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Chapter 3

Investigation of Three-Body Interactions on the Phase

Behaviour of Noble Gases

In the following sections we report the results obtained sudying the role of three-
body interstomic potentids on noble gas coexiding phases. Section 3.1 gives detals of
the Gibbs ensamble smulaions for vapour-liquid coexiding phases of agon, krypton
and xenon as pure fluids and of an argon-krypton mixture. In section 3.2 we report the
andytic expresson of an effective potentid which we found to reproduce the man
feature of the twobody + three-body potentids The sgnificance of this rdaionship is
that three-body interactions can be estimated with sufficient accuracy from two-body
interactions without incurring the computationa pendty of three-body caculations. The
relaionship has the potentid of improving both the accuracy and predictive vaue of

pair interaction molecular smulations.

3.1 Vapour-liquid coexisting phases of noble gases

The am of this work is to invedigate the role of the dipde-dipde-dipole term and

other mutipole three-body disperson teems on the vapour-liquid phases observed for

argon, krypton and xenon. As discussed in Chapter 2, we have used the potentids
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proposed by Barker et da. [Ba7la Ba74, see Egs. (2.11), (212) and (2.13)] for the
two-body interections. The three-body interactions were obtained from considering the
dpde-dpde-dipole (thirdorder DDD or Axilrod-Tdler teem, Eq. (217)), the dipole-
dpde-quadrupole  (thirdorder DDQ, Eg  (218)) the dipole-quedrupde-quadrupole
(thirdorder DQQ, Eg. (219), quadrupole-quadrupole-quadrupole (thirdorder QQQ,

Eq. (2.20)) and the dipole-dipde-dipale (forth-order DD D, Eq. (2.21)).

3.1.1 Simulation details

Purefluids

The NVT Gibbs ensamble technique (for details see Chapter 2) was implemented for
a sysem of 500 aoms. The smulations were performed in cydes consging typicaly of
500 atempted displacements, an atempted volume change and 500 interchange
atempts. Typicdly, 1000-1500 cycles were used for eguilibraion and a further 1500-
2000 cycles were used to accumulate ensemble averages. The norma convention was
adopted for the reduced density r~ = r s, temperature (T" = kT/e), energy (E = Ele),
pressure (P~ = Ps®/e) and chemical potentid (m = nfe).

Periodic boundary conditions were applied. The twebody potentids were truncated
a hdf the box length and appropriste long range correction terms (see Appendix 1)
were evauated to recover the contribution to pressure, energy and chemicad potential of
the full intermolecular potentid. Some care needs to be taken with the three-body
potentids because the agpplication of a periodic boundary can potentidly destroy the
postioninvariance of three patices (see Appendix 2). We examined the behaviour of
the threebody terms for many thousands of different configurations and intermolecular

sepaations. All the three-body terms asymptote repidly to zero with incressing
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intermolecular separation. For a system size of 500 or more aoms, we found truncating
the three-body potentids a intermolecular separations greater than a quarter of the
length of the smulaion box to be an excdlent gpproximation to the full potentid thet
aso avoided the problem of three-body invariance to periodic boundary conditions.

The chemicd potentid was determined from the equetion proposed by Smit & 4.
[SmiB89%a, see Chapter 2]. The uncetanties in the ensemble averages for dengty,
temperature, energy and pressure were cdculated by dividing the post-equilibrium
results into ten sections. The edimaed erors represent the standard deviations of the
section averages. An error edimate for the chemica potentid cannot be edtimated in

thisway becauseit isthe average of the entire post-eguilibrium Smulation.

Binary mixture

The NPT Gibbs ensamble technique was used for an argonkrypton mixture. The
details of the smulations are smilar to those discussed above for the pure fluids In this
work we andyzed the pressure-compostion behaviour of the mixture and compared it
with experimenta data. The pressure-density behaviour was dso sudied.

The intermolecular potentils mentioned previoudy were developed origindly for
pure fluids, but they can be goplied directly to binary mixtures by assuming suitable
combining rules for the intermolecular parameters. In generd if we denote the energy-
like parameters n and e (see Chapter 2) by the symbol W, the cross potentid parameters
of interacting pairs and triplets can be cdculated from:

Vvijk =31/Niiivvjjj kkkEI
W. = 2w y (32
ij _1/;;“ ii b
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In generd if we denote dl the remaining parameters such as s, A, Cs etc  (see Chapter

2) by the symbadl Y, the cross potentid parameters of interacting pairs can be calculated

from:

1 (32

In the argon-krypton mixture smulations the potentid parameters of argon e and s were
used to obtain reduced quantities in the standard way. It is important to stress that these

commonly used combining rules do not have physicd raionde.

The three-body samulations commonly require 20 and 12 CPU hrs on the Fyjitsu

VPP300 and NEC SX-4/32 supercomputers, respectively.

3.1.2 Results and discussion

Purefluids

The resllts of Gibbs ensamble smulaions for the vgpour-liquid properties of argon,
krypton and xenon are reported in Tables 3.1-36. A compaison of smulaion results
with experiment is given in Fgures 3.1, 3.3 and 34. The redive contribution to energy
of the various threebody interactions for the liquid phese of agon is illusrated in

Figure 3.2. Thetota pressure versus the temperature is reported in Figure 3.5.
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Table 3.1 Vepour-liquid coexigence properties of argon from molecular sSmulaion
using the twebody BFW potentid [Bar714].

