- 1 - DESCRI PTI ON H GHLY ACCURATE CORRELATI NG METHOD FOR PHASE
EQUI LI BRI UM DATA, AND PHASE EQUI LI BRI UM CALCULATI ON METHOD TECHNI CAL
FI ELD [ 0001] The present invention relates to a highly accurate

met hod for correlation of phase equilibriumdata using rel ationships
between infinite dilution pressure gradijents and vapor pressures, and
a method for prediction of phase equilibriumdata using this highly

accurate nethod for correlation ofﬁ@ﬁ ﬁﬁﬁﬂl i briumdata. The
present invention also relates to B d an apparatus for

desi gni ”%%Hfgr}{é@bkﬂ% CORREI N COﬁ/ﬁ@ﬂ%éb%‘O}?th Eﬁ?@blffﬂiﬁ}ﬁ‘? HATA,

distillation colum, an ex Oor a Ccrys rZér o

basi s of values obt P}N‘ﬁ@}ﬂs}/ EﬁQLﬁffﬂW]ﬁ@A%@ﬂhﬁ?ﬂ%EfrH@ﬁse

equi li brium data. The present Invention fur ates to a program
for designing or controlling a conponent separator or refiner such as
a distillation colum, an extraction colum, or a crystallizer.
BACKGROUNRPARTTAAO00 1A chem cal production process involves a
reaction step followed by the step of separating or refining products
from by- po0odiic The prebér® ifrenties flaéd o Higldg atkhusite metiiddobr edtblatiomaf phase
commonl y uses absorption, extraction, or crystallization. Meanwhile,
di sti || abquhbowhdatasisargarelatenships beorqeonefiitesddion prassurt gradpats akleapor
Al so, conponent separation is performed in natural gas refining. The
conponenpresapes; and o meghadrfer priediction gﬁldmsaeq;ebmlan ideia/asiegithis hightyt aqeuiate
based on phase equilibriumrelationshi or-liquid equilibrium
(VLE) fomethoghtpr surdlasionst phpsesapiboim J)aﬁzq o prefgninsepiioniaksoi ralates (Q £)
for extracti on and solid-liquid equilibrjum (SLE) for

cryst al | MettadGind g8 apRaras éfgrﬂ%w&lmg&&ﬁfeﬂtgo %F?ﬁlpﬁlwat %"@ﬁ‘élx’étof Ffiner such

or oper at' SR BT 4 repiracion SR oF Bepries Rt e sEPRBF itfinea
i thout b %{ﬁ{;@’d}%&é&&m%fof%ﬁg%eﬁﬁﬂi%pﬁ RGBSRk

ase equl rrsumre I ons I'S exceedil ng

i npor t an%eﬁtggr to Hkx%ﬁl Olrg %rﬁhg 14 tat)ﬁoﬂhmﬂ@ﬁ sk rhtﬂf &greﬁﬁer such asa

descri be ove,” a pro ace sin

equi | | brHﬁmlﬁtﬁdnaaonmQhrextractfowahﬁmpfa@mcga{aupzeeductI on or pet rol eum
or natural gas refining step is the'inprécise prediction of the phase

equi | i br BAOK@ERBUNIDYRP. This is because non-ideality in the liquid
phase (i.e., the property in which the mxture is no | onger regarded
as a si n{oe2¢ oAphomidal produttiont grecegainvelves a acictivi styp dbiwfed biyeld step of
deviated from 1) cannot be predicted. Fundanental problens that are
encount esgdrating or yifmgng progedty fromtiysprpdwdss. erfites provess ofhep ugsdidittdlbtien and
i nternol ecular interaction strength and nol ecul ar orientation of

non- i deaklss gpmoslysuseTahsormiioncidractiens e ciysallizetioyr ddsanwihlsy distallation
remai ns a practlcal i ssue: unknown phase equilibriumrelationshi

hi nder s aoamaaa@ms% rm%&@%ntfsrawtw iRgpeferlepy nBoofomaRPISPiREPHATRN is
from bei ng_desi.gn aki n di st hl ation col umm .desi s an_exanpl e,
the nunbBRTSTIE S HEt SEHGREnS:  The CHBPYIE SPIE ABREHPESR A & annot
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of the separator, every such data is actual |y measured val ues.

act ual | yongsesationsl digt@s prdteVa & selfibn SaHRTPEpiradmdY wahber the determination
(statistical errors responsible for variations and systematic errors
r esponsi bf grefie¢ phdspeqdlibiian yelationshipct , since preci se phase

[0003] Although the phase equilibrium relationship is exceedingly important for chemical,

petroleum, or natural gas refining as described above, a problem that is faced by using the



- 3 - [Formula 1] = (M1 (1) [0006] (Method for correlation of

| ow pressure binary vapor-liquid equilibriumdata) First,
assum ng that |liquid and vapor phases consisting of conponents 1 and
2 are in equilibriumat a | ow pressure, the equation (1) is
specifically represented as follows for,this | ow pressure binary
vapor-liquid equilibrium(VLE) (see e.g., Non-patent Docunent 3):

[ 0007] [Fornula 2]. [ 0008] %§§1HU|a 3% FYI. = rlx1pl5 P.Y2 - 72x2P28
wherein P ?Séﬁ’ﬂlé%@ﬁtl@ ralaggnsft nugls 8 ghemicgl Pfa‘ilﬂfU?lz Of B?ml@é%pr ’E“ﬁérahé?se
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(activity coefftcient o conponent I dea tions.

Many act :pi/dbtléfn qraht uﬁpr@mktasﬁqﬁﬂehﬁaécmﬁwgte%ﬁan @&&%%m thelect1B0bfcatdtidg
non-ideality in the l'iquid phase. For exanple, the equation (4) or

(5) (theoMisBideaissondiont. OThis blocke thebretiss Pratgedshe ThEk ialkbtrymeiaeh biaetient
equation. QGther known activity coefficient equations include van

Laar, UNis@uAGnkMRLphadé eguilibriamdelecHshipikdess  prodqetidn mosess frof0&ing

[Fornula 4] nmyl = x22 [A + 2(B - Axi](4)
determined or an apparatus from being designed. Taking distillation column design as an
example, the number of contact stages or the height of a packed column cannot be
determined. Under the circumstances, the phase equilibrium relationship is actually
measured for a system that is subject to separation, and correlated with operating parameters,
and the resulting correlation is used in design calculation. Although a lot of vapor-liquid
equilibrium data (see e.g., Non-patent Document 1), liquid-liquid equilibrium data (see e.g.,
Non-patent Document 2}, or solid-liquid equilibrium data has been reported for use in the
design of the separator, every such data is actually measured values. The actually measured
values, however, are accompanied by errors (statistical errors responsible for variations and
systematic errors responsible for imprecision). In fact, since precise phase equilibrium
relationship is unknown, apparatus design is performed in expectation of large safety factors
in order to secure product properties (e.g., purity) or productivity (i.e., yield). Such large
safety factors are significantly economically inefficient because chemical production uses
large-scale apparatus. Hereinafter, thermodynamic relationship satisfied by true values free
from such errors will be described first.
[0004] When phases I and II reach equilibrium upon contact, the equilibrium relationship of
components constituting these phases with component i is given by the following equation

(see e.g., Non-patent Document 3):

[0005]



- 4 - [Formula 5] ny2 = .7¢12 [B + 2(A - B)x2](5) wherein xl
represents the nole fraction of conponent 1 in the |liquid phase, and
x2 represents the nole fraction of conponent 2 in the liquid phase.

Bi nary paraneters A and B are given by the follow ng equations (6)
and (7): [0011] [Fonnula 6] A= In ylw(6) [0012] [Formula 7] B
=11172(7) wherein yi' and y2' represent the infinite dilution
activity coefficients of conponents 1 and 2, respectively, in the

| i quid phase. Specifically, the binary paraneters A and B are
expresseﬁ@én &erns of the infinite dilution activity coefficients vyi
and 72 ihering xI ->0 and x2 -> 0 as limts in the equations

(4) and (5). [0013] Spegificall P-x data and P-y data for the

met hanol (1)-water (2) é};)pﬁ¥4zﬁ tenmperature of 323.(1% K are shown
in FIG 1 taking the correlation of VLE data as an exanple. [0014] In
FIG 1, the open circle (01 denotes actual |y neasured val ues of P-x1
rel ati ons®i08s (Methopier cotrelghion ng loyf-prassire Binarit vapeeliseid equibrigmdlata e

filled circle (e) denotes actually nmeasured val ues of P-vy, ,
rel ationships X’éféteafiﬁamﬂngﬂ}latd?q%%alé vaﬁaﬁplﬁaftse?w%%%mm%f?ﬂtpé@a}éﬁ are in
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[Fornula1
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actualIy[ﬂﬁgfuhggmﬁkﬁnrelationships. From the values of A and B (A =

Py, = nix pis (2)

[0008] [Formula 3]
Fyy = ¥2%, P24 3)

wherein P represents a system pressure; y; and y; represent the mole fractions of components
1 and 2, respectively, in the vapor phase; x; and x, represent the moie fractions of
components 1 and 2, respectively, in the liquid phase; v, and y, represent the activity
coefficients of components 1 and 2, respectively, in the liquid phase; ps and pos represent the
vapor pressures of components 1 and 2, respectively, at a system temperature T. The
activity coefficients are introduced for representing non-ideality in the liquid phase.

v1 (activity coefficient of component i} =1 holds for ideal solutions. Many activity
coefficient equations have been proposed for indicating non-ideality in the liquid phase. For
example, the equation (4) or (5) (the Margules equation} is often used as the activity
coefficient equation. Other known activity coefficient equations include van Laar,
UNIQUAC, NRTL, Wilson, and Redlich-Kister equations.

[0009] [Formula 4]

Iny; = %72 [A+2(B - A)x,] 0

[0010]



-5- 0.6506 and B = 0.5204) thus determ ned, P-x relationships were
cal cul ated according to the Margul es equation and indicated by the
solid line (-) in FIG 1. [0017] Also, P-yi relationships were

cal cul ated according to the foll owi ng equation (9) using the binary
paranmeters A and B representing P-x reldtionships and indicated by
the dotted line (...) in FIG 1. [0018] [Formula 9] Yi = YiXiPis |
P(9) Li kewi se, binary paraneters A and B correl ating

constant -pressure binary vapor-liquid equilibriumdata can al so be
deterninfﬁnnhﬂh dition to the Margul es equation, other activity
coefficient equations, such as van Laar, Whl, UN QUAC, NRTL, and

W son equations, may be used in the correlati on (see Non-patent
Document 3). Non-patent bnguyenty T[4 scRodes 2 les of corr@)ation
of binary vapor-liquid equilibriumdata for nore than 12500 systens.
Al so, thi Lt er j I t - i
const ant PSren LR PR thalE b IR Rl 130 T B BB PR esents

each act iyd hy1eGPRfibh 6f &hpReRel indhe liFHELRSe.  Biaty bhdaflelrdAGnEOHE G8%n
bi nary paraneters nost representing constant-tenperature P-x-y data

and consbhaific PIEHH Quitissy6aida7ysi ng vapor - phase nole fraction
data. These binary paraneters can be converted to A and B that

provi de [0U1i1Ni {Rorgiulad]i on activity coefficients. Even if binary
paranmeters representing P-x data aye determi ned using the activity
coefficient equation, cordet results do not always produ@y true
val ues due to neasurenent errors (statistical errors and systenmatic

errors) i ned | he data. Depending on VLE data, there may exi st
an activ @95§OQ§FF‘Péﬁt equation that is capable of correlation wth

particul arly high accuracy. The pr&§ision of VLE data, however, is
not directly related to dér:u:dlmp/i%n errors unl ess experi nent ad7)errors
are renoved. A nethod for determ™ing binary paraneters by excluding

T e e B o B BB M b v
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phases 1 ;afgnyl hf&@ﬁk?f’hﬁfeidﬂq 1% a@iVy RN AR hRd £10Y ohGiidrtlia ¥, 9Yicthand x,
equi librium the equation E I's Specifically represented as foll ows

E3821?bFEg?%§an%??q§§mhm§hm(apgggbl[Fornula 10] xi = 6fixi(10)
[0013] Specifically, P-x data and P-y data for the methanol (1)-water (2) system at a
temperature of 323.15 K are shown in FIG. 1 taking the correlation of VLE data as an
example.

[0014] In FIG. 1, the open circle (0) denotes actually measured values of P-x, relationships
(see Part 1, p. 56 of Non-patent Document 1), and the filled circle (@) denotes actually
measured values of P-y, relationships (see Part 1, p. 56 of Non-patent Document 1).

[0015] The system pressure P is given by the following equation (8) from the sum of the
equations (2) and (3) by considering y; + y» =1:

[0016] [Formula 8]

P =713 D15 + V2% Pog (8)
The binary parameters A and B were determined using the method of least squares

to most represent actually measured P-x relationships. From the values of A and B (A =



I (x31 =1, E(x, )11 =1 1=1i=1 wherein yi represents the activity
coefficient of conponent i in each liquid phase I or 11, and x;
represents the nole fraction of conponent i in each liquid phase.

[ 0022] For data correlation, paraneters A and B can be determ ned
according to the equations (4), (5), and_(10) from binary
liquid-liquid equilibriumdata (nutual Solubility data) at one
tenperature, for _exanple, in the case of using the Margul es equation.
Unf or t un&@0§ ang Brﬁa@lgga‘l)ftbvs deserovingde Pyx webitionshaps were calcalafedrasprging to the

bet ween the paraneter A and tenperature. over. a_w de tenperature range
has not YerEBseRAYEHARANd Peicsted fvdae sqligdinedr) ipdidt I-onshi ps bet ween t he

par anet er nd .t enperature,.[ 0023 n- pat ent, C 2 di sclos a
ot or oG] A D car iy s bR AT pE B ARy dp& RtRE O
e et S AR A e P R S b S S i o e

bi nary | i;qui | Qui: uj libriumdata for the 1-butanol (1)-water (2)
systen1iggg‘gagggﬁlﬂfgg'%(a), and binary liquid-liquid equilibrium
data for 2Mhanpee (1)-water (2) systemis shown in FIG 2(b). A
met hod fé@hﬁivgrablgggredicting a nethod for correlation of the

t enper at ure dependence of, ,such ﬂﬁl ﬁpZybility has not yet been
found. In FIGS. 2(a) andJ%IbT, il perd €ircle (o) denotes actally
measur ed val ues_of (x1)2 (see hbnygatent Docunment 2), and the filled
circle (0) denbikeyisssbinar Rarsraetsisreand/Bicgeslabng consiant-psirqBinapat ent
Docunent 2). [n, his.contgxt, (é%%% represents tH&.nDIe fracti on of .
conponent/@R0rilifuiq gwiiprhim Cafa can als by daigumipgd, Jaghisiop futhe Marguleygquation,
fraction gf c onent. 1 in liquid phase LI, r.di tes.a,.
tenper at QS 0 Codtngient Papsbf, MRS an Lo MRy SIFTAR, FEAT., SR itson
hi gh-pre [ i qui.d.. Ll n ) ch,
the. equatiiopsy Rl BR Rt i Pt GEe, MO EBbBlmed af NORBEGA

hi gh-pre D QUi B4 Bk QR b

3 " oot Btenpiabi el Sttt dabap oot b P
fugaci t y nf€{rfah A0S0V syRfenfsOMPAREL Mis litekdhuleRoMARWVinRD paRNBeRS Most  : Ki L
represents the fugaci'ty coefficient of component i in the

| i qui d- plaasseeiing ¢vnetaniienipeihgs @ot ath Aed 6&sent-pRGIIr©T-0dats Qs BaMtactivity
in the liquid phase; and yi represents the nole fraction of conponent

i in thecyefficienipdyastion. THartheg dds tiserameffroddertisargperatseds most tepresenting
hi gh- pressure systemto represent not only non-ideality in the vapor
phase, buenstdngtermpematintdkivt datd and ¢oastanigprcshuphbsey dathgsifip veeariphgse mole
coefficients can be expressed using the equation of state and m Xi ng
rul es f ofrapintedatd npdsenbigarynapanetens sam be eempertedtoed ané Bribat pravide miioitag
rul es include %%sten}dependent interaction paraneters. The nethod

used i nvEIlvEn Vg eostfcigaisue Evest ITOHBTY PAramsiers Ispreprtagrefda ags

i | | rel -hi gh- P-x d .and P-vy d . Th
St or aot ERTBRESRUPERE UL Sl Bl Fabiote AT g ol Bomt ey Broduce
i th di cti f ph ilibrium.rel ati hi p. h t hod , .
ot oo PEREY R Qe TR ER et e s R Bt e bt in
for Fo O Y i SUPFBPT G AL 1) ORE
conpl 1 cal S | 1D PRRAPaRY VA pab iReb By it MRS EPRCIar v BB,

a functi gg,.gf fof AARLEHS HiSIPARGERY Ur ESRHE VI &atd HOW
factors ¢ g?ég?&?ﬁgtP@QO gﬁe §ysﬁéngfpolar_zaE?? ty, ePc.); andlﬁifyﬂ’
some regiat dirBalMdiatd thREr¥agbMEddrs @hless éxlpeilenRDERdS 2R BObaET Ved
with significantl'y |l ow correlation accuracy. [0026] Secondly, the

hi gh- pr egftiod fYAEREmihiaYbthaegprhinblel L) &@ MR R6@0FRebnbyrers Broas VIUEHata
non-ideality in the liquid phase in ternms of activity coefficients

and gi vehasawtfyel deendo(siethobigintheatapot 1iddad vaqulibrid) relpddiRKip can be determined

from the given two binary parameters, A and B.

