 10 AdO¥A [96] 0 181 dof GTOT
oguer lx (3]) oSuer 1N 7 pmig 1 pmg (;-w-Nw) oupn POYIDIN P02 AOUAIJY

(ponunuoo) zs|qey

pringer

As



(2023) 44:110

International Journal of Thermophysics

Page 14 of 46

110

0'1-00 86¢ 1 Torepm [oueyg €020 MdOdd [8711 0 194 129 S00T
0'1-00 £TE-€6C 86 I0epm [oueyyg 60-€0 ALONIY [L¥1] 0 ATe ZeA G661
06'0-10°0 69¢-16¢ 4! 1o5epm [oueyy #0-T'0 da1adnd [9711 0 P1q [2 8861
0'1-00 €0€ S 100eM [oueyg 7160 HLONTI [s11 0 ol uem 9861
0'1-20°0 £€€-€8C 7S 10epm [oueyig 7'1-60 da1adand [##1] 1 2 12 8961
0'1-0'0 £€€-€9C 002 oM [oueyyg 80-C0 da1adnd [e¥1] 0 103 199 1661
$8'0-0°0 86T I IOl [oueyg I HLONIY [21] 0 An3 e18 0561
£8°0-10°0 79€-€6C w 100eM Joueyg S0-C0 ASIAAVD [1#1] wAq uoq Op6T
88°0-0'0 £T€-€6C a4 oA Toueyyg S0-10 NDINN [ov1]0 Yoy 1ea Lg6T
8L°0—+0°0 86C 6 1008 [oueyg T0-1°0 ASAAVD [6€1] 0 1em u10 9¢61
0'1-0'0 86C <1 109eM [oueyg 90-€0 Mdoda [8€110 % 11q TT61T
0'1-00 €0€—-€LT 9¢ Torem [oueyg S0-10 MdOdd [LET] 0 Tou Tow €161
0'1-00 88C I IoreA Joueyig L0-T0 NIINN [9€11 0 2% sop €061
0'1-10°0 88T L RRITNY [oueyyg 10 NIINN [SE110 2% ©n 6881
0'1-00 €0€ L auazuog [oueyg €0 da1gadnd [291 0 o> 2hwr 161
0'1-00 S6C 8 Quazudg [oueyg 10 NDINN [6L]10 % 10 GE61
0’12’0 86C 12 suazuag [oueyg 010 ASTIdVO [96] 0 pue wey 6z61
0'1-0'0 81€-86C €l suazuog [oueylg TOo-T0 N3INN [¥€1] 0 vos zouwr 161
0'1-00 86C S ouazuag [oueyg 10 NIINN [ee1l 0% 111 Lo61
0'1-00 16€-€8¢ 6¢ ouazuog [oueyg 8°0-C0 ASTAAVO [ze1] 0 1se wer zoe1
0'1-0'0 86C S 2U0JIY [oueyg 10 ASTIAVO [95] 0 pue wey 6z61
0'1-00 £€€-€6C 6¢ [ouryRN foueyg €0 da1gdng [£9] 1 vAT U0y 0L61
0'1-00 78 01 uoS0NIN apIxouow uoqie) 40 ASTAdVO [1€1] 1 vad 1ds G961
0'1-¥C°0 86¢ ¥ suozudg ToyIe [AyRIq T0-1'0 ASIAdVO [96] 0 pue wey 6z61
0'1-00 €0¢ 6 ¥a QUEBIIPEXOH €0-C0 da1ddand [0€1] 0 310 2Auwr 6961
060-1°0 €62 6 QUEXAYO[IAIAYIOIN QUBOIPEXIH €0 HSdO¥d [€01] 0 unur exd 810¢
oguer lx (3]) oSuer 1N 7 pmig 1 pmig (;-w-Nw) oupn POYIDIN P02 AOUAIYY