* * * * * *

T r P E. m Ty R Ev my

0700 0806(4) 001838 -5183) -367 0006(1) 00041 -006(2) -3.70
0750 0781(3) 0007(21) -4982) -367 0008(1) 00061 -008(3) -368
0825 0741(4) 0020(14) -466(3) -343 0021(2) 00152 -019(3) -3.39
0850 0727(5 0022(19) -4563) -349 00232 0017(3) -021(3) -342
0875 0711(5) 0017(16) -444{4) -347 00302 0022(3) -026(3) -3.36
0900 0696(5) 002219 -433(4) -339 00333 00253 -0293) -338
0925 0678(3) 0036(10) -420(2) -340 00412 00313) -0353) -332
0950 0661(10) 0037(22) -4086) -335 00495 0037(7) -041(4) -330
0975 0644(6) 0049(16) -397(4) -334 0057(5) 00426) -047(4) -328
1000 0622(7) 0056(13) -381(4) -324 00737) 0051(12) -0596) -3.23
1025 0597(8) 0062(17) -366(5 -325 00826) 0058(11) -064(6) -323
1050 05749 0071(21) -350(5) -322 0104(7) 0069(13) -0826) -3.18
1075 0540(12) 0080(27) -33L7) -320 0112(10) 0075(19) -086(8) -3.20

Table 3.2 Vapour-liquid coexigence propeties of krypton fran molecular smulation
using the twebody Barker et d. potentid [Bar74).

* * * *

T re R = moory R/ Ev m

0700 0.800(4) -0002(33) -505(3) -358 0007(2)  0005(1) -007(3) -355
0750 07743) 0001(21) -4843) -355 0010(1)  0007(1) -0092) -353
0825 07355) 0020(19 -4534) -339 00242  0017(2) -021(2) -331
0850 0718(4) 0013(12) -441(3) -335 0026(2) 00192 -022(3) -334
0875 0700(5) 0020(15 -4284) -333 0031(4)  00234) -027(4) -332
0900 0687(5) 0034(12) -418(3) -328 0041(4)  0030(4) -036(4) -324
0925 0666(7) 0036(16) -4044) -326 0048(7)  0034(10) -041(7) -323
0950 0647(3) 0044(13) -391(2) -323 00593  0041(5) -048(3) -3.18
0975 06249 0048(18) -3766) -319 0067(5  0047(7) -054(4) -318
1000 0609(6) 0065(14) -366(3) -316 0087(4)  005%7) -068(5) -312
1025 0573(17) 0073(26) -3449) -316 0008(12) 006520) -0.758) -3.13
1050 0548(18) 008431 -3289) -312 0131(18) 0080(33) -098(14) -3.09
1065 0530(23) 0094(46) -318(12) -311 0141(16) 008233 -105(11) -3.08
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Table 3.3 Vapour-liquid coexigence propaties of xenon from molecular Smulation
using the twebody Barker et d. potentid [Bar74].

* * * * *

r T. P E ml*_ r\*, R/ Ev ny

*

0700 0801(5  -0010(36) -507(3) -372  0006(1) 00041 0062 -363
0750 0777(4)  -0005(21) -488(3) -343 00112 0008(1) -010(2) -3.49
0825 07334) 000515 -4542) -332 00223) 00163 -0204) -335
0850 07156)  0021(20) -441(4) -342 0027(3) 00203) -024(3 -332
0875 0701(3)  0027(20) -431(2) -337 00323 00234) -0283) -330
0900 06824)  0026(19) -417(3) -334 0037(3) 0027(4) -0323) -329
0925 0664(8) 0031(16) -405(5) -328 0047(6) 0034(7) -03%4) -324
0950 0644(9)  0038(22) -391(6) -325 00553) 0040(4) -046(3) -322
0975 06239  0045(21) -377(6) -320 0068(6) 0048(10) -055(7) -3.18
1000 06059  0063(23) -3656) -318 00826  0056(10) -0654) -3.15
1025 0583(11) 0072(19) -351(7) -315 00999  0066(15) -077(6) -3.12
1050 0549(14) 0083(27) -330(8) -315  0123(10) 0077(19) -094(8) -3.10
1075 0501(88) 0.103(183) -30248) -310  0160(17) 0088(34) -118(12) -3.07
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Table 3.4 Vapour-iquid coexistence properties of argon from molecular simulation using the two-body BFW potential [Bar71a] + three-body
(DDD +DDQ + DQQ + DDD4) intermolecul ar potentials.