[0019] (Method for correlation of binary liquid-liguid equilibrium data)



-8 [Formula 13] (Pa)VIL (P- Pa)vy (P- p,) Ca=rep RT " expexp
RT(13) wherein yiu a) represents the activity coefficient of
conponent i at a systemtenperature T and a pressure Pa in the liquid
phase; va, represents the partial nolar volunme of conponent i in the
| iquid phase; vi represents the nolar vglume of pure liquid i; and R
represents a gas constant. In this context, clin, represents the
fugacity coefficient of conponent i in the vapor-phase m xture; X,
represents the Whandiquidiphasenl anfl IEepnsistiaa of # bingryt systeps e inligHddiguidy
represents the nole fraction of ¢ onent i in the vapor phase; P

r epr esen€eUiEbEYE; B cApRLa il bis Saw? Iy reprpyented e £Olf%$ Yeforn-pRigdipment
of conpoB?nt i at a systemtenperature T. [0028] The equation (13)
expresses/‘non-ideality in the vapor phase in terms of fugacity
coefficiﬁﬂ?® aﬁg t hus. {,ncor porates three di sadvant ages descri bed
above in ﬂr entt eyy. Al t hough non-ideality in the liquid phase is
al so expressed in terns ggéﬁgﬁgviLyggpggiﬁcients, this is not
practical due to insuffici 1hysi Odli'daval (e. g., partial ndlldp

vol une) necessary for determ ning exponential ternms on the right side
repr esen{go?g] p[RsmmlLl ljependence. The correl ation of high-pressure

vapor-liquid equilibriumadata is much nore gonplicated than that of

| ow pressure data. For a tusg design, t is, ho choice but to

adopt a net hod using data ;gLaedzfﬂRa pr tzggl peral i ng range.
misd be t

[ 0029] The values of A a no predi ctiornld

phase equii!b{iun}usipg gedlivity coefficLsﬁ%b Zhgmn aP?yei Si nce

excess partial nolar free energies are obtained by nultiplying

| ogarithm c val ues of tFe infti ni tfﬁ di {&I onoacttii\{i t Lh oequi cieej;tr [ and

r epr esent'Sd B HRECEHITALT BT 6P HTRY 7 COBPORT! I §A Aty Rippe Lrell

o S ES B o R TROR BBl MEEH BR 8bitld 25 L Ty

i quid egiirbt b S e - : m
f’dﬂzglﬂ ?gﬁd&/ﬁ%@sﬁgj , Rgg%‘het{eﬁ A gﬁ& BanQhe (llrpaks %ccfo?alag %&Eh%

and also're rgul’es binary paraneters A an

repr esenkﬁﬁhﬁoh@@? q5Ylalid ?ﬁt)qrcﬁﬁBfnar(y;l)miﬁd-liauialeahili%uﬁ d]"fl/t%il_ (nhtual s8REiIRy Fata)

Iny2' for the nmethafol (1)-water system agai nst i's shown in
FIG 3. kQdnel t@ﬁ{f}@ﬁﬁ@é yreexdaipte, il the ¥ase ARGink Myd MakSllesQuiohg| @nfortunately,
functions (single-valued functions) of - - tenperature. As is

evi dent & hathdd for aurdidlg comélatiseietationshipOgetweadn thb peratnetek iAXaral temperature
representative line. This holds true for Inyi and I ny2' determ ned
usi ng ot beer aaeide Wnmperatoef hngs lew noeyp beerofosind.s uthis Aslds hme ik rdlai@ships
equation. Also, plots of Iny,' and Iny2'" for other binary systens
agai nst batweenthgparamatien Byang esperatureThi s fact that Iny,' and | ny2
representi non-ideality in the |iquid phase cannot be represented

as singl E)Orggthpaﬁteaf Doyt grdigclospssa loh ef hinagyt muual sohdilifyfdgia.  Values of
B e e e I GO e A
hcour at efdherrboBf el Bl oispedfn Syt Bl Hhiere TSR bliorh i cate
the Ui PRt REBE @Y AR RS ipodu PG Rl gty PR BREC ™
dat er nt npA T U0 (519 9Buofe B ATE: @ OfEn BEDuSh F1E ADE plimethod

par amet efs iy RiBI{ phAi @ife AUARRSd fF cHirflafioh RS Rnfitvdthleich i@ & suand
predi cting phase equilibriumusing the rates. This nethod, albeit

simpl e, gxhiapEd18bisityeiisTot fettoledn foand Pr BAOFIGS. O(h) aR€ DHICHe 8psh diftld (W Flenotes

used only for grasping the outline of phase equilibrium Still

measur enedthaltlahgasutedtvahres uf @d),f(sve Niet-gittre D adasiediR), and the filled circle (o)
denotes actually measured values of (x)}; (see Non-patent Document 2). In this context,

(x1)1 represents the mole fraction of component 1 in liquid phase I, and (x;), represents the



[ 0031] Recently, the present inventor has found an accurate nethod
for correlation of phase equilibriumdata and fil ed patent
applications (Japanese Patent Application Nos. 2010-58632 (Patent
Docunent 1) and 2010-112357 (Patent Docunent 2)). This correlation
utilizes the property in which phase egyilibriumdata highly
accurately converges to the thernodynam'c consistency |ine
represented by the equation (14): [0032] [Fornula 14] (14) wherein A
and B r epile Epetian efgoipeasy dd dggid phaselly e Eaperlingtedaptanaperapaaiues (Tg
and b reﬁrgiggé constants specific for the binary system 13
represen 43, tarity exclusion factor; and F represents deviation

f A = j - | ion. F i -...10 -
def  mod KT WGP T BRI o0 A i albbrearEay ooResy by s g
100 1)1 |k, h-Y 1k, Z- d¥Y] .k k=1 wh in.4Yi h
reprosent s a vit 08 aeiehe RbeatBalll €xlitaty SOREERGAR fRRERE

h ' Y ik ' - t of th
T o prae s FRSE it g N I PR cqua
parts (ey@ys]n[Forfla Pt Ween 0 and 1). The value of yik,snmooth is

determ ned usSing the equations (2) to (5) and (9) from binary

paranmeters A andgjBdetepmped to represent P- el ationships. Yk, MI
represents a vaﬁﬁgjgf y?gggﬂculated usi ng onefﬁéraneter obt ai ned by

the correlation of P-x relationships using the one-paraneter Margules
oL R B B Bl Lo OT bl b RS e o
and (3 aras R, GRS 0T R U P S 30 o s
R A S A

= ex2 Lj ¥RbsndnPrtnant vwggﬁa Fhafdhabenec Rt 8Bt PRAMBEN thd highForbSure

defined according to the oW ng one-‘paraneter Margul es equati ons

wher ei N ¥ydst@n € prds@RMes ey nbheddilibyeinfth@edpop Phasef bit ap @BaAd&lily iante 2,
respectively, in the |iquid phase; P represents a system pressure;

and pi s Hgddphase efdheSegicity beeffiaipots cpii BS sxpresed fising teaqentic df saelari

respectively, at a systemtenperature T:
mixing rules for pure components, albeit in a complicated manner. The mixing rules
include system-dependent interaction parameters. The method used involves adjusting
values of the interaction parameters to simultaneously correlate high-pressure P-x data and
P-y data. The interaction parameters thus obtained by correlation are further used in the
prediction of phase equilibrium relationship. Such a method for correlation of high-pressure
phase equilibrium has the disadvantages that: i) the calculation of fugacity coefficients is
complicated; ii) interaction parameters do not exhibit correlation as a function of operating
parameters (temperature, pressure, etc.) or factors characteristic of the system (polarizability,
etc.); and 1i1) some regions including the vicinity of critical points are observed with
significantly low correlation accuracy.
[0026] Secondly, the high-pressure vapor-liquid equilibrium is represented by expressing
non-ideality in the liquid phase in terms of activity coefficients and given as follows (see

Non-patent Document 3):

[0027]



[0035] [Fornula 17] nyl = x22E(17) [0036] [Fornula 18] -11- 11172
=c12E(18) wherein 71 and 72 represent the activity coefficients of
conponents 1 and 2, respectively. [0037] The equation (14) indicates
rel ati onshi ps for constant-pressure data. For constant-tenperature
data, an average vapor pressure Nave obt,ai ned according to the
foll owi ng equation can be used instead 6f P: [0038] [Formula 19] Pls
P2s (19) The t hernbdynam ¢ consi stency |ine of
constant-tenperature data agrees with that of constant-pressure data
(Patent Document 2 and Non-patent Docunent 4). This property relating
to VLE dékegmula 8] the property in which constant-pressure data and
constant-tenperature data exhibit the sanme thernodynam c consi stency
lines, has been found forpshe firstyt(fre Byg)the v h{Bnrtpor) descri bed
i n Japanese Pat ,bﬁﬂpﬁ1?patﬁnﬁﬁﬂﬁp‘2ﬁyg?II2BQKp unment (23).
on 4) is highl

The correl ation based on the equati accurate. Taking

o R I L Rl D0 Kyl o

descri be as an exanp

equat i on &)(pg‘e%gur@r T %@%Jffep erﬁ?@l%ipgﬁfal hRIRSHAILY & c%?rha%néﬁti th

and 0.55%for 42 constanht-pressure data se denonstrating the

exceedi nglaNidHiIPhLNVElBRIGRs Bk nbINSvolREES g ligflaat AR Rpp&seQINAS ed
with the Iobvdﬁcog%er’gengg of ?A and B sohovvn iﬁl?lurFllg 3. Many pgxgnplme%g of

t her nody Qadstnt C OSthistcen@xt, lbiv1epresdnts BB @vAcity coWficiBat FFRbmPoRHTR iH thé vapor-
[ 0039] The values of two binary paraneters, A and B, nust be known as

f unct i onphak niietppenatdpigents th msksuraetiomoDeotgiontet 1pn €k 1ojuidpide;yy;
vapor-liquid equilibriumrelationship using activity coefficients. In
t he pr edraprésents dlic jphlrdeacaqupl cdmpamentiehdlid oipshplmsesh reprdshes a system

t her nrodynam ¢ consi stency |ine obtained in the invention described in
t he pat eptessysgland Absirepresnnin the MerPr @vssure of pempenent i aai systemdpmperotishi p
cannot be determ ned directly because_only one relationship of A and

B (only {4281 h&haseHptani ) csirepss aprydealitdp thesvaprpnpase Thiggns pf fugacity

odulred S Lind BLANLY, Sonverond cpriglaLlens, ohyond B adependent

the 7o) o 000 300,001 00 0 5008 NS ANELLRP A, o,
this is not practical due to insufficient physical data (e.g., partial molar volume) necessary for
determining exponential terms on the right side representing pressure dependence. The
correlation of high-pressure vapor-liquid equilibrium data is much more complicated than
that of low-pressure data. For apparatus design, there is no choice but to adopt a method
using data obtained in a practical operating range.
[0029] The values of A and B must be known for the prediction of phase equilibrium using
activity coefficients shown above. Since excess partial molar free energies are obtained by
multiplying logarithmic values of the infinite dilution activity coefficients represented by the
equations (6) and (7) by RT, lny,” and Iny,” are naturally predicted to be monotone functions
of 1/T, as in many thermodynamic rules. Non-patent Document 1 has reported 60 vapor-
liquid equilibrium data sets for the methanol (1)-water (2) system and also reported values of
Margules binary parameters A and B representing these VLE data sets. Thus, a plot of A =
Iny,” and B = Iny,” for the methanol (1)-water (2) system against 1/T is shown in FIG. 3.

For low-pressure data, Iny;™ and Iny,” must be single functions (single-valued functions) of



[0040] [Fornula 20] D = 2(B - A)Az12(20) wherein D represents
deviation fromthe G bbs-Duhem equation, and Axi represents an
experinmental error appearing in the nole fraction of conmponent 1 in
the liquid phase. The equation (20) is an approxi mati on of the

G bbs-Duhem (GD) equati on obtai ned by @ggl yi ng the Margul es equation
to the activity coefficient incorporated in the GD equation under

i sothermal and isobaric conditions and applying the central )
di f f er endempatisne t/s 18 pedertirffanatiG.a. die daty setagre foq-easigbletto fix acigpiegantative
xI. [0041] Accordi I’ég to the G bbs-Duhem equation, D=0 in the

f ol | owi nginequhhis #alds g o1 InyiF@ndlirva” detprngingdhusing gsheractiyity pogffigignty o

2y 7?&%@@?5&5?@@%&9 Eﬁﬁ@fﬁ?feﬁﬁt?ﬂ? =S fe{ogﬁfégﬂgf SRS BR oer Disgey
2, i .. 431 .T ) i Vi ici )
regiﬁiEﬁt‘éif%ﬁ%ﬁ%ﬁ@s@%%&wﬁeﬁlv atr S | A e g8 e g2t Buregenying non-
G bbs- Duhem. i PN (s . D= . ]

L N R

repr esen\%’g&%ﬁ%&%tﬁiﬁ)&%ﬁﬁ erfllgfth RSty Jcaame%gfa}aggg 8 Y@E.%ggwﬁhimug data

(20) sho at t uati on i's "not sati peri ment

errors akfd ﬁﬁgﬂ?é’cﬁ&ionﬂ}i equilBfitlm lreﬁﬁgnégﬁﬁ gi I’ﬁ%pﬁ@@ﬁﬁoﬁquﬁﬂ [ '}/él-APQ since the

rel ati onshi p does not hold in Axi ince a nethod for elimnating

exper i memnitaldublidrodthd Marfl0és fpefior, B ibcifainemsd Yor cdrioRLibR Of biakry
predi ction of phase equilibrium has not been established. The nethod

for eli mpamhictgs expeis datdbdpedirors is to obtain converged
correlations using a | ot of phase equilibriumdata which are obtained
in diffef@¥] mBasonemtt grapp evrtinges, metbad snenssthe WAIRAGSqr A$OG method,
measurers. The equation (14) provides |inear relationships that hold
for dat ainvolves diviging modgspiasan theahasagguiduiim-grmingassigicar Klo qtames groups
consistent relationships that satisfy - 13 - the GD equation wthout
errors afhstidlie @4 Q| deterpiring dhemates okcentaiiutaree toniMERIES

Pat en n ; n P Publ i [ No. 2011-1 7
atent D?)grlzjnrrrl%tetrs 1]E01‘1]1aaplgrggsn%mbaelt' gpginarg%hggeaéqhﬂ%nﬂ% dataq and p?e%lzc%ng phase

equilibrium using the rates. This method, albeit simple, exhibits significantly low

prediction accuracy and is thus used only for grasping the outline of phase equilibrium.  Still,
measurement data must be used for detailed design.

[0031] Recently, the present inventor has found an accurate method for correlation of phase
equilibrium data and filed patent applications (Japanese Patent Application Nos. 2010-58632
(Patent Document 1) and 2010-112357 (Patent Document 2)). This correlation utilizes the
property in which phase equilibrium data highly accurately converges to the thermodynamic
consistency line represented by the equation (14):

[0032] [Formula 14]
F b
B4
wherein A and B represent binary parameters; P represents a system pressure; aand b
represent constants specific for the binary system; 3 represents a polarity exclusion factor;

and F represents deviation from A = B in the one-parameter Margules equation. F is



Pat ent Docunent 2:Japanese Patent Publication No. 2011-242162

NON- PATENT DOCUMENTS [ 0045] Non-patent Docunent 1: J. Grehling, U
Onken, "Vapor-Liquid EquilibriumData Collection", DECHEMA Chem stry
Data Series, Vol. |, Part 1-8a, 1977 Non- pat ent Docunent 2:
J.M Sorensen, W Arlt, "Liquid-Liquid HEguilibriumData Collection,
Bi nary Systens"”, Chem stry Data Series, Vol. V, Part 1, 1979

Non- pat e #ggr{l{ : 3 i M. Prausnitz, B.E Poling, "The
Properti g{é’ﬁ%& seﬁsnggtﬁéﬁﬁall(jl&g{sgq?quﬁfcl ‘aw-H I'l, New York, Ny, 1987
Non- pat eng3R9C kil £i5]S. Kato, "An enpirical consistency test using
t hen- nod@na%?c consi st«;ncy lines for the VLE data of 7262

const ant -t enper at ur oX ant - pressure binaries", Fluid
Phase Equilibriay 0|11;$!Z‘8%%P;§¢1—9{}"ﬁ£ | Non-pat ent Doaiugsent 5. S
Kat o, H. Tachi bana, 7 T&e¥ nodynain).qs¢onsi stency Lines of the 511

Mut ual Sol ubility Datakahd the VLE Data of 7262 Constant - Tenperature
GRS CRGE TR A R s
6: H K , j . | k] . [ .

"Vapor - E?ﬁ@ll r&%&ﬁ?H’g&?g&fo cf) r%ek] é(lt" E{ng yrcgfo Eth%\ﬁv é‘?’?lfa%%/@g‘%@@ﬁ? thé 'p,f

Dech : ; = tgnt 7:
¢ emna%g%)n%tl Aiveedd iSfy n {dﬁ.{al pz}'\fﬂgs a(g:%fg,i%ngti(l)\)bbetw ) I lﬁn TROGHIE0E

K. Koji ang, T. Kia t hods o finite

Di | utionyActi vi (e {
et - S GO 10, B e PR el s

Document d8terifined\@iepresd PRIt bRBhips. Evial Matehrierf a Bilnaoyyaatculaedadiyg
Li quid Systens", Trmas Al ChE., 42, 215 (1946) SUMVARY OF | NVENTION -
14 - TECbht pfsamPROBbiEMefl 0046 cofel dpacif Phert]atoasieps miigihd oné-parameter
correlation and prediction of phase equilibriumdata cannot be

conpl et eMangelhoeguafiomthahsptiafiesed o (Pasentdhtcaingnin). oAdtenatisely) thaseluoné
converged correlation in addition to the equation (14). An object_ of
t he pres&nmimaydre dabmldted meremimplydscerdimg:th o dnsrpaseeeViagguiasequations

addi tional converged correlation.
shown belowgand the equations (2) and (3) using E determined according to the following

equation (16) using Margules equation incorporating one parameter E (= A = B) in activity
coefficients in the equation (8):

[0034] [Formula 16]

2 2
B B
P=e"2 "xipig +e™l Pxypo (16)

(Patent Document 2 and Non-patent Document 4). E is defined according to the following
one-parameter Margules equations wherein x; and X, represent the mole fractions of
components 1 and 2, respectively, in the liquid phase; P represents a system pressure; and pis
and pys represent the vapor pressures of components 1 and 2, respectively, at a system

temperature T:

[0035] [Formula 17}

Iny; = xzzE (17)

[0036] [Formula 18]



[0047] A further object of the present invention is to provide a

met hod for prediction of phase equilibriumusing one set of infinite
dilution activity coefficients or binary paraneters A and B obtai ned
fromthe thus-obtained two or nore converged correl ations. [0048] A
further object of the present inventionjs to provide a method for
designing or controlling a conponent separator or a refiner using

val ues obtainedlgéythe ng??od for prediction of phase equilibrium
data, an appar at 20r Xded¥gning or cont(®l l1ing a conponent separ at or
or arefiner, and a programfor designing this design or control

appar at u%vheﬁngTAn P?%é"s@gnﬁhg%éﬁ ARk ey S8k %néﬁt% oy E’%nﬁgﬁg&'&

the present 1 nvent npts at nmany correlation

Sone of £ | nf e )
ana the SES  TREkqGRich CA Ak AR ER IR for DI AR bl CESRGistant

obt ai ni NgerhpdifrurAd e an BYerb EIPAHOR BreStRE p TRIBtAhcdedct &gl th B followin
nmeasurenent data (in this case, which Is synonynous with a nethod for
sat i sfyi rgudtiva ceh bbasdaihasadesfmat i on by renoving experinmental errors)
cannot be obtained by guess. The present situation, where a nethod
for obtai@i33g {FermmukalQes of phase equilibriumrelationship has not
been found over a | ong ri.p xceedi ng 100 years, validates the fact
that the nethod por,, bim i ue val ues by renovi Qgg)experi ment al
errors i s not guessable. [0D50] The present inventor has variously
devi sed plots on the abscissa and the ordinate for the purpose of
finding a corrghatlicafodfiabnd cdmisteae Vige of Aghsant-@inpefatire Aafa)s gMeE wahttRat
obt ai ned by nmany neasurers using different apparatuses and mnet hods,
as si ngl ef tamnstint-pressurs dangl(Raterét| Diedniet @ dndNe)-patenisD o@tineat #).  This property
i ndependent vari able. The present inventor has nade attenpts at

hi ghl y acdatirette ot dethated.,che popsitylar wingh comstanépagspire datoped sonstant-
paraneters, the physical properties of systens, and thernodynam c
properti éxnpesyture dagp exbitahihe ppe theinedynaanpyonsisteagy §nes, haseen ffoundrforthe
to reflect the principle that holds for phase equilibrium

at t enpt s gt §@q bthhaayeaﬁaorawﬁﬁla@ﬁnéepa@a%%%d\maheat%%éﬂmﬁéyargﬁ%s%? (Patent
oo o P 8 A A SRR 0 WS Bk
R L L de g T
past ¢ NaLRLfaidh M BeliRTFont B éq%%gdnmgﬁje%érap%ﬁﬁ kot 13 GRMuNUOUS

function conpositron, because e equrtribrirumrelationship

(rel atiopstiep, e d-g]’ga Ris k-0, 559 £t 4h aoﬁstaﬂqlrlwsﬁfé d4ed s, Q%MHS‘#aﬁﬁ% fle€

values. In'spite of attenpts at many correlation factors to obfain

hi ghl'y aeﬁd_éeaihglyqﬁgﬁ Ed vkt RAcSFTR k. pReshlk ;élﬂﬁ%ﬁgﬁle&hpé}fﬂ tvivg théws@nt i on
described in the patent application nentioned above, the highly

accur at ecéibierghad bOA abad Bethoom ih FEG] 3V eVThipek g dlgmioByidneic Ratisiyiéncy
application has not succeeded due to this fundanental disadvantage.
Thus, t héngraes shrtwi miént-patedtd3ocoadet 4t t enpt s at many correl ati on
factors on the basis of continuous phase equilibriumrelationships
for conpf¥idP] ohhandueorfdeqbarty parfmeteds, & dndghlpushbe knewe ag bmcedmstdafon
met hod using a derivative relating to xI as shown bel ow, [0051] =
Speci f i ctampgratgnger presswa in pidertetnredictrinay aspardignichequildyivprelationship using
correlation_ of binary phase equilibriumdata, conprising calculating
an i ndex33vdy cpelidicients y Ip Hiersedigfiir ofiihash eqydibsiuan wedionsifp Hing the

measur enRETORIAT SHASSERPE e PEnER & BEVAIARES (TR ReStnaRe PHEBtRpkgpton
ti t .t i,,nt i.th the infi.nit Lyt

o ad ent wepliongiaboBE ! Sudliaa fioRitip ebef b frigRFiaBl iy because onty

coef 1 ci gt 1o RP U A2 (oly e thePADATRRAL Sordi Ry Buly RIS, X1, itis

required to find highly converged correlations of A and B independent of the equation (14).



wherein Pc, represents the critical pressure of conponent 1 in the

bi nary system and pis and P2s represent the vapor pressures of
conponents 1 and 2, respectively, at a tenperature T. [0053]
Preferably, a conponent having a high vapor pressure in a tenperature
range to be anal yzed is assigned into conponent 1 while a conponent
having a | ow vapor pressure in this range is assigned into conponent
2. Inth e [: 1 d
R R R LU b i S iy
be fixed L SirRntd M of Elaf bk A0S PRIAPHWESHeAGh_and | ow vapor
pressure§8§¥ﬁg%?g%§%rai%ﬁe onﬁ%o% ega l e, 298.f% K? The equation
(22) is used)i rdhgiP® ysis of constant-tenperature data. For the
anal ysis of constant-pressure data, X nay be cal cul ated usi ng vapor
pressures at a”l9EL%QBQLi Asﬁérage t enper at ur %bb,s" for the boiling
poi nts of a puré conponent’ at a system pressure€.” Specifically, for
the anal ysis of constant-pressure data, boiling points tb, and tb2 of
a pure cohewiePtreprgsenvedateationfione thefGibhs-Bubgs eavatipneaslyiog rppregants an
average value tb,sve can be determ ned according to the equation

(23); an@xperdagntd srgeapneaiingd the vwiairagionof cpaperpibl inthe(pid Rhgpshg The
vapor pressures_pi.s and p2, at t average tenperature t -b, gve. X
[0054] [ %Wlﬁpé%ﬁsf ay Apprayimafiopy P? fhegsibbs: UbezéggDS SAER oI S applying

represent, the boiling. pqint f. ts 1 2 tivel t
Byt emtsr il pi B0 B R PRRNGET T CEPR e agion vhtef
t i.s_def.i. . Tl t ti . -
component a8k Sflon hA SYRADEE] AR Km0 Bt
i ndex of 40h Xk Yyl Bth Peshet €8 bildngetn O NES.
[0041] According to the Gibbs-Duhem equation, D = 0 in the following equation:

[0042] [Formula21]

dln?/l +(1_x1) dhlj/z

D=x
1 o, v, (21)

wherein X, represents the mole fraction of component 1, and v, and v represent the activity
coefficients of components 1 and 2, respectively.