(ponunuoo) zs|qey

pringer

As



110

Page 15 of 46

(2023) 44:110

International Journal of Thermophysics

0'1-0€°0 86¢ S Quazudg QUOIIY 7010 ASTAAVD [961 0 pue wey 6761
78°0-000 81£-88C 9 Jorem AAeoH [ouByION 6050 ALONIY [9¢T1 0 Twe 3eq 710C
0'1-0'0 86¢ €l 1o5epm [ouryRN €020 AdO¥d [6¥11 0 2 xew 600C
0'1-00 €TE-€6C 86 100eM [oueyIaN 60-€0 HLONTI [LYT]1 0 ATe ZeA G661
S6'0-L1°0 95€-6€€ 1 10epm [oueyIRN S0-€0 da1adand [971] 0 P1a [2Y 8861
0'1-L1°0 £€€—€8C 0¢ oM [ouByRN 01-50 ASIAdVO #7111 22 12 8961
0'1-0'0 £9¢-€0€ 9L IOl [oueyION 8'1-50 YHHLO [6S1] 0 vewr yon gG61
0'1-00 €7€-€9C o1t IO\ [oueIRN L0-T0 datgdand [e¥1] 0 103 19 1661
0'1-50°0 €2e-16C 1£3 oA [ouByIRN 70-1°0 NDINN [ov1]0 Yoy 1ea Lg6T
0'1-0'0 €0€—€LT 9T 1008 [OUBYIA 9'0-50 MJO¥d [Lg1] 0 Tou Tow €161
0'1-100 88C 9 IO [oueyIoN 10 NINN [s€110 % ©n 6881
60-10 86C S Quozudg [ouBIN I'1-6'0 MdOdd [€9] 0 dnw eys €61
0'1-00 €0€—€LT ! Quozudg [ouBION 0 NIINN [#€1] 0 vos Jouwr 6]
0'1-00 80€ 8 ElGES [oueyIoN 10 ASTIdVO [#9] 0 Tej uts z861
0'1-00 86C 4 U0y [oueyIoN L0 NSINN [8ST] 0 Tex wed ¢/61
0'1-00 £7€-€6C 96 10943 QualAyig Toueyyg L'0-€0 HLONIY [LST] 0 woy 1z €00
01-00 €0¢ 01 SUBXAYO[IAIAYIOIN [oueyig €0 da1gdnd [291 0 21> ohw 261
0'1-0'0 86C 11 QudIAx-0 [oueylg €0 HSdO¥d [L¥] € n1 &no $00T
98'0-100°0 81£-88C 78 Torem KaeoH [oueyg 0150 HLONIY [9¢T] 0 Twe Seq 710C
91°0—+0°0 £T€-€6C 91 Torepm [oueyg €0 YAHLO [SST] AU wo3 70T
200°0-0°0 86C 01 Torepm [oueyg 80 HSdO¥d [#S11 0 yer oy 0Z0T
19°0-82°0 86¢ ¥ Torepm [oueyig 0 YHHLO [€sT] 0 ued wos ozoT
60000 €1€-86C 01 oM [oueyig 60-50 HLONIY [zs1] 0 1oy ZR1 610C
09°0-LT0 86¢ 9 Torepm [oueyg 4 HLONIY [1511 0 ed uos 10T
00 €6C I RRITNY [oueyyg €0 da1ddand [0S1]1 0 sny pn[ 910T
01-00 86¢ €l Torepm foueyg £€0-C0 AdOdA [6v11 0 % xeur 600
oguer lx (3]) oSuer 1N 7 pmig 1 pmg (;-w-Nw) oupn POYIDIN P02 AOUAIJY