4
0.750 0.825 0.850 0875 0.900 0925 0.950 0975 1.00
r 0.742(5) 0.685(8) 0.671(10) 0.658(10) 0.639(11) 0.613(11) 0.600(10) 0.564(11) 0513(30)
_UH:Q 0.044(89) 0.017(39) 0.020(50) 0.028(41) 0.033(52) 0.035(41) 0.049(36) 0.045(39) 0.052(100)
P Loy -0.914(77) -0.854(21) -0.825(30) -0.809(21) -0.783(30) -0.743(20) -0.718(17) -0.673(19) -0.591(51)
P'L ooo 0.375(8) 0.271(9) 0.250(10) 0.235(8) 0.218(9) 0.190(9) 0.175(7) 0.149(7) 0.117(15)
P'Lbpo 0.125(3) 0.090(3) 0.083(3) 0.078(3) 0072(3) 0.062(3) 0.057(2) 0.049(3) 0.038(5)
P'Loo 0.0254(7) 0.0186(7) 0.0170(7) 0.0159(6) 00147(6) 0.0127(7) 0.0117(6) 0.0099(6) 0.0076(11)
P Lo 0.0023(1) 0.0017(2) 0.0015(1) 0.0014(2) 0.0013(1) 0.0011(1) 0.0010(1) 0.0009(1) 0.0007(1)
P'L boos 0.124(3) -0074(2) -0.068(2) -0.063(2) -0.058(1) -0.052(2) -0.046(1) -0.040(2) -0.033(3)
E Ltotcort. 453(3) -4.13(6) -4.01(7) -3.97(5) -3.89(7) -3.68(6) -357(6) -3.39(6) -3.09(16)
E Ly 47303 -4.33(6) -4.16(6) -4.06(7) -3.99(6) -3.83(7) -371(6) -3.49(6) -3.19(16)
E Loop 0.169(3) 0132(3) 0.125(3) 0.119%3) 0.113(3) 0.103(3) 0.097(2) 0.088(3) 0.076(6)
E LopQ 0.046(1) 0.036(1) 0.034(1) 0.032(1) 0.031(1) 0.028(1) 0.026(1) 0.023(1) 0.020(2)
E'Lboo 0.0079(2) 0.0063(2) 0.0059(2) 0.0056(1) 0.0053(1) 0.0048(2) 0.0045(1) 0.0040(2) 0.0034(3)
E'Looo 0.00061(2) 0.00049(1) 0.00046(1) 0.00043(1) 0.00041(1) 0.00037(1) 0.00035(1) 0.00031(1) 0.00026(2)
E'. boos -0.0419(10) -0.0268(4) -0.0256(4) -0.0240(5) -0.0227(4) -0.0212(5) -0.0192(4) -0.0178(5) -0.0161(7)
m, 347 -348 -353 -3.40 -3.35 -3.36 -329 -3.26 -3.28
r'y 0.0095(17) 0.0174(15) 0.0218(18) 0.0295(37) 0.0350(48) 0.0401(38) 0.0536(56) 0.0605(52) 0.0655(32)
P v 0.0067(16) 0.0128(17) 0.0162(21) 0.0216(46) 0.0259(64) 0.0301(51) 0.0383(83) 0.0440(83) 0.0490(56)
P vatoy -0.0005(4) -0.0016(4) -0.0024(5) -0.0043(13) -0.0057(20) -0.0071(15) -0.0126(28) -0.0155(31) -0.0172(23)
Pvoop10°  0.0005(22) 0.0212(156) 0.0432(198) 0.0846(533) 0.1350(726) 0.1911(609) 0.442(116) 0.567(145) 0.700(138)
Pvopol0?  0.001(4) 0.070(65) 0.128(66) 0.249(172) 0.406(217) 0.572(189) 1.313(341) 1.67(418) 2.067(429)
P'vbool0®  0.001(6) 0.148(167) 0.239(142) 0.468(364) 0.775(418) 1.092(374) 2.486(636) 3.135(773) 3.896(864)
Pvold®  0.001(4) 0.135(170) 0.198(132) 0.390(336) 0.659(362) 0.931(327) 2.106(532) 2.648(646) 3.307(779)
P'vooos10%  -0.0016(25) -0.048(28) -0.111(55) -0.234(135) -0.385(220) -0.530(168) -1.249(330) -1.628(408) -2.015(371)
E'Vitoor. 007(2) -0.15(3) -02003) -0.26(5) -0.30(5) -0.34(3) -0.45(4) -0.49(5) -052(3)
E vy 007(2) -0.15(3) -02003) -0.26(5) -0.30(5) -0.34(3) -0.46(4) -0.49(5) -052(3)
E'voopl0®  002(7) 0.39(28) 0.64(29) 0.87(45) 1.21(49) 155(37) 2.65(46) 2.98(55) 3.47(60)
Evoool0®  0.003(10) 0.11(9) 0.16(8) 021(12) 030(12) 0.33(9) 0.65(11) 0.72(13) 0.84(16)
Evboold?  0.002(12) 0.19(20) 0.25(15) 033(Q) 048(21) 0.62(16) 1.04(17) 1.14(20) 1.34(27)
Evoold®  0.001(7) 0.15(18) 0.18(12) 0.24(18) 0.35(16) 0.46(13) 0.76(13) 0.84(15) 0.98(22)
Evoooel0®  -0.004(6) -0.066(36) -0.124(59) -0.182(83) -0.259(111) -0.322(75) -0563(102) -0.642(115) -0.750(119)

my -357 -351 -346 -3.36 -3.34 -334 -325 -3.25 -3.26
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Table 3.5 Vapour-liquid coexistence properties of krypton from molecular simulation using the two-body Barker et al. [Bar74]

+ three-body (DDD + DDQ + DQQ + DDD4) intermolecular potentials.

*

a
0.750 0.825 0.850 0.875 0.900 0925 0950 0975

r 0.712(6) 0671(9) 0.642(9) 0.631(8) 0616(7) 0.585(14) 0.528(23) 0509(23)
Plu 0.051(75) 0.026(45) 0.028(35) 0.036(39) 0.040(26) 0.048(48) 0.045(77) 0.066(71)
P ooy -0.899(46) -0.848(23) -0.807(15) -0.784(21) -0.758(12) -0.703(20) -0.616(40) -0573(34)
P oop 0.390(25) 0.306(12) 0.273(9) 0.255(11) 0.233(7) 0.202(13) 0.157(13) 0.138(12)
P Looo 0.127(9) 0.098(4) 0.083(3) 0.082(4) 0.074(2) 0.064(4) 0.049(4) 0.043(4)
PLbgo 0.0253(18) 0.01949) 0.0172(7) 0.0160(8) 0.0146(5) 0.0125(9) 0.0095(9) 0.0084(8)
P oo 0.0022(2) 0.0017(1) 0.0015(1) 0.0014(1) 0.00125(5) 0.0011(1) 0.0008(1) 0.0007(1)
P boos -0.135(11) -0105(3) -0.096(2) -0.087(4) -0079(2) -0.071(3) -0.056(3) -.049(4)

E L tot cor. -4.28(3) -3.98(6) -3.83(5) 372(5) -359(4) -343(8) -3.13(10) -300(11)
E L 2body -4.49(4) -4.08(7) -3.97(5) -3.88(6) -3.75(4) -355(8) -3.23(10) -310(11)
E Looo 0.183(11) 0.152(4) 0.141(3) 0.134(4) 0.126(2) 0.115(5) 0.098(4) 0.090(5)
ELobo 0.049(3) 0.040(2) 0.037(1) 0.035(1) 0.033(1) 0.030(1) 0.025(1) 0.023(1)
E b 0.0082(6) 0.0067(2) 0.0062(2) 0.0058(2) 0.0055(1) 0.0049(2) 0.0041(2) 0.0038(2)
ELooo 0.00061(4) 0.00050(2) 0.00046(1) 0.00043(2) 0.00041(1) 0.00036(2) 0.00030(2) 0.00028(2)
E L oo -0.047(4) -003%(1) -0.0372(5) -0.035(1) -0.082(1) -0.030(1) -0.027(1) -0.024(1)
mL -362 -337 -338 324 -315 -3.24 320 -317