[0043] The values of activity coefficients representing binary vapor-liquid equilibrium data
must satisfy the Gibbs-Duhem equation, i.e., D = 0, under constant-temperature and constant-
pressure conditions. Since the values of B and A representing VLE data are different from
each other, the equation (20) shows that the GD equation is not satisfied unless experimental
errors are removed. This means that precise phase equilibrium relationship does not hold in
Ax; #0. Since a method for eliminating experimental errors has not been found previously,
a method for prediction of phase equilibrium has not been established. The method for
eliminating experimental errors is to obtain converged correlations using a lot of phase
equilibrium data which are obtained in different measurement apparatuses, measurement
methods, or measurers. The equation (14) provides linear relationships that hold for data

differing in apparatuses, methods, or measurers. Thus, consistent relationships that satisfy



[0056] Infinite dilution pressure gradients Y1 and Y2: - 17 - [0057]

[Formula 24] co Y = Pls P2s 1 [0058] [Formula 25] co - Pis -112 P2s 2

wherein yr represents the infinite dilution activity coefficient of

conponent i in the liquid phase; and Pci, Pls, and P2, are as defined

in the equation (22). In this context, @ nunerator on the right side

of the equation (24) is equal to (OP / pixi =0 (0OP/ axi at x1 =

0) at a systemtenperature T, and a nunerator on the right side of

t he equattﬁ/Q)ﬁD(eﬂsythﬂsWéhﬂmlerfP@ grephgwicy thisdinel at a system tenperature
. ap ax, indicates that Pis differentiated partially by x1 at

const ant CETATHOY LI8F1 and Y2 represent infinite dilution

"vent t ot ALY RECSAMERY Rt di i ut i on pressure oradi ents. are
| ntroducedh L0 phig: HAERY! ON OfaRRA8 PRI IHEAMNE M 1-180207

Patent Document 2: Japanese Patent Publication No. 2011-242162
NON-PATENT DOCUMENTS
[0045] Non-patent Document 1: J. Gmehling, U. Onken, “Vapor-Liquid Equilibrium Data
Collection”, DECHEMA Chemistry Data Series, Vol. I, Part 1-8a, 1977

Non-patent Document 2: J.M. Sorensen, W. Arlt, “Liquid-Liquid Equilibrium Data
Collection, Binary Systems”, Chemistry Data Series, Vol. V, Part 1, 1979

Non-patent Document 3: R.C. Reid, J.M. Prausnitz, B.E. Poling, “The Properties of
Gases and Liquids”, McGraw-Hill, New York, NY, 1987

Non-patent Document 4:  S. Kato, “An empirical consistency test using
thermodynamic consistency lines for the VLE data of 7262 constant-temperature and 5167
constant-pressure binaries”, Fluid Phase Equilibria, 302 (2011) 202-212

Non-patent Document 5:  S. Kato, H. Tachibana, “Thermodynamic Consistency
Lines of the 511 Mutual Solubility Data and the VLE Data of 7262 Constant-Temperature
and 5167 Constant-Pressure Binaries”, Solvent Extraction Research and Development, Japan,
Vol. 18 (2011) 85-92

Non-patent Document 6: H. Knapp, R. Doring, L. Oellrich, U. Plocker, J.M.
Prausnitz, “Vapor-Liquid Equilibria for Mixtures of Low Boiling Substances”, Dechema
Chem. Data Series, Vol. VI 1982

Non-patent Document 7: K. Kojima, S. Zhang, T. Kiaki, “Measuring Methods of
Infinite Dilution Activity Coefficients and a Data base for Systems Including Water”, Fluid
Phase Equilib., 131 (1997), 145-179

Non-patent Document 8: K. WohL, “Thermodynamic Evaluation of Binary and
Ternary Liquid Systems”, Trmas AIChE., 42, 215 (1946)
SUMMARY OF INVENTION



[ 0059] The denominators in the equations (24) and (25) are introduced
for nondi nensionalization. The infinite dilution pressure gradients
YL =0 and Y2 = 0 hold for the equations (24) and (25) at a
tenperature T = 0 (X = 0). Since pis >> p2s holds for an asymmetric
system (i.e., a binary systenlsignificgzgjy differing in vapor
pressures), the equation (26) holds: [OB 0] [Formula 26] x y = Pls ci
2 P [OOGé%iSince (OP /=1 0 holds for a symmetric systemthat forns

m ni rum BHUHNEALZ 88OEIgEY, the equation (27) holds: [0062] [Fornul a
271 - 18 - V2 <0(27) %0063] Hi ghly accurately converged X vs. Y1 and
X vs. Y2 [9Q46dt Asisrerihed abeye, B@tlwla%f eEEeksHon apdpredigtian of phage peHhprium

t he corrﬁjation et ween the. ind X of 0 'nib .ratio to ?riticm

poi Nt s ARARCARAG! BE CAITPLE Wb e Saacd R aPBILE Yo ofr Iopst qré
expressed in a graph . with X.plotted on.th bsgi ssa inst Yl.or Y2 .
on’ e oranirapstopBhodhin s Be Ll Bt Cidfr SncPisl R e pleset iVenttn i
expressed._ | r \ . e | ssa agai nst X
on’ e oreiPRafs ¥ oAb Ak e Bl RS o et S RSP-5 0T 135)!

non- i deage)dm] By ﬁl%ee/@ogém oPﬁﬁ?ﬁeéeﬂt ib?&tf‘&h%fo%@ﬁﬁb‘ %Fne\ﬂt)% ﬁyg}eeiaibﬁ of

expressed 1n"terns of fugacity coefficients. Recen , a prom sing

met hod f gpadegefivhuftsMeforcabed sl MidisnlabiRaty @ eMierdtslebihiry
paranmeters for the liquid and vapor phases (i.€., representing

non- i dealpkfajheteds AR@AIB Gbthide @RGMIAP BusHBEGRSE] tWol d1GnddB EolieRgdd)correlations.

paranmeter) has been proposed (Non-patent Docunent 4). This | unped

non- i deal0G4g] c ar fuetheit sbgert uf the pacsentihiatition icafrbvide e nethd fdedesieninger

follows: [0065] [Forrmula 28] Yi =
controlling a component separator or a refiner using values obtained by the method for
prediction of phase equilibrium data, an apparatus for designing or controlling a component
separator or a refiner, and a program for designing this design or control apparatus.
SOLUTION TO PROBLEM
[0049] In order to attain the objects, the present inventor has made attempts at many
correlation methods.  Some of these many correlation methods were performed by inference
and the others were tested at random. This is because a method for obtaining true values by
removing experimental errors from measurement data (in this case, which is synonymous
with a method for satisfying the Gibbs-Duhem equation by removing experimental errors)
cannot be obtained by guess. The present situation, where a method for obtaining true
values of phase equilibrium relationship has not been found over a long period exceeding
100 years, validates the fact that the method for obtaining true values by removing
experimental errors is not guessable.
[0050] The present inventor has variously devised plots on the abscissa and the ordinate for
the purpose of finding a correlation method for converging a lot of binary VLE data obtained
by many measurers using different apparatuses and methods, as single functions (single-
valued functions) of a certain independent variable. The present inventor has made attempts

at highly accurate correlation considering, for example, operating parameters, the physical

properties of systems, and thermodynamic properties relating to entropy and enthalpy effects



yi (Pa) exp viL(P - Pa) expvi - pis) RIRT OT7 (28)

Specifically, the |iquid-phase non-ideality paranmeter on the right
side of the equation (13) is divided by the vapor-phase non-ideality
paranmeter on the left side thereof for lunping. In this |unped
correlation, If; defined by the equatioh5{28) is free frompressure
dependence even for high-pressure phase equilibriumdata. Thus, this

value isig @fdék'{oakﬁgct‘iﬁ@ﬁﬁl%ﬁlg tﬁa@hél’ﬂ@ f&%ﬂié QRil{bfhnPr "[(h'é%e attempts also

Specifically, the equation directly applied even

hi gh- pr esgdhide @odpproadh BE @dv‘hnéiﬁ me]th&(ﬂ{dﬂ?nirﬁfc doﬁyi/stﬁﬂi(gfslﬁiéra@céfﬂﬁlgdaﬂ@e
this method is frequently used In fact, this nmeth was applied to

nor e t hainiaAt00 decribed/inthEpstattappidation modntideell dbovelo N piditanitelpott ivention
1, to determine binary paraneters A and B. Interestingly, it has been
denonst r sicsibedirt the pbimst appbitativindtas phreegrsatrdisali dntapmttizatf asris tlearly demonstrated
ar gon- oxygen, carbon di oxi de-et hane, carbon di oxi de-decane, and

carbon dibythalequetiomelfo it ngmﬂeﬁﬁh@ bgpigmatek an wbivhphpss equiltbgium relatiopehip
correl at ed favorablﬁ/] even for gh pressure data with T < Li (Li

r epr esenti? eopdingpys fupglioneipperrasifipe hsrause sorias carjlinrivghr eﬂ;ﬂét@@mlp
Docunent 4 esent i pventjion, the eralization_of

| unped cé?eiaé‘%%}i%ﬂf%1§ IXipdohbignplyred usng ¢ &gﬁa@f%‘f 45da “aSP”FG’éS%TmPtS
I'n the present ent i X VS

cor 6l at FOREM,PURIER Aear) PR el rigecHEcREPs Risel o ibindgppdent of
Specific i fhr at a
st egﬂe{ ﬁw@t@ﬁ d%?({gl{b%h% i zgqug%t?orq%&%%n% gV, the %9%125( S&ﬁ}atéj

error raragﬁ‘ 1660 se(’f’bﬁ Q‘leﬂn&e@tloﬁ(a%c%bE(? ﬂ?ﬂhﬂp@ﬂ%ﬁ’y 11Eeﬂlornma§ n??s%@ceeded due

errors can e eva uated using Hin oW ng - equati on

[0067] [ E@flﬁ@-‘ﬁﬁda?rﬁ&ntﬁ cﬁéaﬁif:ﬁltﬁgec a'Thué"(tR@]}regén@ alveMBERS rﬁa(Pee&Eﬂém ts at man

represents a val ue of is calculated accordlng to f AF

using F, césrclatich Beded @{ ﬂﬁbﬂh@ﬂs bf eontiagdusaihlaye éfﬁlﬂﬂiﬂuﬂdre‘llaiioﬁﬁﬁps ﬂiﬂdoﬂnﬁosmon
and consequently found a highly accurate correlation method using a derivative relating to x,;
as shown below.
[0051] Specifically, the present invention relates to a method for correlation of binary phase
equilibrium data, comprising calculating an index X of proximity ratio to critical points and
infinite dilution pressure gradients Y, and Y using binary phase equilibrium measurement
data, and correlating the obtained index X of proximity ratio to critical points with the infinite
dilution pressure gradients Y, and Y; to calculate infinite dilution activity coefficients y,”
and v;” or binary parameters A and B from the X-Y, correlation and the X-Y; correlation,
respectively. In this method, the index X of proximity ratio to critical points can be
calculated according to the following equation (22), and the infinite dilution pressure
gradients Y, and Y, can be calculated according to the following equations (24) and (25), and
it is preferred to use these equations for the calculations:
Index X of proximity ratio to critical points:

[0052] [Formula 22]



r cal represents a value of [3 that is calculated fromthe right side
in the equation (14) using values of a and b obtained by correlation
of actually neasured values. For detailed information, see Patent
Docunents 1 and 2 and Non-patent Docunent 4. In this context, Patent
Docunents 1 and 2 show exanpl es using 9yfjessure P, in addition to
the use of the equation (15) as an equation that defines F. The step
of defining F using a pressure P includes a calculation process for
optim zation acc dinéﬁ;ofdﬂggone-paraneter Mar gul es equations (17)
and (18) in the f%FE?ﬁéTTﬁﬁ‘of the value of F, gpgythus requires
nore conplicated cal cdf gt $hy than the step of defining F using the
vapor - phase nol e fraction of conponent 1 according to the equation
(15). Thus, the present jnvention enploys the step of defining F
using t hé‘ﬁ‘ﬁa‘?&%l’ #IRPIESERS tié‘? RdcH Rresetepl fampangpt bindhe biopasystepy Atz and

e Cumd ot L L ST AL P 08 Tt e e
inth [ h | H. 068] Pref bly, th

corr ol ai a3 bt Dbt G hiiReh b PRR Vaner HeShR it sebelfrmpe rnee o be
correl __ UG _ e
| ter at ofaRaca: Soihel o rplient 1 3G comobe el SRR Horprepsge n this

using an vi&¥me®ehd b&h £51Uafhi (R0 cA¥R ShefSRE BN TGy B
equilibr{ﬁ%%éatagm'(iii) E@?%Pninatﬁoncof aethern%%ynaggg %%ﬁgFﬁ?gﬁ%y

line;,  (imay Heahediiet hatieaBmPératird/Singdh @Hﬂlal?z&@, the'orsnesl aibMRent may be
functions; and (v) Correlation of X vs. YI and X vs. Y2

rel ati onginedson tHdaraeis pétHeatlatiowship odtwedidsigh shi®psv Wipol plesulless titgperature
nore specifically. (i) Collection of literature data First, a
bi nary sy$§tfenexaopleoRPailhikng TleageatequPl) isusedinrtbé artal ysisdfigonstant-temperature
identified from conponents in a conpound that is subject to

separ at i dataor Forcthp analgsis goronstahisprgssueg dats s maphbe erlculiafedgising vapor pressures
vapor-liquid, liquid-liquid, or solid-liquid equilibriumdata is

col | ect edt angrithmelis Biciagedemperabre iva firyhgpbeinepaint of apye EWEINER 448
activity coefficient uat i Qn Far data sets of each bhinary
system PHTCRRESPIE. §%F%IVE&Y=JQ’E the agglysis BF?PAPVHBB%%‘F g%téaq’&ﬂéﬁﬁcp%lté o
det er m ned, ysi t he Margul es .equation 4) an 5) whi nmost

Fepr esentitk el Smie Fatpet EiuSHRERE dorh - 23flen dheetpie 2] ol Piérees,

data. In_fhis c er mne [ :
const ant ~ %@%’r%é?%? %P%%%Eﬁ;} @%%@:ﬁr@ﬁ%f&éﬁ%gtﬂ%ﬁ? ﬁ Earﬂgs%lu&rj% c%??(? §1/et8?ﬂlgedas
wel |l as X 89, - r and

const ant é(f)(%bggg% ?jethérgq]%gftag (gir)eusr %g aﬁ)%gﬁcf e%asgfgt%zjﬁs%urﬂ%gﬁm)% ag'g{:a Fate

(Non- pat pipebRGdneNt 3) and as such, are preferably used.

Al ternatively, ot%ef activity coefficient equations, such as the
UNIQUAC,UM%uﬁogmnNBELB]van Laar, and Wbhl equations, can be used

i nstead of the Margul es equation. Wen the UNI QUAC equation is used
as an activity coefficid¢nt -efi Stion, a binary paraneter ri|

(consi sting of 3%2 and:lgi}—LE—deternined accordigg%%o t he equation
(38). Wien the Wi%5Bn equatPon is used, binary pa ters Al2 and A21
are determ ned according to the equations (36) and (37). In this
case, the binary paraneters nmay be converted to infinite dilution

act i vi t ywbewit tindritogepigsané therbmiling pomets vhramporsfitsA ad@, Bispeasively, at a
exanpl e, when the UNI QUAC equation is used, a binary paraneter rij
(consi st BYiFBPresywe Bnd 721) can be used to determine an infinite

dilution | vi.ty coeffjcjent according to the equation (42), ther%§y

det er ni n[(ﬂ%%i)i Wm ﬂpfaqr&f?él EpeRtan gt @lm’épfdrﬁgj 5S4 teledbaequstien (

and (7). sﬂorwso}r( t=a(f'ét a tcszm%grat%%ee TXDand X=1at T = Ter.  Accordingly, X represents an
index of proximity ratio to critical points.