(ponunuoo) zs|qey

pringer

As



(2023) 44:110

International Journal of Thermophysics

Page 16 of 46

110

68°0-LT'0 €€€-L9T 9¢ HyeTrd el 7010 ASTAAVD [€L1] 0 uoy niy 120T
0'1-25°0 8€—€6C T HpeTrd el 0] SIS [SL1]1019 M2 9102
06050 $E€—TST (417 ©3L70d el €0 ASIAdVO [#L11 0 enp ur| S00T
L8080 LOE-99C LE €Iy el €020 ASTAAVD [€L1] 0 uoy niy 120T
98°0-5€°0 EEFST 00€ epely el 0 ASTAAVD [zL11 0 oy enk €00t
TL0-€T0 €E€—€TT LI epely el 010 ASIAdVO [2T1] 0 yds 194 9661
65°0-LT0 8TE-8YT IS Lrd9R: suedoiq 0 ASTIAVD [1L11019®yz 010T
00'1-000 00£-08¢ 66 el auedorq 70 ASTAdVD [oL1] T 31y uel 600¢
0'1-62°0 11148 8C uosIy SueyRN 90-+0 ASIAAVD [8911 0 2 19 0961
L9°0-81°0 8I1-0I1 Se uodArs QUBYIDN 9'0-1°0 ASIAdVO [69110 129 3nJ 9961
0'1-0'0 16 4 uaS0nIN SuEION §0—C0 ASIAdVD [1¢1] 1 ead 1ds 961
16'0-62°0 06—9L €€ ua3onIN QUBYIDIN S0€0 ASAAVD [891]1 0 % 19 0961
S5°0-0'0 €0€-CLT LT duedoig QUEYIOIN L0 ASTAdVO [£911 0 8ny uas 10T
0'1-00 €87-¢6 0L sueyg QueyN L'1-1°0 ASTIdVO [991] 0 ey 1eq €10T
6L°001°0 86C 8 QUAIAX-0 suazuag 80 da1ddand [86] 0 ueq wref 0L61
08°0—01°0 86C 8 QUAIAX-0 QU01IY €0 HSdO¥d [6¥] 0 uek £no $00z
0'1-0'0 87€—88T 0L Torepm 2U0JIY L0-€0 HSdO¥d [99] 0 yey pus L00T
0'1-00 €0 61 Ioem U0y 6190 da1ddangd [1911 0 nj uo1 8861
0'1-00 £7€-86C 8% Torem QU01IY S0—C0 da1gdnd [$91] 0 Sod 101 961
0'1-00 £6C LT Torepm 2U0JIY 60-€0 da1gdnd [£9] T AT uoY 0L6T
0'1-00 £h€-88C 18 RSN ELBER Y 70-1°0 ASIAAVO [¥91] eow moy £G61
0'1-00 €IE-€LT 8 Torepm QU01IY 90-C0 datgdand [€91] 0 ueS 121 1661
¥L°0-€0°0 86¢ 6 Torepm QU01IY 40 ASTAdVO [zot] 0 um ze61
0'1-00 8I€—€LT 8L Torepm QU01IY €0-20 NIINN [¥€1] 0 os Jow £161
0'1-00 €0¢ 81 suazuag U0y L0790 da1ddand [1911 0 nj uo1 8861
01-00 86¢ 01 Quazuag QU0JIY L'SLY ASTIdVD [091] T % 1s 0L61
oguer lx (3]) oSuer 1N 7 pmig 1 pmig ATE. NW) -oun) POYIDIN 9POJ OUAIRJY