r'y 0.0105(12) 0.0203(15) 0.0246(20) 0.0348(37) 0.0429(17) 0.0477(31) 0.0578(33) 0.0737(61)
Py 0.0074(12) 0.0148(18) 0.0183(25) 0.0253(50) 0.0316(25) 0.0350(45) 0.0409(46) 0.0507(104)
P v 2body -0.0005(3) -0.0020(6) -00027(8) -0.0054(17) -0.0073(9) -0.0095(16) -0.0146(14) -0.0224(42)
Pvoon10®  0.006(6) 0.0374(148) 00653(232)  0.171(77) 0.269(44) 0.338(67) 0.652(117) 1.20(29)
Pvopgl0?  0.018(24) 0.111(42) 0.185(75) 0.497(228) 0.795(142) 0.971(183) 1.86(36) 3.44(85)
Pvbpel0®  0.029(53) 0.205(81) 0.327(153) 0.908(423) 147(29) 1.74(32) 3.33(69) 6.22(1.58)
Pvoel0®  0.024(50) 0.168(71) 0.257(131) 0.738(345) 1.21(26) 1.40(25) 2.67(58) 505(1.31)
Pvoops10*  -0.036(24) -0.127(34) -0.225(58) -0.601(255) -0.978(156) -1.27(26) -2.38(40) -4.40(1.08)
EV totoor. -0.09(2) -0.18(3) -021(2) -0.294) -0.36(2) -0.38(3) 047(3) -0.58(6)
E v 2000y -0.09(2) -0.18(3) -021(2) -0.30(4) -0.36(2) -0.39(3) 047(3) -0.58(6)
Evoop10®  0.18(17) 05922 0.86(24) 156(55) 2.08(30) 2.31(3R) 3.64(46) 5.27(90)
Evopol0® 00405 0.14(5) 0.20(6) 0.37(14) 0.50(8) 054(7) 0.85(12) 1.24(22)
Evbool0*  0.05(10) 0.23(9) 0.30(11) 0.58(23) 0.79(14) 0.82(11) 1.28(20) 1.89(35)
Evoool0® 0048 0.16(7) 0.20(8) 0.41(16) 0.56(11) 057(8) 0.89(15) 1.33(26)
Evoom10°  -0.082(50) -0.149(38) -0.222(48) -0411(138) -0.567(77) -0.649(94) -0.996(113) -1.45(25)
My -352 -340 -3.37 325 -3.20 321 -319 -313
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Table 3.6 Vapour-liquid coexistence properties of xenon from molecular simulation using the two-body Barker et al. [Bar74]
+ three-body (DDD + DDQ + DQQ + DDD4) intermolecular potentials.

3

4
0.750 0.825 0.850 0.875 0.900 0925 0.950 0975

r 0.706(6) 0.671(9) 0.634(12) 0.617(15) 0599(11) 0.578(13) 0517(23) 0.511(26)
Plu 0.009(38) 0.024(53) 0.010(46) 0.030(64) 0.031(44) 0.059(61) 0.039(79) 0.060(89)
PL 2body -0.947(26) -0.875(29) -0.828(20) -0.779(31) -0.751(21) -0.696(34) -0.611(39) -0596(42)
P ooo 0.444(9) 0.364(15) 0.314(14) 0.288(18) 0.260(13) 0.235(14) 0.178(16) 0.169(20)
P Loog 0.140(3) 0.114(5) 0.098(5) 0.090(6) 0.081(4) 0.073(5) 0.054(5) 0.052(6)
PLox 0.0268(6) 0.0216(10) 0.0184(9) 0.0168(12) 0.0150(8) 0.0136(9) 0.0100(10) 0.0095(13)
PL o 0.0022(1) 0.0018(1) 0.0015(1) 0.0014(1) 0.0012(1) 0.0011(1) 0.0008(1) 0.0008(1)
P boos -0.191(5) -0157(5) -0.139(4) -0.128(5) -0.114(5) -0.102(5) -0082(5) -0.074(6)
E L ttoort 4.21(4) -3.96(6) -3.78(6) -3.63(8) -352(6) -340(8) -307(10) -3.02(13)
E L2y 4.48(4) -4.10(7) -393(7) -3.80(9) -3.64(7) -353(8) -317(11) -3.13(14)

E ooo 0.209(3) 0.181(5) 0.165(5) 0.155(6) 0.145(5) 0.135(5) 0.114(5) 0.109(7)
ELobg 0.054(1) 0.047(1) 0.042(1) 0.0402) 0.037(1) 0.034(1) 0.028(2) 0.027(2)
EL oo 0.0087(2) 0.0075(3) 0.0067(2) 0.0063(3) 0.0058(2) 0.0054(2) 0.0044(3) 0.0043(4)
ELox 0.00062(1) 0.00053(2) 0.00047(2) 0.00044(2) 0.00041(2) 0.00038(2) 0.00031(2) 0.00030(3)
E L ooos -0.067(1) -0.059(1) -0.055(1) -0.052(1) -0.048(2) -0.044(2) -0039(1) -0.036(1)
mL 341 -328 -333 -330 322 320 -318 -315

r'y 0.0109(17) 0.0227(27) 0.0245(27) 0.0313(36) 0.0414(45) 0.0513(67) 0.0566(46) 0.0746(33)
Pva 0.0075(16) 0.0163(31) 0.0180(31) 0.0229(43) 0.0301(57) 0.0366(97) 0.0419(66) 0.0514(54)
P v 2bocy -0.0006(3) -0.0025(8) -0.0030(8) -0.0046(11) -0.0075(15) -0.0113(34) -0.0125(21) -0.0227(20)
Pyvoop10®  0.0050(75) 0.0686(472) 00838(364)  0.148(62) 0.311(116) 0542(177) 0.717(105) 1.546(217)
Pvoool0®  0.009(24) 0.198(151) 0.233(111) 0.411(175) 0.883(345) 1.518(472) 2.031(296) 4.365(650)
Pvbel0®  0.002(50) 0.357(299) 0.400(216) 0.706(307) 1.559(640) 2.642(798) 3573(524) 7.67(121)
Pvowl0®  0.006(41) 0.282(251) 0.302(184) 0.534(241) 1.213(519) 2.039(613) 2.789(412) 5.969(982)
Pvoopsa10?  00317(242)  -0.299(163) -0.367(136) -0.637(291) -1.416(559) 2475(791) -3.293(514) -7.17(102)
EV wtoort, 0112 -0.21(3) -021(3) -0.27(4) -0.34(5) -042(6) -045(3) -059(3)