[0056] Infinite dilution pressure gradients Y; and Y>:



- 21 - activity coefficient equation nost representing phase
equilibriumdata. (iii) Determ nation of a thernodynam c consi stency
l'ine From the values of A and B, each p in the equation (29)
is determ ned according to the equation (14). Then, p is plotted
agai nst a pressure P or an average vapol7 pressure n rs,ave on a

| og-1 0g paper to identify data for which a relative difference H

accordin t {:on (29) converges within a predeterm ned error
range (e?%éfhvﬁfﬁﬁﬁﬁﬁ%%k as a highly reliable data, to obtain a

t her nodynam ¢ consi st nc¥9line Fromthe highly reliable data,
constants a and:B'tﬂjgheAimgufzﬁ.(l4) are defineg % sed on the
obt ai ned thernodynani c ponsigtency line. In this 3 ext, it is not
required to use a thernodyndn?& consistency |ine when correlation
accuracy @g%?ribed belowin (iv) is high. (iv) Determ nation of X vs.
Y1 and X[¥&®v2 correlation functions Since both X vs. Y1 and

X vs. Y2 ﬁ&%ﬁ%ig shi ps exhi bit high data convergence, function forns
wel | repiesen ?na themare sglected. In this regard, for exanple,

pol ynom al s relaging‘p X wan sel ected. Specifically, the

foll ow ng equatibps=68§%ragz—ég2? hold in relativ Qg)nany cases:

[ 0069] [Formula 30] =s P, X +si2X 2 Si3 In?l + X) [0070]

[Formula 31] Y2 = S20 szf; 29% 2 S23 Ilia + X)(31) wherein 510 to

S23 repr . CO i of | - r of
o1 el FEkerEiBhs A GRRRL ithdon dolvik EociREE Y cBrpBRig i 1B R

data points, e equation

Fogl on i B K R P R e ST Tement s of 10 and
Y2 ---> 0 in Xinthieonfdxt & idtdryit ¥n thHe@lgheliat bPhe RGERBnIM) is equal to
(OP / 8%1)lx1=0 (OP / 8x, at x; = 0) at a system temperature T, and a numerator on the right
side of the equation (25) is equal to (OP / 8x;}|x; = at a system temperature T. 6P / 9x,
indicates that P is differentiated partially by x; at constant T. Thus, Y, and Y, represent
infinite dilution nondimensional pressure gradients. The essence of the present invention is
that the infinite dilution pressure gradients are introduced for the correlation of phase
equilibrium data.
[0059] The denominators in the equations (24) and (25) are introduced for
nondimensionalization. The infinite dilution pressure gradients Y, = 0 and Y = 0 hold for

the equations (24) and (25) at a temperature T =0 (X =0). Since p;s >> pas holds for an

asymmetric system (i.e., a binary system significantly differing in vapor pressures), the

equation (26) holds:
[0060] [Formula 26]
_ _ Pis
X =Y 2 (26)
cl

[0061] Since (6P / 6x1)|x1=1< 0 holds for a symmetric system that forms minimum boiling
azeotropes, the equation (27) holds:

[0062] [Formula 27]



| ogarithm c functions of the follow ng equations can be used in nany
cases: [0071] [Formula 32] Y1 =s11 Xs12(32) [0072] [Formula 33] - 22
- V2 = s7ir22(33) To inprove correlation accuracy in the
determ nation of these correlation functions, when Y1 or Y2 has a
negative val ue (azeotropes are forned), 8these correlation functions
are preferably determned with the values of Y1 and Y2 that are
acconpani ed with negative signs. (v) Correlation of X vs. Y1l and X
vs. Y2 rel ationshi ps €el i abl e data and, by (gﬁ ension, correlation
functions are sel®ected in consideration of data consistency based on
t he thernodynam c consistency line. Then, X vs. Yl and X vs. Y2

rel ati on$®0633$ &lighly achuvatelyabhyergal XalsaY pshd Xlvk.eY natativeships wilMse shyvn later
and X vs. Y2 relationships and P vs. p rel ationships may be optim zed
si mul t anesing dgta. i hcgandrabghe berr¢lhigrmipdyecamthe irclen S aft roaxiynityl mgo to critical
Specifically, correlation constants (so, to s23) can be determ ned to
achi eve phatsnditheinfialis dilutien prassues grdiente Ydiand dnéhewreseediemngrinh with X
and 13 deternined from actual ]y neasured val ues_and the correspondi ng
val ues delodiedp e sbseistechgatnst ¥ phi: epteardipaten Hawavsrothe crireidiiohese X

vs. Y1 and X vs. Y2 correlations, one s of jnfinite dilutjon |

act i vi t y Ee e FiedY Ty %%Hq’a%ﬁéfrl o X: aiﬂﬁteé)onit%e Bhsrisraagaingt X on
accordi ng_ﬁto t hte equations (24) and (25). [0073] Specifically, the
present i VBAPFSh al so relates to a nethod for predi ction of binary
phase equhdd.bri j S| cal ¢ ' [ N
B 11 br a8 PSP o SFRloRl [0) BG4 S B B AR bR B igh
rel ati onshicke 43! s KRbER G (A8 of Rehly & eHididHid OTR @GR ialp¥omisi
coeffi ci gntsa%d 7']5,*21%%?191& nary paranet 8rsg%\_ 5?1%6!3 éa cul at e%i %)? t nellSlng
net hod fﬁfetmrfbﬁ(h@.bﬁaﬂ%%Md@foﬁsmﬁ@wurﬁ Wb hbkidddMiydskan&Erstthethe liquid
present invention. [0074] As described above, in the present

i nvent i oand Vdper pRadee(i @ depfedchtind noidkaliy Vs theZjui®hal vapos phd3ss Gy e
correlated by the procedures (i) to (v). Phase equilibriumcan be

pr edi ct etlinasi prgaroster) hes bad propased (o phtant dsrvacht 4). t Yhisdlefdped nemideality
(or binary paraneters A and B) obtained on the basis of this

corr el at corelatRmeusaean pHivsty cegtfiicienby;idefmetipassolléms obt ai ned can be used

in the design of a conponent separator or refiner (plant) or the
cont rol [0065] [Formula 28

p v, (P — Pa vy (P —py
~ yi( fljexp lL( e )exp ( T zs)
Yi = &

1%

(28)

Specifically, the liquid-phase non-ideality parameter on the right side of the equation
(13) is divided by the vapor-phase non-ideality parameter on the left side thereof for lumping.
In this lumped correlation, y; defined by the equation (28) is free from pressure dependence
even for high-pressure phase equilibrium data. Thus, this value is calculated according to
the equation (4) or (5). Specifically, the equation (2) or (3) is directly applied even to high-
pressure data.  Since ¢jv = 1 holds for low-pressure VLE data, this method is frequently used.
In fact, this method was applied to more than 12500 binary VLE data sets included in Non-
patent Document 1, to determine binary parameters A and B. Interestingly, it has been
demonstrated on the basis of high-pressure VLE data for the argon-oxygen, carbon dioxide-

ethane, carbon dioxide-decane, and carbon dioxide-methanol systems that P-x relationships



of an existing refining plant to refine various chem cals, petroleum
natural gases, etc. Thus, the design of a refining plant or the
control of an existing refining plant can be perforned in a - 23 -
nore preci se manner than conventional nethods. [0075] Thus, the
present invention provides even a nethorhfor designing or controlling
a conponent separ at-or or refiner using the binary phase equilibrium
dat a obtaln iction of b

cqur | {br Lt BestleIhPE R e leR ol SR aee Rl T R BL R Fpagoents e
o i Lead??% PR Aohbndli I AU BRADASHANT S (B SHUPLL b
for predi IF&t éﬁ'@raﬁfzatmnrlﬁ'rt Elniglzegil SadikbR %H’%QH&»@T late(r\‘)h)thé%ats%rdpdgﬁit' on

of variab necessary es necessary

appar at uoeys] O RefiRtr&ead 1n{3§1‘§1'0971?1 fe?aﬂliﬁt)@{rinﬂ%df){ A8 EBAGlations are obtained
tenperature, pressure, |iquid-phase nole fractions, and vapor- phase

nol e fraeyiigspording tabtdiabidy vbddies Syeeifrddpdhé @rﬁ&ﬁio@@at‘e@wrﬁ]hm%y
(vii) Determnation of infinite dilution activity coefficients

appr opr i abefiring thaedate satgfiectiwdhidrimodgnamic consistéreydime méthad a predetermined
determ ned above in (v) are used to determ ne the values of infinite
di | ut i onewot fange (e.g peithindi’er(tsta condistencydf Ja thisdtad) emppcapbé exaudiaf using
t he design conditions obtained in (vi). (viii) Calculation of phase
equi | i br gbmth@f@kommwtwn (29): The phase equilibriumrelationship
(tenperature essure, and nole fractions in each phase) is

cal cul at &0074; E@)W@%uati on (1) on the basis of the design

condi tions andthel nite dilytion activity coefficients.
Preferably, the typ coefdd/qi ent equation used in the paraneter
determ nati on of ( )15 yised ag this activity cogp$j ci ent equation.

(ix) Calcul ation of phasg/eguililbriumrelationship using the
honol ogous series nethod for a system on which phase equilibriumdata

has not kel YN presents a vAub Bpg%ht ihQIRNASEaREHIhd BIF HE r&]'@fﬂg@%'aﬂd

IS necessary, its data may not be found. In such a case,

procedur 8sdefdnnited ffoth btugllemegpest wluds Cdnd U RERHS a&%me&)‘f Bttﬁat is
determne infinite dilution activity coefficients or binary

par anmet ecacflazddrobh therrighhdddonth equition $ &4)iwsimg vabres ekanid B pbwsied by

reliable vapor-liquid equilibriumdata cannot be found for the

pent anol c¢rtglatigt efract@lly syeasured valnés. niFoedelriled inbrmation, ve¢ Patent Documents 1

coefficients are determ ned for the al kanol (1)-
and 2 and Non-patent Document 4. In this context, Patent Documents 1 and 2 show
examples using a pressure P, in addition to the use of the equation (15) as an equation that
defines F. The step of defining F using a pressure P includes a calculation process for
optimization according to the one-parameter Margules equations (17) and (18) in the
determination of the value of F, and thus requires more complicated calculation than the step
of defining F using the vapor-phase mole fraction of component 1 according to the equation
(15). Thus, the present invention employs the step of defining F using the equation (15)
since the step is simple and clear. Further, the cumulative frequency distribution of the
number of binary systems for the value of H is shown in Non-patent Document 4 and is
helpful in the selection of the value of H.
[0068] Preferably, the correlation of X with Y, and Y3 is performed according to the

following procedures (i) to (v):



- 24 - water (2) systens using existing data on the nethanol -wat er
system the ethanol -water system ..., the octanol-water system
These val ues are plotted agai nst the nunber of carbon atons in

al kanol s or the nol ecul ar surface areas of al kanols. The infinite
dilution activity coefficients for the.gentanol (1)-water (2) system
are determned by interpolation or extrapolation. Subsequently, the
phase equi k%srlun1r | ati onship is calculated according to the step
(viii). $d¥ﬁeﬂﬁﬁﬁggw%§ﬁﬁllbrlun1relat|onsh|p in the steps (viii)

Poat | andATEERARRER oMk Badiiche B M43 5 e 7 adeBly Knirciont equggion most

distribu otropic points; and LLE relationships
such as %@?&whﬁh%ﬁ%me?@ghﬁﬁ%§%éﬁﬂ (g) liquid-liquid distribution
ratios. g&erﬁemfneﬁ%?mmhb @Eblg&tén%gll pksS used as an

i ndependent variable X for th sel ection of correlation functions in
the step () DeterMidaBbi8F KAl Y, a¥PROK. P! &Pl Mh&iohs;Z4d, or pis for
the nearly asymetric system or hypothetical vapor pressure (e.g., a
fixed mul$y@drecl@fonifsy veray, dpe Msed, irdiatieaflippf X. Specifically, for

t he abscissa according to the present invention, it is absolutely
necessar Hetr@naedr oath bhthesastedRiwill-bepRscridied viagre kpqeifeaur es or an

aver age vapor pressure |) s,ave Also preferably, the

equat i on$l) Cadlpctamcbf(li2Shtuse datmsed for Y1 and Y2, respectively.

Al ternatively, the denoninator introduced for the

nondi nensi onal Fitsk p §imant sysien i obtainingiphase epribdum eclglicaghipris ilentifiedgom
renoved, or nondi nmensionalizatjon may be performed . in a manner

di f f er enCOMPERENEHE agqmpopRshtial M)lesﬁdo censyation o sefinipg, - j Kps s pipary system,

araneters. differe t fr uat| be defln
det or ni AL Nt B TGl B 3}0&&? i aE e Tl i
the corr |on the bSC|ssa a xch ang

her cnet Tt el hor L BRARARS asanaﬁé%%%ndacgﬁéxsoef? SEAERE R fon
these procedurﬁaréatasétg oo i3] Bl G4 AL, BAN € RELLOYTRG, i no

a conputer. This co culdation 1's ¢arried ou

exanpl e, leﬁte&r@mﬁaé ECAERElefthgd LiRe H RS oRes egeﬁ%@' Qm@{%)s\kflﬁlelgmost
bi nary phase equilibriumdata I nput to a conputer th

i nfor mat k@eschtishstet fempefanie PHoga Sstbédnistant Xﬁl@kdn&f DIk, ONn 16§ 048] A%nd
unit in the conputer; calculatlng an i ndex f proximty ratio to
critical Bpmnnls tendtamidedivsimgdohdtinitaempérenseP-&-gdas aehidhstdnt-pressuY¥@ Thyy
means of a phase equilibriumcorrelation unit in the conmputer on the

- 25 - bdstass gkllabe-yodatar yingeasrel, eoustdnt-bem poratdet B x datapnt cOngmtiphessure T-
phase equilibriuminformation recording unit, and correlating the

obt ai nedxidatiexe xgafdep apheing highhaadcarateo(Nomipaterd Dogaingnts) whd hs sieh, are
infinite dilution pressure gradients Y [ and Y2 to calculate infinite
di | uti onpeé%rab}wye£ odtltaregtivlys other agiiyity zoeigiciepi epaationsasuphms disUNIQHAC,
Bfromthe X-Y1 correlation and the X-Y2 correl ation, respective

i nput t i ngV 48, NRES- Wi LAshegdi ekl fapaionsy AR gt f@s@ﬁ%rg%l%?ﬂl@tlon

71" d t A d Bt h I .

oredi ct 1 s ONIBUAC B B e aﬁ%mm}?éa?@eaeﬁe for achingt) barameter
lib : th | J t bi

caui |1 br MRS DG LBRH) lihferbde e Raf ekt BT @R . ARRRE me fejgon

t o desi gﬁ%%lhoﬁ %s‘é@lblﬁep? Ipﬁl?i%?é??ﬂt zﬁﬁp@%%%eocfeté}ﬁmﬁe%fdc@&"ﬂnlg[tg %Oéqu%tnons

this met one set Inite n activi coe clent

bi nary paI@aRA F_‘fﬁ At Ble, ik Widdr x;letlaahfe@lerpﬂ‘la%@@én%eﬁ liin lﬁ?tts,@ﬂutlon

equi libriumcorrélation unit. Preferably, inthe step of defining X

Y1, and ¥@ivityRSeR@itats t0delcARinetie WHIGE Il akPB cuir@téxaﬁlp?é M&bﬁ ﬁletﬂT'NIQUAC

equatlons (24) and (25) are used for calculating Y1 and
Pr ef er abbyhatibeisoused, atindry ipaginidie 7 (@ssiseaibt # Pardi)icah Be ﬂ&rdl todefe@ning@n

infinite dilution activity coefficient according to the equation (42), thereby determining

binary parameters A and B according to the equations (6) and (7). Important is to use an



[ 0082] Al so, phase equilibriumcan be predicted by the sane operation
as in the conventional group contribution nmethod using the val ues of
infinite dilution activity coefficients (or binary paraneters A and
B) obtained by the correlation nethod and the nethod for prediction
of phase equilibriumof the present invgntion. The data obtained by
the nmethod of the present invention contains the values of A and B
nore accurate than nuneric values used in calculation according to

t he conventivitynedefiyrend sqeasionmdnt tépossentitdpidse Jwilshriunhdataet hod of t he
present invention can produce data nore highly accurate than that in
t he convéhy Istaminatien ot & rarmpBynase conststdwy limbus, in the cal cul ation
nmet hod descri bed above, also preferably, the calculation of design or

control i nfor n&f9BAs @lyesof Beanddd.saryBdan theroquating @Pks dstermpsd peqopgjne to
the data to a gro coptrihution t hod cal culation unit to calcul ate
it o O PR ey + Do ot el Teaite pisilr Ry gh pU ARV B0 DRSS e
B) for atom.,c groups. i nvol v in th r Qup,.co i but j.on thod., The ..
Chuss cal GO Apstba biRer (ot Pl Sptolar iela PR (EMbEreteR HRRedfainad e Lfiaion
coeffi ci j : Of,,: ] i

mput o R BOEa ARt aRRERHRER fiof BheBte b il oh BBy defablo dua
desi gn_ Ok GG el ATRABRALCAGPRIA $rorihd IREhRSEL 011G/ BHRants 2 and
contri but?on _rrea?thg p_grmts con\?eﬁfle_nt ca?cu}!latl%ﬁl o?attﬂe c’onpo?]ne?]?an
separ at oly/ih @fd RRAtiCHEAUYRreefifENbAsed oh MHeQIbiBAdOR Rl yAsmRUSHsi stefcyOlideeN In
utilized for the conventional rough calculation in the conponent

separ at otiis ebrit&ar it (encd requitied td hdeat theinoghatit, cofxbteAG! lird Wikl doffalatioh
crystallizer) design/control unit. Thus, such a nmethod is al so

r ecommendeairdcyrdesdribed bekbenin (iv)vehighon. As a matter of course, the

cal cul ati on of design or control information is not limted thereto.

[ 0083] Thier) Betsamination POXK vde¥i and KgsoY: ewrdlativn fimgfioas conponent

separator or refiner such as a distillation colum, an extraction

col um, or a cPipsedpihiX%ap. ComdrX ges¥2 relajionshinspxbibiichigh daa penergence,

i nformation recording unit which receives existing binary phase
equi | i br fEnFieR %nswbegltrepwsaﬂ@g é’ieSF}r?F@Gghhh‘ﬁ?”irﬁﬁ‘fFl fFWIﬁ?rput
unit; (2 hase equi libriumcorrelatjon..-. 27 - it whic

onl cul st beBaRR AR R gp st Be s e o SErtifis o alfind FinElasso0) and
infinite,dilutj. : ients Y1 and Y2 on the basis of the

bi nary pﬁglgél%gqlgli@?l%%ﬁi%{aggt%é&g‘ut put fromthe phase equilibrium
informat'%gﬂe rﬁlliuﬂﬂ%dﬂni t, and correlates the obtained i ndex X of
proximty ratio to critical points with the infinite dilution
pressure gradierfs =Yl ang- yf‘ﬁ)-pgi&éﬁ g isnf i]ﬁgle-FdX tion actijgyty
coefficientsand y12' ori¥bi nak/ paranmeters A dhd fromthe X-Yi
correlation and the X-Y2 correlation, respectively; (3) a phase

equi | i br (Y0pr BiArERlaoH luni t whi ch receives the input of the infinite
dilution activit coefficiﬁgséyl' and 72' or Bnary paranmeters A and
B out put from t Wi phimet dquitl THoedm dotz dNéitah)unit td3hew y predi ct
bi nary phase equilibriumdata; (4) a conponent separator/refiner

desi gn/ cOmeres Sip #f By FRREISOM COREBUPREInSIANIRI N iiei abe plerunalbrumbers of Apfat

of the cal cul ated new 1t;)i nary phase equi.librium.data output fromthe
phase eqHPllnfsthed‘r‘ﬂim&eéB CEMHFRLRF dectegseddn dia ‘?&k“é“%rfﬁ%’ﬁlt(ﬁ)- Also, s10 and

Separ o o1 ShRSLAER) By B RO Y 40 5% RO

t t h fi h i f the,inf ti
com e R 12 LIRS S AR BB BB
o o et RTLEHLALRo A T SRR PSRN 00T

necessarﬁoo—,v\i\i?tgpoqmq?atﬁ]out put apparatus such as a printer or aliquid
crystal dispfay. In thi's apparatus, a networked renote conputer may
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V=5 X712 (32)

[0072] [Formula 33]



predi cti ng new bi nary phase equilibriumdata using the cal cul ated
values of the infinite dilution activity coefficients yi" and 72" or
bi nary paraneters A and B. [0088] [2] The nethod for correlating or
predi cting binary phase equilibriumdata according to [1] above,
wherein the index X of proximty ratio critical points is
cal cul ated according to the equation ( T [0089] [Formula 34] x =
P15 P2s P cl+ P _25(22) mh@rein Pei represents the critical pressure
of a lighter confgnens,jX tPhe binary systemsgnd Pis and p2,
represent the vapor priéssures of conponents 1 and 2, respectively, at
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preferably determined with the values of Y, and Y that are accompanied with negative signs.
(v) Correlation of X vs. Y; and X vs. Y3 relationships