(ponunuoo) zs|qey

pringer

As



110

Page 17 of 46

110

(2023) 44

International Journal of Thermophysics

70 69€-€6C 6 (DPzreTTd epeld 10 STS #6110 M>19910T
18°0-2€°0 £9€-€6T € J&peTId epely 10 ST1S #6110 M219 9107
0'1-00 88—6L 9¢ uosry UdSAXQ €0 HLONIY [€611 0 ™o fes G961
60610 88-69 8C uosry u3hxQ 010 da1aand [8L1] 0 pnIe[q 6561
0'1-88°0 86T v [09413 SudIApg IRM 70 YIH1O [2611 0 uos mn 4107
66'0-01°0 80€-€8C s [094]3 aus[Apg 1M 60-9°0 ALONII (16110 Seq ye1 [10T
01-00 £2€-80€ 8t [094]3 ouaAyig Tolepm P11 AdO¥A [0611 T ®uZ BYZ 800T
66'0-08°0 86T <1 [094]3 SudIApg ESLITY 0T+l HLONII [681] 0 A0y qeY $00T
01-00 £7€-€8C 9 109413 SudIApg 1M Y91 HLONII [8811 0 10w 15} 8661
0'1-0'0 867-€ST 24 [09413 QualAyig Torepm 80-50 ASAAVD (L8110 0y 10y 9661
$6'0-0°0 1Ly—S6T vLI 10943 QualAyIg Torepm 90-+0 da1gdand [981] 0 242 3oy 1661
01-80 86T v 109413 dudlAmg oM TI-l HLONII [¢81] nyo uom 1861
01-00 £0¢ 81 [09413 QudIAmg oM €0 ASIdVD [#81] 0 yew yeu 161
0'1-00 86T 4 [09A13 QuajAyig M I HLONII [€8110 2 310 961
01-00 8 61 uodry udsomIN €020 ASTAAVO [1€1] 1 vad 1ds G961
L0200 98-69 ¥4 uosry uaSonIN 0-€0 ASINAVO [89110 2 ©19 0961
0'1-L6'0 81106 8¢ wnIey us3onIN €0-1°0 ASINdVD [281] 0 A®Y 18q $00T
$0'0-0°0 OpI-111 LT uodry uoaN T0-S0°0 HSIAdVO [1811 0 pue A&y 9007
100-0'0 071801 €€ uodry wnipH €1-50°0 HASINAVO [181] 0 pue ABY 9007
01-00 TE1-08 19 ud8AXQ uoSonIN T0-1°0 ASINdVD [081] 0 A®Y 1eq 800T
0'1-0'0 8165 88 ua3Ax0 LERWIN S0—€0 ASTIAVO [6L1] 1150150 1661
60-1°0 88-19 e ua3hxQ udSomN 90-€0 HSIAAVO [8L1] 0 Pnae[q 6561
£9°0 86T I Sy ol 01 YHHLO [LL1] T % oue 6961
1L0-¥T°0 £€€-€TT 1T epely ezs Iy T0-1°0 ASINAVD [2Z1] 0 yos 194 9661
0'1-0£0 8YE—€6T 9z (DozpeT1d el 1'0 SIS [sL11 019 M2 9107
69°0 €TEELT 9 (DozreTId el 90 HSIAVO (92110 Sy uey €102
oguer lx (3]) oSuer 1N 7 pmig 1 pmg (;-w-Nw) oupn POYIDIN P02 AOUAIJY

(ponunuoo) zs|qey

pringer

As



(2023) 44:110

International Journal of Thermophysics

Page 18 of 46

110

umowun AZYN/) ‘Suria)ess JySi| o0eyIns §7¢ L19)oWOISU)

SuLr FIONIY Y0 YTH IO WStom doip mMdoya dunjoa doip Aoy ‘odeys doip juepuad gsJoya osu Kreqides FSrydv) anssaid 9jqqnq wnwirxew J779909

€L0-1T°0 TIE¥ET 6¢ JApeTTd [YARR: | 40 ASTIdVO [€L1] 0 uox nif 120T
S0 €62 I sa WEAN S0 HLONIY [S6110 uea 1em 8661
99°0-92°0 €6C € ca Wrdin S0 ALONTY [S611 0 uea yem 8661
0'1-00 €61-0C1 ot uo3ry uoydAry 8010 ASIIAVD [L6110 Teq NS y661
0'1-00 002-0CI1 09 uo3ry uoydAry] 00 NIINN [96110 2% peu L861
L0-€0 €6C € INTAN ya S0 ALONIY [S611 0 uea yem 8G61
8L0-6€°0 €6C T Wrdn ¥d [S(0] ALONTI [S611 0 uea yem 8G61
oguer lx (3]) oSuer 1N 7 pmig 1 pmig ATE. NW) -oun) POYIDIN 9POJ OUAIRJY