E v 2body 011(2) -0.21(4) -021(3) -0.27(4) -0.35(5) -042(6) -0.45(3) -0.60(3)
Evoop10®  0.15(25) 0.94(57) 1.08(45) 1.50(49) 2.39(66) 3.38(73) 412(34) 6.67(69)
Evopel0®  0.02(7) 0.22(15) 0.25(11) 0.34(12) 056(17) 0.78(16) 0.95(8) 1.54(17)
Evbolo”?  001(13) 0.34(25) 0.36(19) 049(17) 0.83(27) 1.15(23) 142(13) 2.29(27)
Evol0® 0029 0.23(18) 0.24(14) 032(12) 0.56(19) 0.77(16) 0.96(9) 1.55(19)
Evooos10®  0.078(65) -0.307(144) -0.356(120) -0479(168) -0.815(237) -1.158(234) -1.415(127) -2.316(241)

my -350 -334 -338 -3.32 -3.23 -319 -3.20 -3.13
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The coexigence properties obtaned from agon usng the BFW potentid are
summarised in Tade 3.1 and the BFW + three-body caculations are reported in Table
34. In Fgure 3.1, expaimentd daa for the vapour-liquid phase envelope of argon ae
compared with smulation results obtained in this work and data reported by Anta et d.
[Ant97] for the Aziz-Saman [Azi86] and Aziz-Samen + Axilrod-Tdler intermolecular
potentidds. The comparison with experiment in Figure 3.1 indicates that both the BFW
and Aziz-Saman potentids do not predict the liquid phase coexiding dendty of argon
adequately. There is generdly far agreement for the vapour-branch of the coexistence
curve. This contrasts with caculations using the LennardJones potentid, which
normaly yidds good agreement with experiment for liquid dendties The good
agreement often reported [Sad96b] with the Lennard-Jones potentid is fortuitous and
probably arises for the “effective’ many-body nature of the potentid. It is apparent from
Figure 3.1 tha genuine twobody potentids cannot predict the liquid phese densties of
argon adequady. The results obtained from the BFW and Aziz-Saman potentids are
amogt identicd.

Anta e d. [Ant97] reported that the addition of the Axilrod-Tdler term to the Aziz-
Saman potentid [Azi86, Az93] rexulted in a condderable improvement in the
agreement between theory and experiment as illudrated in Figure 3.1. In Figure 3.1 we
adso show tha the addition of the threebody term to the BFW potentid results in good
overdl agreement of theory with experimentad data The absolute average deviaions
(AAD) [Sad95] for the vgpour and liquid dendties are 36.4% and 2.3%, respectively.
The lower the vaue of the AAD, the closer the smulation values are with the
experimenta data The experimental liquid branch of the coexisting phase curves is well
reproduced by our results. The agreement with the vapour branch is not equaly good. It

should be noticed from the smulation data, that the threebody contribution to the tota
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potential energy is less than 0.7% in the vgpour Sde (in the liquid Sde it is greser than
3%). This means that the indusion of three body potentids does not significantly affect
the properties of the vapour. That is why we have smilar results in the vapour sde for
the smulations with only the twoebody potentid and the smulaions with two-body +
three-body potentids. The work of Anta e d. [Ant97, see Figure 3.1] for the Aziz +
AT potentids shows tha the cadculated vepour branch is shifted closer towards the
experimental curve. However, the AAD is about 10%. Therefore, even if ther results
ae more accurate, it seems that the incluson of the three-body potentids is not
aufficient to reproduce the experimentd data. We believe that this is due to a lack of
accuracy of the two-body potentid for vepour dengties. Interegtingly, in their work on
agon, Leonhard and Deiters [Leo00] observed behaviour smilar to our findings usng
the Hloucha & initio potentid [Dei99] + AT potentid. Using ther own ab initio
potentid + AT they found a behaviour smilar to Antaet d.

The contributions to both pressure and configurationa energy of the various
multipole terms to the three-body interactions of argon are identified in Table 3.4. The
contribution of three-body interactions to the vapour phase is negligible whereas they
meke an important contribution to the liquid phase The vaious three-body
contributions to the configurationd energy of the liquid phese of argon are compared
grgphicdly in Figure 32. Although Anta e d. [Ant97] reported vaues of densty,
temperature, pressure and configuraiond energies, they did not report the contribution
of three-body interactions to ether the pressure or energy. It is evident from both the
daa in Table 34 and the comparison in Fgure 3.2 that the triple-dipole term makes the
dominant contribution to three-body interactions. The other thirdorder multipole

interactions  (Uppo +U Uyo) Contribute approximately 32% of the triple-dipde

DQQ +

term. However, the effect of this contribution is offsst largdy by an approximately
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equad contribuion (26% of the triple-dipole term) from fourthrorder triple-dipole
interactions of oppodte dgn. A dmilar  behaviour is seen by the three-body
contributions of the pressure. Consequently, the Axilrod-teller term done is an excdlent
goproximation of three-body disperson interaction. This concluson is condgent with
earlier work [Dor71] on the relaive magnitude of three-body interactions It is adso
conagent with other work [Ba72b] on the rdative contributions of three-body
interactions to the third virid coefficient.