Reliable data and, by extension, correlation functions are selected in consideration

of data consistency based on the thermodynamic consistency line. Then, X vs. Y; and X vs.
Y relationships are individually correlated.  Alternatively, X vs. Y, and X vs. Y»
relationships and P vs. [ relationships may be optimized simultaneously, including the
thermodynamic consistency line. Specifically, correlation constants (so; to s»3) can be
determined to achieve the minimum absolute value of the difference between Y, Y», and
determined from actually measured values and the corresponding values determined
according to the correlation equation. From these X vs, Y, and X vs. Y, correlations, one
set of infinite dilution activity coefficients (or binary parameters A and B) is determined
according to the equations (24) and (25).
[0073] Specifically, the present invention also relates to a method for prediction of binary
phase equilibrium data, comprising newly calculating binary phase equilibrium data (or
experimental error-free phase equilibrium relationship) using the values of the infinite
dilution activity coefficients y,” and v, or binary parameters A and B calculated by the
method for correlation of binary phase equilibrium data of the present invention.
[0074] As described above, in the present invention, the converged X vs. Y, and X vs. Y,
relationships can be correlated by the procedures (i) to (v). Phase equilibrium can be
predicted using one set of infinite dilution activity coefficients (or binary parameters A
and B) obtained on the basis of this correlation. The new phase equilibrium data thus
obtained can be used in the design of a component separator or refiner (plant) or the control

of an existing refining plant to refine various chemicals, petroleum, natural gases, etc. Thus,

the design of a refining plant or the control of an existing refining plant can be performed in a



V2Pl s 72cP2s 2P cl P 2s (25) wherein yr represents the infinite
dilution activity coefficient of conponent i in the |liquid phase; and
Pei, pis, and p2, are as defined in the equation (22). [0092] [3] The
met hod for correlating or predicting binary phase equilibriumdata
according to [1] above, further conprisiig eval uating the

t her rodynam c consi stency of the X-Y1 and X-Y2 correl ation data

accor di Nehdr€p thge hehh@haDcRReRidRMmedRls. and correlating X with Y1
and Y2 using onIy t hernodynami cal |y consistent data: [0093] [Formula

37] H_ R[#07BXp Thus; dthe fddent 29EntiiBsrevideO%A aBRAGS B dSsignid @bt €orfolling a
that is calculated according to F/ IB - A using F, A, and B

det er m nedmbomdi seplathadr o refras usied thveinas phasedquiibeiam daepslesiand By the
value of P that is

method for prediction of binary phase equilibrium data of the present invention.
[0076] Hereinafter, one example will be shown as the procedures of designing or
controlling a component separator or refiner using the data obtained by the method for
prediction of binary phase equilibrium data.
(vi) Determination of variables necessary for design

Variables necessary for apparatus or operational design are determined from among
temperature, pressure, liquid-phase mole fractions, and vapor-phase mole fractions. The
obtained values are added to design conditions.
(vii) Determination of infinite dilution activity coefficients appropriate for the design
conditions

The correlations determined above in (v) are used to determine the values of infinite
dilution activity coefficients (values of A and B) appropriate for the design conditions
obtained in (vi).
(viii) Calculation of phase equilibrium relationship

The phase equilibrium relationship (temperature, pressure, and mole fractions in
each phase) is calculated using the equation (1) on the basis of the design conditions and the
infinite dilution activity coefficients. Preferably, the activity coefficient equation used in
the parameter determination of (i1) is used as this activity coefficient equation.
(ix) Calculation of phase equilibrium relationship using the homologous series method for a
system on which phase equilibrium data has nof been found

Although the phase equilibrium relationship is necessary, its data may not be found.
In such a case, the procedures (i)} to (vii) are repeated for homologous series to determine
infinite dilution activity coefficients or binary parameters A and B for the homologous series.
For example, when reliable vapor-liquid equilibrium data cannot be found for the pentanol

(1)-water (2) system, infinite dilution activity coefficients are determined for the alkanol (1)-



calculated fromthe right side in the foll owi ng equation (14) using
val ues of a and b obtained by correlation of actually neasured

val ues: [0094] [Formula 38] = aPb (14) wherein A and B represent

bi nary paraneters; F represents deviation fromA = B in the

one- paraneter Margul es equation; P rep:)f ents a pressure or an

average vapor pressure; and a and b represent constants specific for
the binary system [4] A nethod for designing or controlling a
conponentvaterhA) sustsmsowsing exestingdata oo dhpmethang-witer systeps thefethangbwattr ng
exi sting binary phase equilibriumdata; inplenmenting the nethod for
corr el at iSHgerBr ---pﬁ%é@p@ﬂoln‘gatm fyatey. phldwee valugs arpplotiad asaiest the mnber of carbon
according to [1] above; and Il nputti mthe cal cul at ed . new

bi nary pRESRS Blianplsor tameleerlrcuraectseTRimtkagglsar dhe pyfingeidition activity
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[0077] The phase equilibrium relationship in the steps (viii) and (ix) encompasses: VLE
relationships such as (a) P-x relationships, (b) P-y relationships, (c) x-y relationships, (d)
y/x distribution ratios, and (e) azeotropic points; and LLE relationships such as (f) mutual
solubility and (g) liquid-liquid distribution ratios.
[0078] Preferably, the equation (22) is used as an independent variable X for the selection
of correlation functions in the step (iv). Alternatively, vapor pressures pjs + pas, or pis for
the nearly asymmetric system, or hypothetical vapor pressure (e.g., a fixed multiple of p5)
may be used instead of X. Specifically, for the abscissa according to the present invention,
it is absolutely necessary to select the sum p)s + pzs of vapor pressures or an average vapor
pressure psave- Also preferably, the equations (24) and (25) are used for Y and Y,
respectively.  Alternatively, the denominator introduced for the nondimensionalization of
infinite dilution pressure gradients may be removed, or nondimensionalization may be
performed in a manner different from the equations (24) and (25). Also, non-ideality
parameters different from the equation (28) may be defined to determine infinite dilution
pressure gradients. In order to obtain the correlations, the abscissa and the ordinate may be
exchanged therebetween for data correlation, as described above.
[0079] In these procedures (i) to (ix), data calculation can be performed using a computer.
This computational calculation is carried out, for example, by a method comprising the steps
of: recording existing binary phase equilibrium data input to a computer through an
information input unit, on a phase equilibrium information recording unit in the computer;
calculating an index X of proximity ratio to critical points and infinite dilution pressure

gradients Y, and Y; by means of a phase equilibrium correlation unit in the computer on the



[0096] [Fornula 39] Pi + P2 Peid-P2,(22) wherein Pi represents the
critical pressure of a |lighter conponent in the binary system and

Pis and p2s represent the vapor pressures of conponents 1 and 2,
respectively, at a tenperature T, and the infinite dilution pressure
gradients Y1 and Y2 are cal cul ated accotding to the equation (24):
[0097] [Formula 40] vPIs P2s -D cI-PZE% 4) and the equation (25):
[0098] [Formula 41] yPls -112cP2s P cl -P2s(25) wherein yr

r epr esentbasis hétherbinany phasd iequiiibtiwnal@tai QlitH'-V fiovetheipbhssrequidiorisonpémmation

in the liquid phase; and Pei, pis, ,_are as defined in the

equat i on T¢@Ing poGgY coBFRHBS Fk@tqb%mddnd@fe% |0§ nmgn@y raigrie rcatwal igings with

conmponent s@&ara refiner _accordin above, furth
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coefficients y,” and y,” or binary parameters A and B from the X-Y correlation and the X-Y»
correlation, respectively; inputting the thus-obtained infinite dilution activity coefficients y,”
and v,” or binary parameters A and B to a phase equilibrium prediction unit in the computer
to newly predict binary phase equilibrium data; and inputting the calculated new binary phase
equilibrium data to a component separator/refiner design/control unit to design or control the
component separator or refiner.

[0080] In this method, one set of infinite dilution activity coefficients (or binary parameters
A and B) is calculated by means of the phase equilibrium correlation unit.  Preferably, in the
step of defining X, Y, and Y5, the equation (22) is used for calculating X while the equations
(24) and (25) are used for calculating Y, and Y,. Preferably, before inputting the phase
equilibrium information to the phase equilibrium correlation unit, the method further
comprises the step of inputting the information output from the phase equilibrium
information recording unit to a thermodynamic consistency assessment/output unit to assess
thermodynamic consistency, preferably, according to the equation (29), and then inputting
only the thermodynamically consistent information to the phase equilibrium correlation unit.
In order to cope with the system on which existing phase equilibrium data has not been found
as in the step (ix), also preferably, the method further comprises the step of predicting an
index X of proximity ratio to critical points and infinite dilution pressure gradients Y, and Y>
for homologous series of the system of interest from phase equilibrium information derived
from a plurality of systems of homologous series, and inputting these data to a homologous-
series phase equilibrium value prediction unit to predict phase equilibrium values for the
systern of interest.

[0081] The thus-obtained prediction information is inputted to a design/control unit for a
component separator or refiner such as a distillation column, an extraction column, or a

crystallizer, i.e., a refining plant, to calculate component separator/refiner design or control



-31 - X-Y1 and X-Y2 correlation data according to the follow ng
equation (29), and correlating X wwth Y1 and Y2 using only

t hernodynam cal |y consi stent data: [0100] - 32 - [Fornula 42] fiexp
18cal fical wherein 13,"1, represents a value of p that is

cal cul ated according to F/ IB - Al usi F, A and B determ ned from
actual ly nmeasured val ues; and 13cal p? sents a value of 13 that is
calculated fromthe right side in the foll ow ng equation (14) using
val ues ofinfarmantibry dbuevessary, the wopoetrtsepanatof omrefinel ib desigasd wr edntrolled on
val ues: [0101] [Formula 43] = aPb (14) wherein A and B represent

bi nary pahabastserfshis mipaptiogne ninthifessise tvienebley mvessasy fBr desigrher control are

one- paranet er Margul es_equation; P represents_a pressure or
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[0082] Also, phase equilibrium can be predicted by the same operation as in the
conventional group contribution method using the values of infinite dilution activity
coefficients (or binary parameters A and B) obtained by the correlation method and the
method for prediction of phase equilibrium of the present invention. The data obtained by
the method of the present invention contains the values of A and B more accurate than
numeric values used in calculation according to the conventional group contribution method.
Thus, the method of the present invention can produce data more highly accurate than that in
the conventional group contribution method. Thus, in the calculation method described
above, also preferably, the calculation of design or control information is further provided
with the step of inputting the data to a group contribution method calculation uni't to calculate
infinite dilution activity coefficients {or binary parameters A and B) for atomic groups
involved in the group contribution method. The thus-calculated information of infinite
dilution activity coefficients (or binary parameters A and B) for atomic groups is input to the
component separator/refiner design/control unit to design or control the component separator
or refiner. The group contribution method permits convenient calculation of the component
separator/refiner design or control information and as such, is often utilized for the
conventional rough calculation in the component separator/refiner (e.g., distillation column,
extraction column, or crystallizer) design/control unit. Thus, such a method is also
recommended for the present invention. As a matter of course, the calculation of design or
control information is not limited thereto.

[0083] The apparatus for designing or controlling a component separator or refiner such as
a distillation column, an extraction column, or a crystallizer comprises: (1) a phase
equilibrium information recording unit which receives existing binary phase equilibrium data

input to a computer through an information input unit; (2) a phase equilibrium correlation



to [4] above, wherein the infinite dilution activity coefficients

710" and 72' or the binary paraneters A and B are data froma
plurality of systenms of honol ogous series, and infinite dilution
activity coefficients 71' and 727 or binary paranmeters A and B in

ot her systens of honol ogous series are-Pfedicted fromthe data froma
plurality of systens of honol ogous series. [0102] [8] The nmethod for
desi gni NgnQLy QN Qdtbgh ﬁd&@ﬁﬂﬁ%@éﬂimﬁ??ﬂ[@tb%ti@él p_’oﬁft!; BT inBREOLHh R
to [4] above, further conprising calculating infinite dilution
activity peeirk ipfddesttSY PhndOV D81 YhebAES GE HRILIndr @ phatk @EbiGibALAURS dutpinfidie
calculated infinite dilution activity coefficients and 72" or

bi nary paicgfbesgquikbra ifdorn@ndnpeaddiag uh, mdwohrthas Yhgdtasited index X of
equi librium data based on the calculated infinite dilution activity
coef fi ci pnxdmdy rddiontarcyitiparpeings eith thomfiaite dilwtiorweyssre gradénts Y] @dd 3} to
[9] A program for designing or controlling a conponent separator or a
refiner, celhelagsriofinitndifitionwictivitacassiigentey: adiyngordnnayy patamstarcA and B from
processing unit and a data storage unit or a networked conputer

havi ng atheafiXiHeeelatiop apd &wsX g conelatiamdespeeiaely; 42t plapse aaitibrign
function to_ inplepent the nmethod for _designing or controlljng a
conponenPresigiion g which ’EeéFliV%‘iheéEB&BP’Eli%ﬁan?%te[‘gl]mla’&é‘%}éiltyt%é%fmﬁnﬁ%ﬂ and
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equilibriumdata 1nto t rithmeti c expression by neans of t

ari t het kguiRb9GASRaMhptiitont SiepRheW@iiBriamh profieXonumf toRiafuidi EompddchO
to critical points and infinite dilution pressure gradients Y1l and

Y2, corr edntditidefiig dbilgaioneenttd) desrmtatn; BEOPS) Bich¥pbddrt SefafatSiietih &l
points with the infinite dilution pressure gradients Y1 and Y2, and

cal cul at deggn/edrtil teit dihidhtdesigna ot conitiols the edrhpaieanieparachr 62 theaefibdrivartie
paraneters A and B fromthe X-Y, correlation and the X-Y2

corr el at basis of the peotmatiehycalculated thromeb dessimyneitacparitoniafi@edddsigni antrol
activity coefficients 71 and 72' or the binary parameters A and B to
predi ct Hdwmptiarcylcplition uaigui Théhepparatedondesagnang or controfiag@usioationent
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used as the computer.
[0084] The present invention further provides even a program for designing or controlling a
component separator or refiner such as a distillation column, an extraction column, or a
crystallizer, the program executing the method or apparatus for designing or controlling a
component separator or refiner such as a distillation column, an extraction column, or a
crystallizer. This program may be recorded, if necessary, on an appropriate recording
medium such as CD or USB.
[0085] In addition, multicomponent data can be obtained using the binary data obtained by
the correlation method and the method for prediction of phase equilibrium of the present
invention.

[0086] The embodiments of the present invention are summarized as follows:



a phase equilibriuminformation recording unit which receives

exi sting binary phase equilibriumdata input to a conputer through an
information input unit; a phase equilibriumcorrelation unit
whi ch cal cul ates an index X of proximty ratio to critical points and
infinite dilution pressure gradients Y;% nd Y2 on the basis of the

bi nary phase equilibriumdata output fromthe phase equilibrium
information recording unit, and correlates the obtai ned i ndex X of
proxi m t yOO&i ¢l o cA methad fgroioneknting ohptedisting binait ghagé equilibnium data,
pressure gradients Y1 and Y2 to calculate infinite dilution activity
coef fici €AMPARAE72' or binary paraneters A and B fromthe X-Y1

correlation and the X-Y2 correl atiaon, respectjvely;, - 34 -, .. . a
phase equi | i br CHRMAHREAE IndeR X afi RO Halieogrijical Rowas ppihipfinge dilptgon
infinite dilution.actj,vity coeffjcients yi'.and y2' or binar

par anet oPLHTE SRISTGLY peRd Y B bt pies et Merveame oAl on uni
to predict new _binar hase.equi libyium data; .. ...a.conponent . . .
separator/ ref | Saroauts BRPRGHER St of PR wetip it U ROTR Y Rl dpinic
recei ves [ : J w
from 1 ho “ige P bahi0e A AN RIS inf itk B4R AR Sl fenes
separ at ogf | g#!d?%inaﬁeﬁé@ﬁéfé@m LR B RGRTREKIPeor@Mion and the }@—&Cz%%ﬁﬁﬂﬁ,
separator/refiner design/control unit whic éES|gns or controls the
conponentespeineRt @hd Or the refiner on the basis of the information
cal cul ated through the conponent separator/refiner design/contro

i nformati on capgadictihg @ewbindry phisbQohilibfidindae wipathatalsulbet vdrss ghiheg
or controlling a conponent separator or refiner according to [10]
above, whdirgerliliitien acideéty cleffifcigutsonT mid 15~ oabinaryt garamettiscabndBi nts i s

cal cul ated according to the equation (22): [0106] [Formula 44] x Pis

+ P2s PEI0BRRs(Z212) whbe aicthoRdor casysltatingror pradinting birtary phasp cewilibriemaifitag

| i ghter conmpgnent in the binary system and Pis and P2s represent the
vapor pr 8eudiag toll] abesevhpici the afex X of prejiauty iple (o crificahpeipiipeealewpted
T, and the i fini%e dilutigg%pressure gradients Y1 and Y2 are

cal cul at 8eFOEHESFYiNAGILSIOPHE2equat i on (24) :

[0089] [Formula 34]
o+
X — pls pls
Pcl+p25

(22)

wherein P;| represents the critical pressure of a lighter component in the binary system; and
p1s and pas represent the vapor pressures of components 1 and 2, respectively, at a
temperature T, and

the infinite dilution pressure gradients Y, and Y, are calculated according to the equation
(24):

[0090] [Formula 35]

Y, = Vi Pis = Pas
Pcl _p2s (24)
and the equation (25):
[0091] [Formula 36]



[0107] [Fornula 45] Y -2s _rYi Pis P P ci-P2s(24) and the equation

(25): [0108] - 35 - [Fornula 46] co = Pis 111 2 P2s Y, P cl P2s
wherein yr represents the infinite dilution activity coefficient of
conponent i in the liquid phase; and Pei, pis, and p2, are as defined

in the equation (22). [0109] [12] The apparatus for designing or
controlling a conponent separator or retlner

v = Pis _Vzwpzs

5 =

Pcl —Pas (25)

wherein y;” represents the infinite dilution activity coefficient of component i in the liquid
phase; and Py, pis, and pas are as defined in the equation (22).