(ponunuoo) zs|qey

pringer

f's



International Journal of Thermophysics (2023) 44:110 Page 190f46 110

the average absolute deviation, AAD=(}’ | Ocalc — Oexp | )/n, expressed in mN-m~!,
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 CO,) 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~!, and this deviation can be reduced with the use of a fitted binary interaction
parameter to 1 mN-m™! 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~!, 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™) as it does for the n-alkane/n-alkane systems that often have max
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Fig. 1 Summary of results for mixtures with alkanes

FADD> PSS YT R ASSAEPSOOT R AL ABPoOOTV R A+ <HD> SO

decane/isooctane
dodecane/isooctane
heptane/isooctane
octane/isooctane
methane/argon
methane/krypton
methane/nitrogen
dimethyl ether/propane
butane/methane
decane/docosane
decane/heptane
decane/hexadecane
dodecane/hexadecane
heptane/docosane
heptane/hexadecane
hexane/dodecane
methane/ethane
methane/propane
pentane/heptane
pentane/hexadecane
pentane/methane
cyclohexane/decane
cyclohexane/heptane
dodecane/methylcyclohexane
hexadecane/methylcyclohexane
hexane/cyclohexane
pentane/cyclohexane
butane/carbon dioxide
decane/carbon dioxide
decane/DMC
hexane/carbon dioxide
octane/DMC
hexadecane/D4
cyclohexane/isooctane
isooctane/methylcyclohexane
cyclohexane/acetone
Exp

Exp + 10%

Exp £ 20%

AD of 0.7 mN-m~! 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/CO, showing larger deviations
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Fig.2 Deviations between the model and experimental data for mixtures of a series of n-alkanes with
hexadecane

than hexane/CO, and butane/CO,. For the hexane/CO, mixture without interac-
tion parameters, the AAPD is near 30 % but can be reduced to less than 2 % (0.3
mN-m~') with a binary interaction parameter. Note that the percentage deviations
for decane/CO, and butane/CO, 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
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Fig.3 Deviations between the model and experimental data for mixtures of a series of n-alkanes with
carbon dioxide

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~! at 313 K) compared
to less than about 27 mN-m~" for the other fluids in Table 4, and approximately
21 mN-m~! for pure methanol and ethanol. Maximum deviations can be as large
as 7 mN-m~! 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~L.
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Fig.4 Summary of results for mixtures with alcohols

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™'. 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~".
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Fig.5 Summary of results for aqueous mixtures

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~' 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
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Fig. 6 Relative deviations as a function of composition of water for acetone/water mixture

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™") 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
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Fig.7 Summary of results for mixtures with aromatics
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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.
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Fig.8 Summary of results for halocarbon mixtures

4.5 Mixtures with Halocarbons

1
!:léOQVaA-&<EBeOOVUA+<l>0.

R1123/R1234yf
R125/R134a
R125/R143a
R125/R152a

R125/R32
R134a/R1234yf
R134a/R1234ze(E)
R143a/R134a
R143a/R227ea
R152a/R134a
R22/R115

R32/R1123
R32/R1234yf
R32/R1234ze(E)
R32/R134a
R32/R227ea
chlorobenzene/acetone
chlorobenzene/pentane
R152a/propane
R32/propane
RC318/butane
chlorobenzene/cyclohexane
Exp

Exp = 10%

Exp + 20%

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
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Fig.9 Summary of results for mixtures with miscellaneous compounds

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~!, while the mix-
tures of polar halocarbons with nonpolar alkanes have a higher AAD of up to 0.9
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mN-m~!. The use of an interaction parameter improves the results, providing an
AAD less than 0.35 mN-m™' 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 CO,, 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~! 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.

Supplementary Information The online version contains supplementary material available at https://doi.
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