To the best of our knowledge, previous work on the effect of threebody interactions
on the phase behaviour of fluids has been confined exclusvely to argon. In Tables 3.2,
33, 35 and 3.6 we report caculaions for the vgpour-liquid coexigence of krypton and
xenon. The coexistence properties cdculated from twobody potentids are summarised
in Tables 32 (krypton) and 3.3 (xenon) whereas cdculaions incuding twobody and
threebody terms are found in Tables 35 (krypton) and 3.6 (xenon). The krypton and
xenon aoms ae condderably larger than argon and it can be anticipated that ther
increesed polarizability may result in an increese in the rdaive importance of three-
body interactions The comparison of experiment with theory for the vapour-liqud
coexigence of krypton and xenon is illugrated in Fgures 3.3 and 34, respectively. For
both krypton and xenon, the twobody potentids fal to represent the liquid phese
densties adequately whereas there is generdly far agreement for the vapour phase.
However, it is evident that the addition of three-body interactions results in very good
agreement of theory with experiment for sub-critica liquid-phase dendties. For krypton,
the AAD for the vgpour and liquid dendties ae 34.5% and 1.9% respectively. For
xenon, the average absolute deviations for the vapour and liquid dendties are 35.8% and

1.4%, respectively. It should be stressed thet in dl cases the agreement between theory



Chapter 3 84

and experiment represent genuine predictions and no atempt has been made to optimise
the agreement by dtering the intermolecular potentia parameters.

The rdative contribution of the various multipole terms (Tables 35 and 3.6) to the
three-body interactions of krypton and xenon is sSmilar to that observed for argon.
Interestingly, for xenon, the magnitude of the contribution from the fourth order triple-
dipoe tem (DDD4) is actudly dightly grester then the dipole-dpde-quadrupole
(DDQ), dpde-quadrupde-quadrupole (DQQ) and tiple-quadrupodle (QQQ) terms
combined. Therefore, for krypton and xenon, the Axilrod-Teler term aone is a good
representation of three-body interactions because the contribution of other multipole
termsis offset by the contribution from the fourth-order triple dipole term.

In Figure 35 we report the logarithm of the totd pressure (twobody + three-body)
vearsus the inverse of the temperature, for argon, krypton and xenon. The experimenta
data [Va75] ae dso shown. We plot only the vgpour pressure because the liquid
pressure is characterized by large errors. The smulated pressure is shifted down in
comparison with the experimenta data. This is amply due to the dengty shift observed

in the vegpour branch. In fact, for the vapour the man contribution to pressure comes

from the ided pat, P »T  r (see Eqg. (2.65)), S0 an inaccuracy in the density causes

an inaccuracy in the pressure.
A dgnificant eror relative to the totd pressure in the liquid sSde occurs because the
kingtic part and potentia part of the pressure are very smilar but with opposite sgn. For

example if we condder in Table 3.4 the vaue of the temperature T = 09 and the

*

rdlative liquid densty r = 0639, the kingtic pressure is R;, =T " r~ » 0.575. The

potentid part is:
P pot = PL2vaay * Plooo T Rlopo + Ploog T R ggo + PLoops »-0:54.
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The total pressure is P, » 0.035 which is just 15% of the two different contributions

Thus a smdl fluctuation in the vaues of both kinetic and potentid parts can cause a
sgnificant fluctuation in the totd pressure.

This work has not consdered the posshility of interactions from  three-body
repulson. Sadus and Prausnitz [Sad96b] used a three-body repulsve potentid [Shebt]
in conjunction with LennardJones and AT potentids. They found that three-body
repuison may offst the contribution of Axilrod-Teler interactions by as much as 45%.
However, this condusion is based largdy on approximate models [She66] of three-body
repulson that are tied cdosdy the LennardJones potentid. It has been suggested [Rit90]
that three-body repulson may improve the prediction of the thermodynamic properties
of xenon. Recently, Bukowsky and Szadewicz [BukOl1] reported cdculaions for argon
usng an ab initio potentid, which indudes three-body repulson potentids [Lot97h).
They found that the triple-dipole potentid adone is an excdlent gpproximation of the
totd three-body energy because the other contributions cance. Also our good results
obtained for argon, krypton and xenon without incuding threebody short-range terms
may indicate that those potentids do not contribute significantly to the vapour-liquid
coexistence. Bukowsky and Szaewicz dtribute the cause of the smal discrepancies to
the neglected quantum effects. Barker et a. [Bar71a] showed that these quantum effects
are repulsve and amount to 15-17% of the three-body contributions. They inferred that
thar induson might bring the cadculated coexigence curve even coser to the

experimentd data.
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Figure 31 Comparison of expeiment (e, [Va75]) with cdculation usng the BFW

potentid [Bar71a] (OJ), the Aziz-Slaman potentid (<, [Ant97]), the Azz-Slaman +
Axilrod-Teller (+, [Ant97]) and the BFW + three-body ©DD + DDQ + DQQ + QQQ

+ DDD4) potentids (—+) for the vapour-liquid coexistence of argon.
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Argon-krypton mixture

The reaults of Gibbs ensemble smulations for the vapour-liqud properties of argon
+ krypton are reported in Tables 3.7 and 3.8. In Tables 3.7 and 3.8, x denotes the mole
fraction of the liquid {) and vapour (V) phases. The motivation for studying the argon +
krypton mixture is tha it provides a rare example of a binay mixture for which
quantitatively accurate intermolecular potentids are avalable. Therefore, comparison of
the results of twobody only smulations with twobody + threebody smulaions dlows
us to make obsarvations concerning the role of three-body interactions. Caculations

were performed for both two-body and twebody + three-body terms. The temperature
of T'= 1148 (16315 K) was sdected because the vapour-liquid enveope a this

temperature is representative of the vapour-liquid phase of the argon + krypton system.
Since for pure fluids we found that the twobody + AT potentias represent the dominant
terms, we did not include the other multipole three-body terms (see Chapter 2).