[0092] [3] The method for correlating or predicting binary phase equilibrium data
according to [1] above, further comprising evaluating the thermodynamic consistency of the
X-Y and X-Y; correlation data according to the following equation (29), and correlating X
with Y; and Y, using only thermodynamically consistent data:

[0093]

[Formula 37]

_ ﬁ%xp _'ﬁtml]
ﬁ%al |

wherein Bexp represents a value of [ that is calculated according to F/ [B - A using F, A, and

H

(29)

B determined from actually measured values; and ., represents a value of 3 that is
calculated from the right side in the following equation (14) using values of a and b obtained
by correlation of actually measured values:

[0094] [Formula 38]

=t =arh

S
B-4
(14)

wherein A and B represent binary parameters; F represents deviation from A = B in the one-
parameter Margules equation; P represents a pressure or an average vapor pressure; and a and
b represent constants specific for the binary system.
[4] A method for designing or controiling a component separator or a refiner,
comprising the steps of:

recording existing binary phase equilibrium data;

implementing the method for correlating or predicting binary phase equilibrium data



according to [10] above, further conprising evaluating the

t her rodynam c consi stency of the X-Y1 and X-Y2 correl ation data
according to the follow ng equation (29), and correlating X wwth Y1
and Y2 using only thernodynam cally consistent data: [0110] [Formul a
47] H Pexp fical (29) wherein f3exp repigsents a value of that is

cal cul ated according to F/ IB - A using F, A, and B determ ned from
actual ly neasured val ues; and Ns] represents a value of P that is

cal cul at 88c9Fig&te b aPPyhendi de in the fol | owi ng equati on (14) using

val ues of a and b obtained by .correlati pn of actual neasur ed
vl es: Ol o311] ThrRgRTE s Hiayiaied S8 binay bRe S BbritiRulats 1 Seomipg e

represent_bi nar aranet ers: represents deviation fromA = B in,the
onb par anEEoN B ST p R iR BIER blafiis! PePRwolfl gharayft oftné
average vanor pressure; and a and b represent constants specific for
the binary system [13]The apparatus for designing or controlling a

conpone nt[O(?g%g argtor e Er?eftﬂda%l% ?‘I%%?igr% Mohﬁ‘oili}ng]a c@%}ﬂﬁer%}@%egé){bﬁrgﬁner

infinite dildtion activity coe s yl'" and 727 or

par amet enRgcodiab o B @BbEA Iv@kfé@é féllériﬁ&!ﬂb( bhroR[RiBLrae W biitdal Péints is calculated

correlation unit are data -
according to the equation (22):

[0096] [Formula 39]

pls + p?s
Pc1+p23

X =
(22)

wherein P represents the critical pressure of a lighter component in the binary system; and
p1s and pos represent the vapor pressures of components 1 and 2, respectively, at a
temperature T, and

the infinite dilution pressure gradients Y, and Y are calculated according to the equation
(24):

[0097] [Formula 40]

Ijl — vl pl.s* _p2.s'
Pcl_pES (24)

and the eguation (25):
[0098] [Formula 41]

Yg — Pis _vaPZS
Pcl_sz (25)

wherein v;” represents the infinite dilution activity coefficient of component i in the liquid
phase; and P, pis, and pas are as defined in the equation (22).
[0099] [6] The method for designing or controlling a component separator or refiner

according to [4] above, further comprising evaluating the thermodynamic consistency of the
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X-Y, and X-Y> correlation data according to the following equation (29), and correlating X
with Y, and Y using only thermodynamically consistent data:

[0100] [Formula 42]

ﬁexp o ﬁ cal |
ﬂcal I (29)

wherein B, represents a value of 3 that is calculated according to F/ B - A| using F, A, and

H =

B determined from actually measured values; and B, represents a value of {3 that is
calculated from the right side in the following equation (14) using values of a and b obtained
by correlation of actually measured values:

[0101] [Formula 43]

3 F

:—:an
B-4

(14)

wherein A and B represent binary parameters; F represents deviation from A = B in the one-
parameter Margules equation; P represents a pressure or an average vapor pressure; and a and
b represent constants specific for the binary system.

[7] The method for designing or controlling a component separator or refiner according
to [4] above, wherein the infinite dilution activity coefficients y,” and y,” or the binary
parameters A and B are data from a plurality of systems of homologous series, and infinite
dilution activity coefficients y,” and y,” or binary parameters A and B in other systems of
homologous series are predicted from the data from a plurality of systems of homologous
series.

[0102] [8] The method for designing or controlling a component separator or refiner
according to [4] above, further comprising calculating infinite dilution activity coefficients or
binary parameters for atomic groups from the calculated infinite dilution activity coefficients
v1* and y,” or binary parameters A and B, and predicting new binary phase equilibrium data

based on the calculated infinite dilution activity coefficients or binary parameters for atomic
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groups.
[0103] [9] A program for designing or controlling a component separator or a refiner,
the program allowing a computer having an arithmetic processing unit and a data storage unit
or a networked computer having an arithmetic processing unit and a data storage unit to
function to implement the method for designing or controlling a component separator or
refiner according to [4] above, the method comprising the steps of:

storing existing binary phase equilibrium data on the data storage unit;

outputting the binary phase equilibrium data from the data storage unit to the
arithmetic processing unit and a predetermined arithmetic expression stored on the data
storage unit in advance, substituting the binary phase equilibrium data into the arithmetic
expression by means of the arithmetic processing unit to calculate an index X of proximity
ratio to critical points and infinite dilution pressure gradients Y| and Y3, correlating the
obtained index X of proximity ratio to critical points with the infinite dilution pressure
gradients Y and Y, and calculating infinite dilution activity coefficients y;” and v;” or
binary parameters A and B from the X-Y; correlation and the X-Y, correlation, respectively;

processing the infinite dilution activity coefficients v,* and y,” or the binary
parameters A and B to predict new binary phase equilibrium data; and

calculating information for designing or controlling the component separator or the
refiner from the new binary phase equilibrium data.

[0104] [10] An apparatus for designing or controlling a component separator or a
refiner, comprising:

a phase equilibrium information recording unit which receives existing binary phase
equilibrium data input to a computer through an information input unit;

a phase equilibrium correlation unit which calculates an index X of proximity ratio
to critical points and infimite dilution pressure gradients Y; and Y on the basis of the binary
phase equilibrium data output from the phase equilibrium information recording unit, and
correlates the obtained index X of proximity ratio to critical points with the infinite dilution

pressure gradients Y, and Y- to calculate infinite dilution activity coefficients y,” and y,” or
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binary parameters A and B from the X-Y correlation and the X-Y, correlation, respectively;

a phase equilibrium prediction unit which receives the input of the infinite dilution
activity coefficients y,” and y,~ or binary parameters A and B output from the phase
equilibrium correlation unit to predict new binary phase equilibrium data;

a component separator/refiner design/control information calculation unit which
receives the input of the new binary phase equilibrium data output from the phase
equilibrium prediction unit to calculate component separator/refiner design/control
information; and

a component separator/refiner design/control unit which designs or controls the
component separator or the refiner on the basis of the information calculated through the
component separator/refiner design/control information calculation unit.

[0105] [11] The apparatus for designing or controlling a component separator or refiner
according to [10] above, wherein the index X of proximity ratio to critical points is calculated
according to the equation (22):
[0106] [Formula 44]
X — p ls + p 2s

P el +p 2s

(22)

wherein P, represents the critical pressure of a lighter component in the binary system; and
p1s and pas represent the vapor pressures of components 1 and 2, respectively, at a
temperature T, and

the infinite dilution pressure gradients Y; and Y are calculated according to the equation
(24):

[0107] [Formula 45]

Y, = 'Vloopls — Pas

Pcl_p2s (24)

and the equation (25):
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[0108] [Formula 46]
Y. Pis Vo P
, IP 2 28
o1 Pas (25)

wherein y;” represents the infinite dilution activity coefficient of component i in the liquid
phase; and Py, pis, and py, are as defined in the equation (22).

[0109] [12] The apparatus for designing or controlling a component separator or refiner
according to [10] above, further comprising evaluating the thermodynamic consistency of the
X-Y; and X-Y correlation data according to the following equation (29), and correlating X
with Y, and Y, using only thermodynamically consistent data:

[0110] [Formula 47]
_ ﬂexp o ﬁcal ‘
ﬁca’l ‘ (29)

wherein Bexp represents a value of 3 that is calculated according to F /B - A| using F, A, and

H

B determined from actually measured values; and . represents a value of f§ that is
calculated from the right side in the following equation (14) using values of a and b obtained
by correlation of actually measured values:

[0111] [Formula 48]

3 F

::————————::cxf)b
=

(14)

wherein A and B represent binary parameters; F represents deviation from A = B in the one-
parameter Margules equation; P represents a pressure or an average vapor pressure; and a and
b represent constants specific for the binary system.

[13] The apparatus for designing or controlling a component separator or refiner
according to [10] above, wherein the infinite dilution activity coefficients v,* and v,” or
binary parameters A and B calculated through the phase equilibrium correlation unit are data

from a plurality of systems of homologous series, and infinite dilution activity coefficients
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11~ and y2” or binary parameters A and B in other systems of homologous series are predicted
from the data from a plurality of systems of homologous series.

[0112] [14] The apparatus for designing or controlling a component separator or refiner
according to [10] above, wherein the phase equilibrium correlation unit calculates infinite
dilution activity coefficients or binary parameters for atomic groups from the calculated
infinite dilution activity coefficients y;” and y,” or binary parameters A and B, and the phase
equilibrium prediction unit receives the input of the calculated infinite dilution activity
coefficients or binary parameters for atomic groups.

ADVANTAGEOUS EFFECTS OF INVENTION

[0113] The present invention has achieved the highly accurate correlation of phase
equilibrium data by use of relationships between infinite dilution pressure gradients and
vapor pressures in the binary system and thereby enabled one set of infinite dilution activity
coefficients (or binary parameters A and B) to be precisely calculated. As a result, phase
equilibrium relationship can be predicted in a highly accurate manner that has not been
achieved by conventional methods. Thus, binary phase equilibrium relationship can be
determined precisely from existing data and can be used to precisely design or control a
component separator or refiner such as a distillation column, an extraction column, or a
crystallizer. This apparatus design neither requires further experimentally obtaining or
validating binary phase equilibrium data nor has to be performed in expectation of safety
factors larger than necessary. Thus, an apparatus that can be operated inexpensively in a
simple process can be designed, i.e., an economically excellent apparatus can be designed.

In addition, an existing apparatus can be controlled on the basis of phase equilibrium data
more precise than that at the time of its design.  As a result, component separation or
refining for chemicals, petroleum, or natural gases can be carried out more precisely under
inexpensive operational conditions by, for example, the correction of existing data.  Also,
the present invention produces precise phase equilibrium data and thus has the advantage that
apparatus design procedures can be simplified more than ever before. The precise phase

equilibrium data thus obtained can contribute to the improvement of solution models


ip-temp
Rectangle


-36 -

representing non-ideality in the liquid phase, such as activity coefficient equations or group
contribution methods. Thus, the present invention can make a significant contribution to
industry.

BRIEF DESCRIPTION OF DRAWINGS

[0114] FIG. 1 is a diagram showing P-x and P-y relationships for the methanol (1)-water (2)
system at a temperature of 323.15 K;

FIG. 2 is a diagram showing relationships between mutual solubility and
temperature for the 1-butanol (1)-water (2) system (FIG. 2(a)) and a diagram showing
relationships between mutual solubility and temperature for the 2-butanone (1)-water (2)
system (FIG. 2(b));

FIG. 3 1s a diagram showing the temperature dependence of infinite dilution activity
coefficients y,” (FIG. 3(a)) and y,” (FIG. 3(b)) for the methanol (1)-water (2) system;

FIG. 4 1s a diagram for illustrating the highly accurate method for correlation of
phase equilibrium data of the present invention using relationships between infinite dilution
pressure gradients and vapor pressures for the methanol (1)-water (2) system, wherein
FIG. 4(a) is a diagram showing a thermodynamic consistency line for the methanol (1)-water
(2) system, FIG. 4(b) is a diagram showing X vs. Y, relationships for the methanol (1)-water
(2) system, FIG. 4(c) 1s a diagram showing X vs. Y3 relationships, FIG. 4(d) is a diagram
showing X vs. y,” relationships for the methanol (1)-water (2) system, and FIG. 4(¢) is a
diagram showing X vs. v;” relationships;

FIG. 5 is a diagram showing constant-temperature or constant-pressure P-x and P-y
relationships for the methanol (1)-water (2) system derived from the results of FIGS. 4(b) to
4(e), wherein FIG. 5(a) is a diagram showing P-x and P-y relationships for the methanol (1)-
water (2) system at a temperature of 298.15 K, and FIG. 5(b) is a diagram showing T-x and
T-y relationships for the methanol (1)-water (2) system at 101.3 kPa;

FIG. 6 is a diagram showing X vs. Y relationships for the heptane (1)-octane (2)
system, wherein FIG. 6(a) is a diagram showing X vs. Y; relationships, and FIG. 6(b) is a

diagram showing X vs. Y, relationships;
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FIG. 7 is a diagram for illustrating the highly accurate method for correlation of
phase equilibrium data of the present invention using relationships between infinite dilution
pressure gradients and vapor pressures for the 1-propanol (1)-water (2) system, wherein
FIG. 7(a) is a diagram showing a thermodynamic consistency line for the 1-propanol (1)-
water (2) system, FIG. 7(b) is a diagram showing X vs. Y; and X vs. Y, relationships for the
1-propanol (1)-water (2) system, FIG. 7(c) 1s a diagram showing P-x and P-y relationships for
the 1-propanol (1)-water (2) system at a temperature of 333.15 K, and FIG. 7(d) is a diagram
showing x; vs. y) relationships for the 1-propanol (1)-water (2) system at 101.3 kPa;

FIG. 8 is a diagram for illustrating the highly accurate method for correlation of
phase equilibrium data of the present invention using relationships between infinite dilution
pressure gradients and vapor pressures for the acetone (1)-chloroform (2) system, wherein
FIG. 8(a) is a diagram showing a thermodynamic consistency line for the acetone (1)-
chloroform (2) system, FIG. 8(b) is a diagram showing X vs. Y relationships for the acetone
(1)-chloroform (2) system, and FIG. 8(c) is a diagram showing X vs. Y relationships for the
acetone (1)-chloroform (2) system;

FIG. 9 is a diagram for illustrating the highly accurate method for correlation of
phase equilibrium data of the present invention using relationships between infinite dilution
pressure gradients and vapor pressures for the 1-butanol (1)-water (2) system, wherein
FIG. 9(a) is a diagram showing a thermodynamic consistency line for the 1-butanol (1)-water
(2) system, FIG. 9(b) is a diagram showing X vs. Y| relationships for the 1-butanol (1)-water
(2) system, and FIG. 9(c) is a diagram showing X vs. Y relationships for the 1-butanol (1)-
water (2) system;

FIG. 10 is a diagram showing X vs. Y, and X vs. Y relationships for the 2-butanone
(1)-water (2) system;

FIG. 11 is a diagram showing X vs. Y| and X vs. Y relationships for the carbon
dioxide (1)-ethane (2) system;

FIG. 12 is a diagram showing results of comparing mutual solubility data for the 1-

butanol (1)-water (2) system (FIG. 12(a)) and the 2-butanone (1)-water (2) system (FIG.
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12(b)) between actually measured values and predicted values obtained by the method of the
present invention;

FIG. 13 is a diagram showing results of comparing X vs. Y, relationships for the
methanol (1)-water (2) system and the 1-butanol (1)-water (2) system between actually
measured values of infinite dilution activity coefficients and predicted values obtained by the
method of the present invention on the basis of actually measured values of VLE,;

FIG. 14 is a diagram showing relationships between the composition of an azeotrope
and temperature, wherein FIGS. 14(a) to 14(d) are diagrams for the I-propanol (1)-water (2)
system, the 1-butanol (1)-water {2) system, the benzene (1)-methanol (2) system, and the
acetone (1)-chloroform (2) system, respectively;

FIG. 15 is a diagram showing that Y, and Y can be predicted by the homologous
series method, wherein FIG. 15(a) is a diagram showing relationships between the number of
carbon atoms in hydrocarbon and Y or Y, for the carbon dioxide (1)-alkane {2) system and
the carbon dioxide (1)-alkene (2) system, and FIG. 15(b) is a diagram showing relationships
between the number of carbon atoms in hydrocarbon and Y, or Y, for the hydrogen sulfide
(1)-alkane (2) system;

FIG. 16 is a diagram showing the calculation of the number of equilibrium stages in
a distillation column using x-y relationships determined by the method for prediction of
phase equilibrium data of the present invention,;

FIG. 17 is a table showing 60 constant-temperature or constant-pressure data sets for
the methanol (1)-water (2) system (the data is cited from Non-patent Document 1);

FIG. 18 is a table showing VLE data for the heptane (1)-octane (2) system (the data
is cited from Non-patent Document 1);

FIG. 19 is a table showing VLE data for the 1-propanol (1)-water (2) system (the
data 1s cited from Non-patent Document 1);

FIG. 20 is a table showing VLE data for the acetone (1)-chloroform (2) system (the
data is cited from Non-patent Document 1};

FIG. 21 1s a table showing LLE data for the 1-butanol (1)-water (2) system (the data
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is cited from Non-patent Document 2};

FIG. 22 is a table showing LLE data for the 2-butanone (1)-water (2) system (the
data 1s cited from Non-patent Document 2); and

FIG. 23 is a table showing constant-temperature VLE data for the carbon dioxide
(1)-ethane (2) system (the data is cited from Non-patent Document 6).

FIG. 24 is a diagram showing the value of A determined from a carbon number N
and the high accurate correlation according to the present invention, for the n-alkanol
(D+water (2) system, the 2-alkanol (1)+water (2) system, the 1,2-propanediol (1)+water (2)
system, and the ethanolamine (1)+water (2) system at 40°C.

FIG. 25 is a diagram showing the value of B determined from a carbon number N
and the high accurate correlation according to the present invention, for the n-alkanol
(1)+water (2) system, the 2-alkanol (1)+water (2) system, the 1,2-propanediol (1)+water (2)
system, and the ethanolamine (1)-+water (2) system at 40°C.

DESCRIPTION OF EMBODIMENTS

[0115] Hereinafter, the method for correlation of binary phase equilibrium data, the method
for prediction of binary phase equilibrium data, and the method and apparatus for designing
or controlling a component separator or refiner according to the present invention will be
described more specifically.

[0116] First, the highly accurate method for correlation of phase equilibrium data of the
present invention using relationships between infinite dilution pressure gradients and vapor
pressures, and the method for prediction of binary phase equilibrium data based on the
correlation results will be described specifically.

[Correlation of low-pressure VLE data]

(i} Methanol (1)-water (2) system

FIG. 4(a) shows a thermodynamic consistency line for the methanol (1)-water (2)
system as a typical nonazeotropic system. The binary VLE data is cited from Non-patent
Document 1. The values of vapor pressures in the analyses shown below are cited from

Non-patent Document 1. In the drawing, the open circle (0) denotes constant-temperature


ip-temp
Rectangle


- 40 -

data, and the filled circle (®) denotes constant-pressure data. The values of the critical
pressure P, of the lighter component (methanol} are cited from Non-patent Document 3.
FIG. 4(a) shows that: (i) data converges to the line; (ii) data convergence is high; and (iii)
constant-temperature data and constant-pressure data converge to the same line. The
tolerance of data reliability was set to 1%, and data deviated by 1% or more from the
correlation line was excluded. As a result, 54 out of 60 data sets fell in the error range of
1%. A thermodynamic consistency line determined from these 54 reliable data sets is
shown in a linear form in FIG. 4(a). The 60 constant-temperature or constant-pressure data
sets are shown in the table of FIG. 17.

[0117} FIG. 4(b) shows X vs. Y| relationships for the 60 data sets. The calculation
depended on the equations (22), (24), and (25). In the drawing, the open circle (©) denotes
constant-temperature data, and the filled circle (®) denotes constant-pressure data.  Also, the
solid line denotes a correlation line optimized using the equation (30).  FIG. 4(b) shows
that: (i) the correlation according to the present invention is highly accurate; (ii) constant-
temperature data and constant-pressure data converge to the same correlation line; and (iii)
this correlation line is slightly inferior in convergence to the thermodynamic consistency line.
[0118] In this context, the correlation line optimized using the equation (30) was calculated
as follows: first, a thermodynamic consistency line was determined from the 60 data sets
shown in FIG. 17, and data deviated by 1% or more therefrom was excluded to select 54 data
sets. Next, for these 54 sets, the values of X were calculated according to the equation (22)
while the values of Y1 were determined according to the equation (24). In this case, for
constant-pressure data, vapor pressures were calculated using the temperature given by the
equation (23). The values of infinite dilution activity coefficients were calculated according
to v1° = exp(A) and y;” = exp(B) from A and B given in FIG. 17. Next, correlation
constants were determined by the method of least squares using the equations (30) and (32)
as X vs. Y; correlation equations.  In the case of FIG. 4B, the equation (30) was superior in
correlation accuracy.  Specifically, the correlation was achieved according to the equation

(34) with 7.6% errors.
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[0119] [Formula 49]

¥; = -0.00070 — 0.2573X +0.63004.X 2% +1.753191n(1 + X) (34)

In FIG. 4(b), a representative line of the above equation is indicated by the solid line.