A compaison of theory with experiment for the pressure-compostion behaviour of
argon + krypton is illudrated in Figure 3.6. In generd, there is good agreement between
theory and experiment [Sch75] for the ovedl phase enveope The liquid-phase
properties are predicted accuratdly whereas there ae noticesble deviations from
experiment for the vgpour-phase branch of the coexigtence curve. These obsarvations
ae conggent with the cdculations reported for pure component phase equilibria in
section 3.1 Interegtingly, the results for two-body orly and twobody + three-body
cdculdions ae dmod identicd. At a given pressure, three-body interactions do not
gopexr to have a ggnificant role in determining the coexisence compodtion. This is
despite the fact that the data in Table 3.8 indicates that three-body interactions typicaly

contribute approximetely 5% of the overdl configurationa energy.
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The pressuredendty behaviour of the agon + krypton mixture is illustrated in
Figure 3.7. The coexisence dendty of the vapour-branch is unaffected by three-body
interactions. In contrast, Figure 3.7 indicaes tha threebody interactions can
ggnificantly affect the coexiding liquid-phase densty. Experimenta dendty data is not
avalable for comparison with the cdculations In section 3.1 we hae reported a smilar
dengty-shift for the vapour-liquid equilibria of pure noble geses reaulting in good
agreement with experimenta data The reduction in the liquid-phase dendty can be
atributed to an increese in volume caused by an additiond repulsve influence of the

three-body term.

Table 37 Moecular smulaion results for the vapour-liquid equilibria of agon +
kryptona T~ = 1.148 using the two-body potentia.

* Kr Kr * * * * * * * * * *
P X|_ X PLtot R/tot r|_ rV ELZb Ev2b m_Kr M,k ”LAr M, o

00350 0.831(5) 0544(25) 0019(40) 0.031(6) 0.618(6) 0.032(3) -6.00(6) -039(4) -512 508 510 -512
00445 0760(11) 0.409(18) 0.066(44) 0.03%(7) 0.6196) 0.042(4) -580(9) -041(5) -504 523 -4.66 -4.62
00495 0.680(9) 0.329(38) 0.067(43) 0.048(17) 0.613(8) 00559) -550(8) -051(10) -534 533 448 -4.25
00543 0.665(8) 0.323(24) 0.062(40) 0.052(11) 0.620(8) 0.060(7) -552(10) -057(7) -525 528 -4.25 -4.18
00642 0547(7) 0257(30) 0.064(49) 0.058(15) 0.600(8) 0.067(8) -5.01(7) -063(12) -562 551 4.02 -399
00737 0475(6) 0216(18) 0.091(47) 0.067(19) 0.605(9) 0.093(10) -4.85(9) -0.82(9) -548 560 -3.88 -3.75
00787 0432(5) 0.177(18) 0.092(55) 0.070(20) 0.596(14) 0.095(10) -4.66(12) -0.80(10) -5.73 5.80 -3.69 -3.66
00837 0.385(4) 0.175(14) 0.106(52) 0.074(39) 0.592(10) 0.103(19) -451(8) -086(17) -5.73 -5.80 -3.66 -3.63
00933 0319(5) 0.148(12) 0.069(48) 0.082(29) 0.577(6) 0.121(13) -4.23(3) -100(13) -596 -5.99 -358 -352
00986 0266(5) 0.133(13) 0.070(55) 0.088(40) 0.573(14) 0.168(16) -4.08(11) -1.36(15) -620 6.14 -3.44 -340
01041 0225(6) 0.115(11) 0.113(30) 0.097(36) 0573(8) 0.165(16) -3.98(6) -1.31(14) -636 -6.30 -3.40 -3.36
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Table 3.8 Molecular simulation results for the vapour-liquid equilibria of argon + krypton at T = 1.148 using the two-body +
three-body intermolecular potential.

¥

—U

0035 00445 00495 00543 0.0642 00737 00787 0.0837 00933 0.0986 0.1041
X (ko) 0847(5)  0738(5) 0683(15) 0624(3)  0556(11) 0474(6)  044509) 03895  03124)  0264(2)  0.221(6)
X k) 0579(20) 0429(19) 0380(23) 0332(14) 0292(25) 0234(19) 0208(10) 018416) 01549  0133(6) 011912
Pl 0029(85) 003%55) 0048(7) 0071(62) 0083(75) 0086(79) 005981) 0073(76) 0069(50) 0081(86)  0.096(78)
Py 0033(7)  0036(7) 0044(11) 0047(18) 0063(24) 0066(19) 0063(19) 006%19) 0079(22) 0080(14)  0.090(19)
= 0973(47) -0918(44) -0886(51) -0828(30) -0812(50) -0764(54) -0.737(40) -0713(34) -0661(21) -0563(45) -0574(40)
Py 00086(22) -0.0085(26) -0.0131(37) -0.0144(68) -0.0267(80) -0.0353(82) -00245(71) -00367(74) -0.0446(91) -0.0479(58) -0.0668(66)
Pl 0340(22) 0304(7) 0282(11) 0261(17) 0246(12) 0214(11) 0186(17) 0177(18) 0145(12) 0111(13) 0.115(13)
Py 0.00024(11) 0.00020(8) 0.00040(15) 0.0003%(29) 0.00126(59) 0.00147(49) 0.00108(43) 0.00164(48) 000261(83) 0.00279(42) 0.00428(97)
L 0577(13) 0569(4) 0568(9)  0556(13) 0566(11) 0554(12) 0532(20) 0530(21) 0510(15)  0464(24)  0483(23)
rv 0036(4)  0038(4) 0049(6) 005310) 0077(13) 0087(9  0075(10) 00909  0105(11) 01097  0.133(10)
Ew 565(14) -527(4)  -512(11) -48511)  -474(11) -444(11)  42117) -40715  -376(11)  -337(15  -3.39(15)
Evab 0448  -040(4) -049(7)  -049(13) -071(13)  -0.75(9) 0658  -076(7)  -088(10)  -0895)  -1.04(8)
Ew 0196(8)  0178(3) 0.165@)  0156(7)  0144(5  0129(4)  0116(7)  011147)  00M(E) 00795  0079(5)
Eva 00021(8) 00017(4) 00026(8) 00021(11) 00051(17) 00054(14) 00046(11) 00058(11) 0.0080(19) 000839 0.0105(17)
M L(kn) 4.9 -5.16 -5.02 -531 -537 -5.49 562 5.7 -59 -598 -6.24
M (k) 4.9 -5.23 -521 -5.32 532 -5.49 566 -576 -59 -6.06 -6.19
M Lean 511 -4.63 -433 -4.23 -39 -375 382 -367 -357 -352 -341
M (A 515 -4.72 -4.44 -4.29 -3%8 -3.79 383 -368 -357 -351 -341
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Figure 3.7 Comparison of the effect of two-body only (J) and twebody + three-body
(D) interactions on the vapour and liquid coexisence dendties and pressures of argon +

krypton.
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3.2 A simple relationship between two-body and three-body potentias

The introduction of the threebody potentid increeses the computing time of a
norma twobody potentid smulation by a factor of ten. This is the man resson to
adopt an effective potentid that accounts for the threebody effects without incurring
expendve routine caculations. Severd effective potentids have been proposed [Cop68,
Mur7l, Miy94, €94, van99]. Smit & d. [Smi92] pointed out that a convenient way to
account for three- and higher-body interactions condsts in usng par potentids that
depend on the dengty. In ther work they report the equaion of date of a fluid with a
paticular class of dendty-dependent potentid in terms of the equaion of dae and
energy of areferencefluid.

Andyzing the data from NVT Gibbs ensemble smulaions shown in previous
sections, we noticed that twe and three-body potentid energies are linked by a smple
relationship. We dso peformed standard NVT Monte Carlo [Sad99] smulations for 500
aoms of agon, krypton and xenon, to check if this rdationship holds for different
systems. The smulations were performed in cubic boxes, and the conventiond periodic
boundary conditions were gpplied [Sad99]. For par interactions, long-range corrections
were used to recover the full contribution to the intermolecular potentia (see Appendix
1), whereas threebody interactions were assumed to be zero a separdtions greater than
a quarter of the box length (see Appendix 2). A totd of 40000 cycles were used with
averages being accumulated after 20000 cycles. The twobody energy E.) was obtained
by averaging the contribution of the par potentid over dl didinct pairs of aoms
whereas the three-body energy €3) is the average of the Axilrod-Tdler potentid for dl

digtinct triplets of atoms.
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The ratio of threebody (E3 to two-body (E;) energies obtained from NVT Gibbs
ensamble smulaions is shown in Figure 3.8 as a function of reduced number densty,
r”. Also results from NVT Monte Carlo Smulations, reported in Table 3.9, are shown in
Figure 38 to supplement Gibbs ensemble data The temperatures used covered the

temperature range for vapour-liquid coexigtence of a pure fluid.

Table 39 NVT Monte Calo smulaion results for argon, krypton and xenon a
different dengties and temperatures.

r T EAT EZJ I:)AT I:)2b
A 0350 130 0031(1) -197(2) 0033(1) -0.24(5)
0400 120 0044(2) 2352 00532 -033(7)
Kr 0450 125 00682 -2634) 00912  -0.36(9)
0475 100 0074(1) -282(1) 0106(2) -059%5)
Xe 0375 120 00582 -217(2) 0065(2)  -0.29(5)

0425 100 0075(2) -254(2) 0095(3)  -0.49(4)

It is apparent that the ratio is a linear function of dendty which is conggtent with
theoreticd condderations [S€94, Mur7l]. Furthemore, within  the datidicd
uncertainties of the smuldion, the results for argon, krypton and xenon appear to obey
the same rdationship. A leasst-squares fit of the smulaion daa for argon, krypton and
xenon yidds the following empiricd rdationship between twobody and three-body
energies.

2rE,
Zes®

E, =- (33

As E, is genedly negaive, E, is podtive which is condstent with smulaion data
The above equaion is a remarkably smple result that fits dl the smulation data with an

average absolute deviation of 2.0 %. The only congtants in Eq. (3.3) are the triple-dipdle
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coefficient n, and the par potentid parameters e and s. The rdationship is independent

of temperature for the range of dengties a which the fluid isnormdly aliquid.

The benefit of Eg. (3.3) is tha an accurate edimate of the three-body energy
contribution for fluid dendties can be obtaned from twebody cdculaions done To
test the accuracy of this rdationship, we performed Gibbs ensemble smulations for the
phase equlibria of argon with the energies cdculated from the BFW potentid plus the
contribution from Eq. (3.3). The Gibbs ensamble cdculations were peformed by first
determining the contribution of twobody interactions. The two-body contribution was
used in Eqg. (3.3) to determine the contribution of three-body interactions. The combined
two-body and threebody energes were then used to determine the acceptance of the
Monte Carlo move. The reaults of these cdculations are compared in Figure 3.9 with
both experimentd data [Va75] and the full twebody + three-body cdculaion reported
in sction 31 [Ma99]. The comparison indicates that the results obtained usng Eq.
(3.3) are nearly identicd to the full two-body + three-body caculations.

It should be noted thet, drictly spesking, the vdidity of the rdationship is tied to the
pair and threebody potentids used in the smulaions, and only three different atomic
gpecies were consgdered. However, if these potentids genuindy reflect the contribution
of twobody and threebody interactions, the result could be vdid generdly. We
emphadse tha the rdationship should not be used for effective potentids such as the
Lennard-Jones potentid. The accuracy of the dngle relationship for argon, krypton and

xenon may aso indicate that the result is vaid for other atoms.
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Figure 3.8 The ratio of threebody and two-body energies obtaned from molecular
smulatiion at different reduced dengties Results are shown for argon (D), krypton (+)

and xenon (C). The line through the points was obtained from Eq. (3.3).



100

Chapter 3
1.1
X X
X X
[ ]
X e X
10 m o X O X
® [ )
ﬁ: .AO X
o ®
T* Ko “5 X
[ J [ ]
[ ] [ )
Ko w X
o [ J
09 — e O X
[ ] [ ]
29 WO X
[ J ®
[ ] [ ]
B L X
[ ] [ ]
5 VO X
0.8
[ [ [
0.0 0.2 04 06 0.8
r*

Figure 39 Compaison of NVT Gibbs ensemble cdculaions with experiment (@)
[Va75 for the vapour-liquid equilibia of agon in the reduced temperature-densty
projection. Results are shown for the BFW potentid ("), the BFW + Axilrod-Teller

potentid (D) and the BFW + three-body contribution from Eq. (3.3) potentid (O).