[0120] FIG. 4(c) shows X vs. Y, relationships for the 60 data sets. In the drawing, the
open circle (©) denotes constant-temperature data, and the filled circle (@) denotes constant-
pressure data.  Also, the thin solid line denotes a correlation line optimized using the
equation (31). The calculation of FIG. 4(c} was also performed in the same way as in FIG.
4(b) using the 60 data sets. In this case, the following correlation equation was obtained:

[0121] [Formula 50]

0.882
Y2 — 02985X (35)

FIG. 4(c) shows that: (i) the correlation according to the present invention is highly accurate;
(ii) constant-temperature data and constant-pressure data converge to the same correlation
line; and (ii1) this correlation line is slightly inferior in convergence to the thermodynamic
consistency line. In FIG. 4(c), X = Y, relationships were also indicated by the thick solid
line. This demonstrates that the methanol-water system, for which Y, > 0 holds, does not
form azeotropes, but is not a complete asymmetric system (for which p;s >> pys holds).  As
is evident from FIGS. 4(b) and 4(c), the X vs. Y; and X vs. Y, correlations proposed by the
present invention are much more highly accurate than the conventional correlation of VLE
data shown in FIG. 3. FIGS. 4(b) and 4(c) demonstrate the effectiveness of the present
invention for the nonazeotropic system.

[0122] FIGS. 4(d) and 4(e) show X vs. y;” and X vs. 2" relationships, respectively, for the
methanol (1)-water (2) system. X is plotted as a single function of temperature on the
abscissa. These data sets are significantly variable, as in FIG. 3. Thus, FIGS. 4(d) and
4(e) show that the conversion of a reciprocal of temperature to X on the abscissa is not
enough to converge data sets to the line. Since vapor-liquid equilibrium relationship is

proportional to activity coefficients as shown in the equations (2) and (3), variations
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appearing i FIGS. 3, 4(d) and 4(e) are directly reflected in the VLE relationship. In FIGS.
4(d) and 4(e), the values of y,” and y,” determined from the representative lines of FIGS. 4(b)
and 4(c) are indicated by the solid line. The calculation was performed as follows: first, X
was determined according to the equation (22) from a system temperature, and Y; and Y,
were calculated according to the equations (34) and (35). Next, v, and y,~ were calculated
according to the equations (24) and (25). FIGS. 4(d) and 4(e) show that one-to-one
relationships of temperature with v,” and y,” can be determined by the present invention in
an accurate manner that has not been achieved by conventional methods.

[0123] FIG. 5(a) shows P-x and P-y relationship data for the methanol (1)-water (2) system
at a temperature 0 298.15 K.  In the drawing, the open circle (o) denotes Px(1,42), the
filled circle (@) denotes Py(1,42), the open triangle (A) denotes Px(1,44), the open square (O)
denotes Px(1a,49), the filled square (m) denotes Py(1a,49), the open inverted triangle (V)
denotes Px(1b,29), and the filled inverted triangle (V) denotes Py(1b,29). m of the numeric
values in the parentheses (m,n) denotes part number in Non-patent Document 1, and n thereof
denotes page number therein. In the drawing, values predicted from the X vs. Y,
relationships (FIG. 4(b)) and X vs. Y, relationships (FIG. 4(c)) determined by the present
invention were indicated by the solid line (P-x calculated value) and the broken line (P-y
calculated value), respectively. This prediction was calculated as follows: first, the vapor
pressures of methanol and water were determined at 298.15 K based on Non-patent
Document 1 (p;s = 16.93 kPa, p2s = 3.16 kPa, P.; = 8090 kPa), and the values were
substituted into the equation (22} to determine an index X of proximity ratio to critical points
(X =10.00248). Then, Y, and Y, were calculated according to the equations (34) and (35)
(Y =0.00301, Y,=0.00150). Next, infinite dilution activity coefficients y,” and y,” were
determined according to the equations (24) and (25) (y," = 1.439, v,° =1.511). Next, binary
parameters A and B were determined according to the equations (6) and (7) (A = 0.3639,B =
0.4130), and activity coefficients y, and y» were determined according to the equations (4)
and (35) for arbitrary x, (for example, when x; = 0.5, y; = 1.109 and v, = 1.095). These

values were substituted into the equation (8) to determine a pressure P (P = 11.11 kPa). v,
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was determined according to the equation (9) (y; = 0.844). An activity coefficient was
calculated for a liquid composition different from x; = 0.5, a pressure P was determined, the
procedure to determine y; was repeated, and plots were prepared to obtain the curves of the
calculated P-x values and calculated P-y values as shown in FIG. 5(a). As is evident from
FIG. 5(a}, the calculated values are in exceedingly good agreement with the measurement
values shown in the document.

[0124] FIG. 5(b) shows T-x and T-y relationships for the methanol (1)-water (2) system at
101.3 kPa. In FIG. 5(b), x denotes the relationship of x; and T-273.15 for actually
measured values, and + denotes the relationship of y; and T-273.15 for actually measured
values. P-x and P-y values predicted from the X vs. Y; and X vs. Y; relationships
determined by the present invention are indicated by the solid line and the broken line,
respectively.  This prediction was performed as follows: first, the boiling points of methanol
and water were determined at 101.3 kPa (t,; = 64.55°C, ty; = 100.00°C), and an average
boiling point was determined according to the equation {23) (tp ave = 82.27°C). Vapor
pressures were determined at the average boiling point (p;s = 195.82 kPa, pps = 51.78 kPa).
The value of an index X of proximity ratio to critical points was determined using the
average boiling point (X =0.0304). Then, Y, and Y, were calculated according to the
equations (34) and (35) (Y, = 0.0446, Y, = 0.01371). Next, infinite dilution activity
coefficients ;™ and v,” were determined according to the equations (24) and (25) (y,” =
1.842, v, = 1.654). Next, binary parameters A and B were determined according to the
equations (6) and (7) (A =0.6107, B = 0.5029), and activity coefficients were determined
according to the equations (4) and (5) for arbitrary x, (for example, when x; = 0.5, v, = 1.134
and y» = 1.165). These values were substituted into the equation (8) (P = 101.3 kPa) to
determine a system temperature T that satisfied the equation (8) based on the calculated
boiling points (T = 73.3°C). y; was determined according to the equation (9). FIG. 5(b)
shows that the predicted values according to the present invention agree with the average
values of actually measured values, whereas FIG. 5(b) also shows that the actually measured

values are significantly variable, indicating the risk of conventional design methods based
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only on actually measured values. By contrast, FIGS. 4(b), 4(c), 5(a) and 5(b) show that use
of the present invention allows precise prediction of VLE relationship at an arbitrary
temperature and pressure. Thus, the present invention represents a landmark because it can
put an end to the long absence of prediction methods.

(i1) Heptane (1)-octane (2) system

In order to examine the applicability of the present invention to the ideal system
(v;i= 1), FIG. 6(a) shows X vs. Y| relationships for the heptane (1)-octane (2) system. The
binary VLE data 1s cited from Non-patent Document 1 (see FIG. 18). According to the
equation (29), the tolerance of data reliability was set to 1%, and data deviated by 1% or
more from the thermodynamic consistency line was removed. As a result, 10 out of 13 data
sets fell in the error range of 1%. FIG. 6(a) also shows an X vs. Y, correlation line. The
calculation of this correlation line depended on the same method as in the methanol (1)-water
(2) system. FIG. 6(a) shows that: data convergence is high; and constant-temperature data
and constant-pressure data converge to the same correlation line. FIG. 6(b) shows X vs. Y,
relationships for the same data sets as above. In the drawing, the open circle (o) denotes
constant-temperature data, and the filled circle (@) denotes constant-pressure data. In
FIG. 6(b), a correlation line is also indicated. FIG. 6(b) shows that data convergence is high.
FIGS. 6(a) and 6(b) demonstrate the effectiveness of the present invention for the ideal
system.

(iii) 1-propanol (1)-water (2) system (minimum boiling azeotrope)

FIG. 7(a) shows a thermodynamic consistency line for the 1-propanol (1)-water (2)
system. The binary VLE data is cited from Non-patent Document 1 (see FIG. 19). Inthe
drawing, the open circle (0) denotes constant-temperature data, and x denotes constant-
pressure data.  Since this system forms minimum boiling azeotropes, the accuracy of VLE
data convergence is lower than that in the methanol-water system. Also, FIG. 7(a) shows
that: data converges to the line; and constant-temperature data and constant-pressure data
converge to the same line. The tolerance of data reliability was set to 0.6%, and data

deviated by 0.6% or more from the correlation line was excluded. As a result, 7 out of 31
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data sets fell in the error range of 0.6%. Therefore, a thermodynamic consistency line
determined from these 7 reliable data sets is shown in FIG. 7(a).

[0125] FIG. 7(b) shows X vs. Y, relationships determined according to the Wilson equation
for the 1-propanol (1)-water (2) system. In the drawing, the open circle () denotes X vs.
Y constant-temperature data, the filled circle (@) denotes X vs. Y, constant-pressure data,
the open square (o) denotes X vs. Y, constant-temperature data, and the filled square (m)
denotes X vs. Y» constant-pressure data. For this system, vapor-liquid equilibrium
relationships can be more represented by the Wilson equation than by the Margules equation.
The Wilson binary parameters representing vapor-liquid equilibrium relationships are listed
in Non-patent Document 1. The calculation was performed in the same way as in FIG. 4
except that the Wilson equation was used instead of the Margules equation.

[0126] The Wilson equation was as follows:

[0127] [Formula 51]

A A
Iny; =—In(x; + Ajrx5) +x 2 _ 21 a
Y1 1 12%2) + X %1+ Mgy Mgy + Xy (36)
[0128] [Formula 52]
Ay Ay
Inyy =—In(xy + Agxy)—x l - L (37)

xl + AlzxZ A21x1 + JCQ

wherein y; and vy, represent the activity coefficients of components 1 and 2, respectively; x;
and x, represent the mole fractions of components 1 and 2, respectively, in the liquid phase;
and A2 and Ay represent binary parameters. The infinite dilution activity coefficients can
be associated with A2 and Ay by considering x; = 0 in the equation (36) and x; = 0 in the
equation (37).

[0129] FIG. 7(b) shows both X vs. Y; and X vs. Y relationships. Y» < 0 holds true for
this system that forms minimum boiling azeotropes. Thus, in order to examine detailed data
convergence, negative signs of X vs. Y» relationships are shown therein. FIG. 7(b) shows

that data convergence is high even when azeotropes are formed. It also shows that constant-
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temperature data and constant-pressure data converge to the same correlation line.  Thus, in
FIG. 7(b), the representative lines of data were indicated by the solid line for the X vs. Y
correlation line and the broken line for the X vs. Y, correlation line.  FIG. 7(b) demonstrates
the effectiveness of the present invention for the azeotropes. In addition, the values of y,”
and v;” were determined at a temperature of 333.15 K from the representative lines shown in
FIG. 7(b), and P-x and P-y relationships predicted according to the Wilson equation using the
values are indicated in FIG. 7(¢). In the drawing, the open circle (o) denotes P-x data, the
filled circle (@) denotes P-y data, the solid line denotes P-x predicted values according to the
present invention, and the broken line denotes P-y predicted values according to the present
invention. FIG. 7(c) shows that P-x relationships can be predicted properly. It also shows
that the P-y data is less reliable. FIG. 7(d) shows x-y relationships at 101.3 kPa. FIG. 7(d)
shows a diagonal representing Xx; = y; by a thin solid line. Usually, it is not easy to correlate
P-x data and allow x-y relationships to agree with the data (Non-patent Document 1). In
spite of this fact, FIG. 7(d) shows that the predicted values according to the present invention
(thick line) are in surprisingly good agreement with actually measured values (plot),
indicating exceedingly good prediction, though the present invention provides pure
prediction, which determines data only from the values of binary parameters and pressures.
The precise determination of x-y relationships leads to the prediction of azeotropic points that
give operating limits, and is thus practically important. FIGS. 7(a) to 7(d) clearly
demonstrate that the correlation of X vs. Y, and X vs. Y; relationships according to the
present invention is effective for the minimum boiling azeotropes.
(iv) Acetone-chloroform system (maximum boiling azeotrope)

FIG. 8(a) shows a thermodynamic consistency line for the acetone (1)-chloroform
(2) system. The binary VLE data is cited from Non-patent Document 1 (see FIG. 20). In
the drawing, the open circle (0) denotes constant-temperature data, and the filled circle (®)
denotes constant-pressure data. Y < 0 holds true for this system that forms maximum
boiling azeotropes. The Margules equation was used in analysis. FIG. 8(a) shows that:

data converges to the line; and constant-temperature data and constant-pressure data
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converge to the same line. According to the equation (29), the tolerance of data reliability
was set to 2%, and data deviated by 2% or more from the correlation line was excluded. As
aresult, 25 out of 59 data sets fell in the error range of 2%. A thermodynamic consistency
line determined from these 25 reliable data sets is shown in FIG. 8(a).
[0130] FIG. 8(b) shows X vs. Y, relationships determined according to the Margules
equation for the acetone (1)-chloroform (2) system. Y, <0 holds true for this system that
forms maximum boiling azeotropes. Thus, in order to examine detailed data convergence,
negative signs of X vs. Y; relationships are shown therein. In FIG. 8(b), an X vs. Y,
correlation line was also indicated. FIG. 8(b) shows that data convergence is high even
when azeotropes are formed. It also shows that constant-temperature data and constant-
pressure data converge to the same correlation line.
[0131] FIG. 8(c) shows X vs. Y relationships for the same data set as above. In FIG. 8(c),
a correlation line was also indicated. FIG. 8(c) shows that data convergence is high even for
the system that forms maximum boiling azeotropes. FIGS. 8(b) and 8(c) demonstrate the
effectiveness of the present invention for the azeotropes.
[Correlation of LLE data]

Next, the correlation of LLE data will be described in detail with reference to
specific examples.
(1) 1-butanol (1)-water (2) system

Infinite dilution activity coefficients v, and v,™ can be defined from binary liquid-
liquid equilibrium (mutual solubility) to determine Y; and Y,. Preferably, the following
UNIQUAC equation, which calculationally provides the highest convergence, is used for
determining y,“ and v,” from mutual solubility:

[0132]
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{Formula 53]

D; z G; ri
]J.lyi =111?;'+-£q1' lnqui-+@i{li —éljJ—qI' ]11(91- +19J-zﬁ)

T!'),'

. (38)
if
+9jqf —
81' +9j‘r7ji 5_] +8i1'!']'

[0133] [Formula 54]

T i
! X1 t+ X7y (39)
[0134] [Formula 55]
g —— it
I X141 T X292 (40)
[0135] [Formula 56]
pA
h=5@—%%ﬁr4) @1

In the above equations, r; represents a molecular volume index, and q; represents a molecular
surface area index. These values are provided by Non-patent Document 2. Also, x;
represents the mole fraction of component i; z is equal to 10 and fixed; t; and 7 represent
binary parameters; and ®@;, 8;, and [; represent variables defined by the equations (39), (40),
and (41), respectively. x; = 0 is substituted into the equation (38) to obtain the following
equation for an infinite dilution activity coefficient:

[0136] [Formula 57]

© . r.4q;
Iny° =InL+Zg 2L+ 20— g))
T 114
(42)
4
=0y =D~y =)= =Dl = gi 1oz )+, 1)

J

Thus, t;; and t;; are determined according to the equations (10) and (38) from mutual
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solubility data at a certain temperature. Infinite dilution activity coefficients are determined
according to the equation (42). Then, A and B can be determined according to the equations
(6) and (7). After A and B are determined, 3, X, Y, and Y; can be calculated according to
the equations (14}, (22), (24) and (25), respectively.

[0137] FIG. 9(a) shows a thermodynamic consistency line for the 1-butanol (1)-water (2)
system. In the drawing, the open circle (©) denotes LLE data (the data is cited from Non-
patent Document 2; see FIG. 21), and the filled circle () denotes VLE data (the data is cited
from Non-patent Document 1). From the mutual solubility data (Non-patent Document 2)
shown in FIG. 2(a), the values of A and B were determined according to the UNIQUAC
equation, and [ was determined from the equation (14) according to the UNIQUAC equation.
Since the vapor-liquid equilibrium data for the 1-butanol (1)-water (2) system has also been
reported in Non-patent Document 1, the value of B for the VLE data determined from the
equation (14) according to the UNIQUAC equation as an activity coefficient is also indicated
in FIG. 9(a). FIG. 9(a) shows that: (i) liquid-liquid equilibrium data and vapor-liquid
equilibrium data give the same thermodynamic consistency line (Non-patent Document 4);
and (ii) liquid-liquid equilibrium data gives a more converged thermodynamic consistency
line than vapor-liquid equilibrium data (Non-patent Document 5). FIG. 9(b) shows X vs. Y,
relationships determined according to the UNIQUAC equation for the 1-butanol (1)-water (2)
system. In the drawing, the open circle (o) denotes LLE data, the filled circle () denotes
constant-temperature VLE data, x denotes constant-pressure VLE data, and the solid line (-}
denotes a correlation line for the LLE data. FIG. 9(b) shows that LLE data and VLE data
give the same X vs. Y, relationships.  Specifically, FIG. 9(b) demonstrates that the present
invention is effective commonly for liquid-liquid equilibrium data and vapor-liquid
equilibrium data. FIG. 9(c) shows X vs. Y, relationships for the 1-butanol (1)-water (2)
system. The l-butanol (1)-water (2) system forms minimum boiling azeotropes and was
thus indicated by negative signs. In the drawing, the open circle (©) denotes LLE data, the
filled circle (@) denotes constant-temperature VLE data, x denotes constant-pressure VLE

data, and the solid line (-) denotes a correlation line for the LLE data. In FIG. 9(c), the
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convergence of LLE data and VLE data was high, demonstrating the effectiveness of the
present invention which determines binary parameters A and B and uses a proximity ratio to
critical points determined according to the equation (22) and infinite dilution pressure
gradients determined according to the equations (24) and (25), on the basis of only highly
reliable data.
(i1) 2-butanone (1)-water (2) system

FIG. 10 shows both X vs. Y relationships (solid line with open circles ()} and X vs.
Y relationships (broken line with filled circles (®)) determined according to the UNIQUAC
equation for the 2-butanone (1)-water (2) system. The LLE data is cited from Non-patent
Document 2 (see FIG. 22). FIG. 10 shows that by use of the index of proximity ratio to
critical points infinite dilution pressure gradients can converge even to LLE data with high
accuracy. Specifically, it demonstrates the effectiveness of the present invention for LLE.
[Correlation of high-pressure VLE data]
(i) Lumped non-ideality correlation

A method involving lumping parameters for non-ideality in the liquid phase and
non-ideality in the vapor phase and representing non-ideality according to the equation (28)
was examined for its effectiveness. Non-patent Document 1 has reported more than 12500
low-pressure data sets, to which the lumped non-ideality correlation was applied.
Correlation errors have also been reported therein. Table 1 shows relative values of
correlation errors in constant-temperature P-x data according to the Margules equation
reported in Non-patent Document 1.
[0138] [Table 1]

Table 1 P-x correlation errors in constant-temperature VLE data

Binary system Number of data sets Average correlation error

1

%

(Low-pressure VLE data)

Aqueous solutions 508 4.20
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Organic compounds with OH

1900 2.70
groups
Compounds with aldehydes,

1399 1.20
ketones, ethers
Compounds with carboxylic acids,

234 2.30
esters
Aliphatic hydrocarbons 1583 1.20
Aromatic hydrocarbons 1007 1.00
Compounds with halogen, nitrogen,

630 1.60
sulfur, and others
(High-pressure VLE data)
Compounds with carbon dioxide 112 1.00
Whole binary system 265 0.90

L (100/n)ZAPi/Ps ave
n: The number of data sets
AP;: Correlation error of pressure for i-th data set

Ps ave: Average pressure of i-th data set

Table 1 shows the increasing tendency of correlation errors in polar mixtures
compared with errors on the order of 1% in non-polar mixtures. Table 1 also reveals the
degree of correlation errors derived from the lumped non-ideality correlation previously
applied to low-pressure data. A large number of binary high-pressure VLE data sets are
listed in Non-patent Document 6. Thus, P-x relationships for constant-temperature VLE
data that satisfied T < T¢; (T, represents the critical temperature of a light component, i.e., a
component having a high vapor pressure) were subjected to the lumped non-ideality
correlation according to the Margules equation to determine correlation errors of pressure in
each data set. The average relative errors thereof were indicated in Table 1. Table 1

shows that correlation errors even in the high-pressure P-x data are equal to or lower than the
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level of hydrocarbon mixtures in low-pressure vapor-liquid equilibrium. This means that
the lumped non-ideality correlation of P-x data is effective even for high-pressure data, as in
low-pressure data. The conventional correlation using mixing rules for high-pressure data
has the disadvantage that it cannot be applied to the prediction of VLE relationship. By
contrast, particularly notable is the accomplishment of the present invention, which has found
that the lumped non-ideality correlation is effective even for high-pressure data. This is
because the method of the present invention can determine X vs. Y, and X vs. Y;
relationships even for high-pressure VLE data at totally the same level as in low-pressure
data and can be used with its effectiveness easily proved.
(i1) Correlation of constant-temperature/high-pressure VLE data for carbon dioxide (1)-
ethane (2) system

Binary high-pressure VLE data is compiled in Non-patent Document 6. Thus, P-x
relationships for the constant-temperature VLE data of the carbon dioxide (1)-water (2)
system (see FIG. 23} that satisfied T < T.; were subjected to the lumped non-ideality
correlation according to the Margules equation. Y; and Y, were calculated from the
determined values of y,” and v,”.  FIG. 11 shows X vs. Y, and X vs. Y; relationships. In
the drawing, the open circle (©) denotes X vs. Y| relationships, and the filled inverted
triangle ( ¥) denotes X vs. Y relationships.  Since the carbon dioxide-cthane system forms
minimum boiling azeotropes, negative signs of Y, are shown therein. FIG. 11 demonstrates
that: both the X vs. Y, and X vs. Y relationships give converged relationships; and the
correlation method according to the present invention can also be used effectively for high-
pressure vapor-liquid equilibrium data.
[0139] The most important application of the highly accurate method for correlation of
phase equilibrium data of the present invention using relationships between infinite dilution
pressure gradients and vapor pressures is the precise pure prediction of vapor-liquid
equilibrium (VLE) relationship. Specifically, X vs. Y; and X vs. Y relationships are
individually determined by correlation from existing data, and the values of 1, and v,” are

determined for the binary system on the basis of these correlations.  As a result, phase
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equilibrium relationship can be predicted purely without the use of individual data. The
effectiveness of the present invention for the pure prediction of binary VLE is expressed in
terms of an example of the constant-temperature methanol (1)-water (2) system in FIG. 5(a)
and an example of the constant-pressure methanol (1)-water (2) system in FIG. 5(b) as to the
nonazeotropic system. Also, it is expressed in terms of an example of the constant-
temperature 1-propanol (1)-water (2} system in FIG. 7(c) and an example of the constant-
pressure 1-propanol (1)-water (2) system in FIG. 7(d) as to the minimum boiling azeotropes.
The conventional group contribution method is known as a pure prediction method without
the use of individual actually measure data, albeit with disadvantageously significantly low
prediction accuracy. The pure prediction of VLE based on the correlation method according
to the present invention is advantageously reliable with significantly high prediction accuracy.
[0140] Another important application of the correlation method according to the present
invention 1s the pure prediction of mutual solubility. None of the previously proposed
methods are capable of highly accurately correlating relationships between mutual solubility
and temperature. The application of the correlation method according to the present
invention to binary LLE is expressed in terms of the 1-butanol (1)-water (2) system in

FIG. 12(a). The mutual solubility data is the same as in FIG. 2(a). In the drawing, the
open circle (0) denotes actually measured values of (x;)z (cited from Non-patent Document
2), the filled circle (@) denotes actually measured values of (x;); (cited from Non-patent
Document 2}, the solid line (-) denotes predicted values of (x;), according to the present
invention, and the broken line (...) denotes predicted values of (x;); according to the present
invention. FIG. 12(a) demonstrates that mutual solubility can be predicted favorably using
the present invention.  Also, FIG. 12(b) shows an example of mutual solubility prediction
for the 2-butanone (1)-water (2) system. The mutual solubility data is the same as in

FIG. 2(b). In the drawing, the open circle (©) denotes actually measured values of (x;);
(cited from Non-patent Document 2), the filled circle (®) denotes actually measured values of
(x1)1 (cited from Non-patent Document 2), the solid line (-} denotes predicted values of (x;);

according to the present invention, and the broken line (...) denotes predicted values of (x1),
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according to the present invention. FIG. 12(b) shows the slight difference of the data from
the predicted values for (x;);. This is because correlation functions are not properly selected
for X vs. Y relationships, as shown in FIG. 10. FIG. 12(b) demonstrates that infinite
dilution activity coefficients must be correlated with significantly high accuracy for the
mutual solubility prediction. This is the reason for the conventional unfavorable correlation
of temperature for LLE. The method of the present invention can converge X vs. Y,
relationships for LLE data with high accuracy, as shown in FIG. 10, and thus has the
advantage that correlation functions can be selected strictly. FIG. 10 and FIG. 12(b) show
that the correlation of LLE requires significantly high accuracy and the effectiveness of the
present invention.

[0141] The phase equilibrium relationship can be predicted precisely if the values of infinite
dilution activity coefficients are correctly determined. The correlation method according to
the present invention has the great advantage that it can easily give the values of infinite
dilution activity coefficients. FIG. 13 shows X vs. Y| relationships (indicated by the open
circle (©)) calculated for the methanol (1)-water (2} system from the actually measured
values of y;” cited from Non-patent Document 7. In FIG. 13, X vs. Y relationships
determined from the VLE data shown in FIG. 4(b) are also indicated by the solid line (-).
These results are in good agreement with each other. FIG. 13 further shows results of
similar comparison for the 1-butanol (1)-water (2) system. In the drawing, the filled circle
() denotes v, data for the 1-butanol (1)-water (2) system, and the broken line (- -) denotes a
representative line of VLE data for the 1-butanol (1)-water (2) system. FIG. 13
demonstrates that the values of infinite dilution activity coefficients determined from VLE
data using the converged correlations obtained by the present invention agree with the
actually measured values of infinite dilution activity coefficients. As shown in FIGS. 4(d)
and 4(e), it has been considered that reliable infinite dilution activity coefficients cannot be
determined from VLE data. The correlation method developed by the present invention
produces high convergence, breaks through this common knowledge and serves as a novel

reliable approach capable of providing infinite dilution activity coefficients. Particularly, a
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method for measuring infinite dilution activity coefficients has not yet been found for heavy
components, such as water in alcohol. The method of the present invention can correlate
more accurately X vs. Y, relationships for heavy components than X vs. Y relationships for
the same. Specifically, as is evident from these results, the method of the present invention
can determine infinite dilution activity coefficients, which are basic determinants necessary
for phase equilibrium relationship, from abundant VLE data and as such, is exceedingly
useful.

[Prediction of azeotrope]

Mixtures cannot be enriched by a distillation method at a temperature exceeding the
azeotropic point. The definition of relationships between the composition of azeotropes and
temperature is exceedingly important for determining the operational conditions of
distillation. The method of the present invention can purely predict precise vapor-liquid
equilibrium relationship and consequently has the great advantage that it can highly
accurately predict azeotropes whose highly accurate prediction has been difficult for
conventional methods. FIG. 14(a) shows relationships between the composition of an
azeotrope and temperature for the 1-propanol (1)-water (2) system. Since binary parameters
A and B determined from the Margules equation are provided by Non-patent Document 1,
the relationships are obtained for VLE data using these parameters. X vs. Y, and X vs. Y>
relationships are obtained using the Margules equation, and relationships between
composition X a-e Of an azeotrope and a temperature T,,¢, calculated from th_ese correlations
are indicated by the solid line in FIG. 14(a). In addition, similar relationships are indicated
for the 1-butanol (1)-water (2) system, the benzene (1)-methanol (2) system, and the acetone
(1)-chloroform (2) system in FIGS. 14(b), 14(c), and 14(d), respectively. In FIGS. 14(a) to
14{c), the data and the predicted values are in good agreement with each other, demonstrating
that the correlation method according to the present invention is effective for the prediction
of azeotropic points.

[Assessment of phase equilibrium data consistency]

Aside from thermodynamic consistency lines, data consistency can be agsessed
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using the data convergence of X vs. Y; and X vs. Y relationships. Particularly, data
consistency can be assessed easily if relationships between an index X of proximity ratio to
critical points and infinite dilution pressure gradients converge to a line. This assessable
data consistency means that the correlation method according to the present invention
produces high data convergence.

[Prediction of ternary VLE]

Three sets of binary parameters for basic binary systems constituting a ternary
system can be determined from termary VLE data by use of activity coefficient equations
such as Margules, UNIQUAC, Wilson, and NRTL equations. Thus, when X vs. Y, and
X vs. Y3 relationships determined from ternary VLE data agree with X vs. Y, and X vs. Y>
relationships determined from binary VLE data, the ternary data can be assessed as being
consistent. On the other hand, three sets of binary parameters for basic binary systems can
be determined on the basis of X vs. Y, and X vs. Y relationships determined from binary
VLE data, and used in the prediction of ternary VLE relationship. An example of the
ternary system using the Margules equation is shown below. The activity coefficient
equation of component 1 in the multicomponent system is obtained by differentiating an
excess function g by the number of moles n; of component 1 as follows:

[0142] [Formula 58}
n
8" Y
k=1

on;

For the ternary system, g© is represented by the following Margules equation (see Non-patent
Document 8):
[0143] [Formula 59]
8% = %%, (%,Byp + %0 A0) + x4, (%, Bz + x3445)
+3p%3(X2Bog + X3Aas) + X13,%3(Byy + A5 + By3) (44)
wherein gF represents an excess function; x; represents the mole fraction of component i in

the liquid phase; and A;; and Bj; represent binary parameters consisting of 1 and j in the binary
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system. Specific equations for extending the UNIQUAC, NRTL, or Wilson equation to the
multicomponent system is shown in Non-patent Document 3.  Since three sets of binary
parameters constituting the ternary system, i.e., a total of 6 binary parameters, can be
determined using the present invention, the excess function and the activity coefficient can be
determined according to the equations (44) and (43), respectively. For the multicomponent
system, the activity coefficient can be easily determined directly by numerical differentiation
of the equation (43). Also, the pressure can be determined according to the following
equation:

[0144] [Formula 60]

n
P = Z}/kxkpks (45)
k=1

wherein P represents a system pressure; yx represents the activity coefficient of component k;
xx represents the mole fraction of component k in the liquid phase; and py; represents the
vapor pressure of component k. In order to demonstrate that the present invention can be
applied to the prediction of multicomponent vapor-liquid equilibrium, Table 2 compares
predicted values (calculated values) of pressure according to the present invention with
actually measured values (the data is cited from Part 1a, p. 494 of Non-patent Document 1)
for the water (1)-methanol (2)-ethanol (3) ternary system at 298.15 K. Ay, By;, etc., in the
equation (44) are calculated from the correlation equation according to the present invention
using actually measured values of three binary vapor-liquid equilibria consisting of the water
(1)-methanol (2) system, the water (1)-ethanol (3) system, and the methanol (2)-ethanol (3)
system. Table 2 shows that: the measured and predicted values of pressure agree with each
other with a difference of 0.5% when mole fractions x; and X, of water and methanol in the
liquid phase have various values; and average errors of mole fractions y; and y» in the vapor
phase are merely .8%. Thus, the values are in surprisingly good agreement. These
results demonstrate that multicomponent vapor-liquid equilibrium can be predicted with

exceedingly high accuracy using the present invention.
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[0145] [Table 2]
Table 2 Comparison between actually measured VLE data

and predicted values of ternary VLE according to the present invention for

water (1)-methanol (2)-ethanol (3) system

Actually measured value

X X2 Y1 ¥2 P
0.0955 0.0992 0.077 0.183 64.59
0.103 0.1974 0.072 0.335 70.87
0.094 0.7047 0.035 0.847 103.98
0.0966 0.8067 0.032 0.915 110.71
0.1513 0.2243 0.1 0.37 72.18
0.2989 0.1525 0.191 0.267 64.98

Calculated value

X| X2 Vi ¥y2 p
0.0955 0.0992 0.0789 0.1829 64.98
0.103 0.1974 0.0738 0.3347 70.92
0.094 0.7047 0.0353 0.8476 104.24
0.0966 0.8067 0.0317 0.9155 111.39
0.1513 0.2243 0.0996 0.3712 71.94
0.2989 0.1525 0.186 0.2688 65.61

[0146] [Prediction of phase equilibrium using homologous series]

The method according to the present invention has the high correlation accuracy of
X vs. Y, and X vs. Y5 relationships and thus permits phase equilibrium prediction using
homologous series, which has been difficult to conventional methods for prediction of phase
equilibrium. FIG. 15(a) shows relationships between the number of carbon atoms and Y,

and Y, determined at X = 0.5 for the carbon dioxide (1)-alkane (2) system and the carbon
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dioxide (1)-alkene (2) system from high-pressure VLE data (cited from Non-patent
Document 6). In FIG. [5(a), the X vs. Y; and X vs. Y; relationships are indicated by the
open circle (0) and the open triangle (A), respectively, for the carbon dioxide (1)-alkane (2)
system. Also, the X vs. Y; and X vs. Y; relationships are indicated by the filled circle (o)
and the filled triangle ( &), respectively, for the carbon dioxide (1)-alkene (2) system. The
tendency in which the values of Y, and Y, increase with increase in the number of carbon
atoms is clearly shown for all the homologous series. FIG. 15(a) also shows that the value
of Y, is substantially the same between alkane and alkene having the same number of carbon
atoms. It further shows that these systems form minimum boiling azeotropes at Y, <0 for
ethane or ethylene and can be handled easily as asymmetric systems when the number of
carbon atoms becomes larger than that of butane (i.e., X =Y, = 0.5 is satisfied). It should
be understood that such uniform relationships of high-pressure VLE data can be established
for homologous series because the present invention successfully provides highly accurate
correlation.

[0147] FIG. 15(b) shows relationships between the number of carbon atoms and Y and Y,
determined at X = 0.4 for the hydrogen sulfide (1)-alkane (2) system from high-pressure VLE
data (cited from Non-patent Document 6). In this context, the X vs. Y; and X vs. Y
relationships are indicated by the open circle () and the open triangle (A), respectively.
Again, the tendency in which the values of Y; and Y, increase with increase in the number of
carbon atoms is clearly shown in FIG. 15(b). FIG. 15(b) also shows that this system forms
minimum boiling azeotropes at Y, < 0 for hydrogen sulfide (1)-ethane (2) system and can be
handled as an asymmetric system when the number of carbon atoms in alkane is close to 5
(l.e, Y1 =Y2=04holds)). Constant-temperature data for defining binary parameters A
and B is absent for propane, a principal component of natural gases. FIG. 15(b}
demonstrates that the values of Y; and Y and, by extension, y,” and y»* can be predicted
even for undocumented hydrogen sulfide (1)-alkane (2) systems by use of the representative
line representing homologous series relationship. In addition, phase equilibrium

relationship can be predicted accurately by use of homologous serics relationship for binary
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systems that are less reliable due to the limited number of data sets. Hydrogen sulfide,
which is an extremely poisonous substance, is limited in measurement data. The absence of
phase equilibrium data containing hydrogen sulfide has been a difficult-to-solve problem in,
for example, the design of natural gas processing. In such a case, the present invention,
which has achieved phase equilibrium prediction using homologous series, is of great
significance.
[0148] [Prediction of vapor-liquid equilibrium using atomic group contribution method]
Conventional atomic group contribution methods, such as the UNIFAC method, are
characterized in that they are significantly low in prediction accuracy since they determine
the values of groups vs. parameters by using all existing phase equilibrium data and the
values are used as constant values. By contrast, the atomic group contribution metﬁod
based on the present invention selects only binary systems including atomic groups required,
determines the logarithmic values of infinite dilution activity coefficients from the X vs. Y,
and X vs. Y, relationships at a temperature or pressure of interest, and determines the group
contribution to nondimensional infinite dilution excess partial molar free energy, i.e., Iny;”.
Thus, the method based on the present invention is characterized by high prediction accuracy.
An example in which the vapor-liquid equilibrium for a system of 1-propanol (1) + water (2)
is predicted by the atomic group contribution method will be explained.
(a) Determination of atomic group: In this step, a methyl group (CH3) and a methylene group
(CHy) are indicated by Me, identically, and the system of 1-propanol (1) + water (2) consists
of three atomic groups: Me, OH and H,O.
(b) Selection of reference binary systems including atomic groups: A system of methanol (1)
+ water (2) and a system of ethanol (1) + water (2) are selected as binary systems including
Me, OH and H,O.
(c) The values of Y, and Y are determined for the reference binary systems at a temperature
or pressure at which vapor-liquid equilibrium is to be determined. For example, for the
system of methanol (1) + water (2), Y, and Y, are determined according to the equations (34)

and (35), respectively. From these values, the values of Iny;” and Iny,* are determined for
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the respective reference binary systems.

(d) The group contribution to Iny, * and Iny,” is formulated. Specifically, since methanol
consists of an Me group and an OH group and ethanol consists of two Me groups and an OH
group, the following equation holds for methanol (MeOH):

[0149] [Formula 61]

(1 ny," Meon— 1 nYMe/H20m+ 1 1'1Y0H/1-[20m

The following equation holds for ethanol (EtOH):
[0150] [Formula 62]j

(1ny;%) g.on=21 nYMe/H20w+ 1 1'1}":&1/1-[2(:)0u

wherein (Iny) “)meon represents the Ilny; * of the system of methanol (1) + water (2);

(Iny, “)eon represents the Iny; ~ of the system of ethanol (1) + water (2); Iny 0" represents a
logarithmic value of an infinite dilution activity coefficient in water for an atomic group i,
wherein the logarithmic value is regarded as justifying the additivity of atomic groups. The
contribution to the two atomic groups, i.e., Inymenzo” and Invormo ™, can be determined
according to those two equations. Iny,” is represented in the same manner as above.
Specifically, the following equation holds for methanol (McOH):

[0151] [Formula 63]

(1 nY,") Meon= 1 nYHzo/Mem+ Il nYu20,0m

The following equation holds for ethanol (EtOH):

=]

[0152] [Formula 64]
(1 n"{zm) gron— 2 | nYHZO/Mem+ 1 n“YHzo/or-[oo

wherein (Iny, “Imeon represents the Iny;” of the system of methanol (1) + water (2);
(Iny2)eon represents the Iny, ™ of the system of ethanol (1) + water (2); Inyynos” represents a
logarithmic value of an infinite dilution activity coefficient in a pure atomic group i for water.
[0153] The contribution to the two atomic groups, i.e., Inymome and Inyusoon™, can be
determined according to those two equations.  Since the free energy contribution to the
atomic groups has been determined, Margules binary parameters A and B can be determined

for the system of 1-propanol (1) + water (2).
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[0154] [Formula 65]
A=107,"=3 1 n¥ye us0 + 1 N¥ounz0
B=1nv,"=3 | n¥us0,me T 1 N¥uz0,0n"

=]

As a method for prediction of a vapor-liquid equilibrium relationship from the values of A
and B, for example, the method described for FIGS. 5(a) and 5(b) may be used.
Alternatively, much more binary system of alcohol (1) + water (2) may be added as a
reference binary system of FIG. 5(b) to determine the group contribution as an average value.
[0155] The method for prediction of phase equilibrium according to the present invention
can be used in the apparatus or operational design of a distillation column, an absorption
column, an extraction column, or a crystallizer, which inevitably requires phase equilibrium
relationship.  For such use, the method of the present invention can be incorporated, as
described above, in software for phase equilibrium calculation and applied thereto. Also,
such use encompasses the determination of the sizes of individual apparatuses as well as the
design and control of a separation process using a plurality of apparatuses in combination.
In Example 1, an example of design calculation for determining the number of equilibrium
stages in a stage contact-type distillation column is compared between use of the present
invention and use of a conventional method dependent on measurement data.

EXAMPLE 1

[0156] (Calculation of equilibrium stages in distillation column according to McCabe-
Thiele method)

The case is assumed where a 50 mol% methanol (1)-water (2) mixed solution is
supplied as a boiling solution to a plate column at 101.3 kPa, and 95% concentrates are
obtained from the top of the column while 5% bottoms are obtained from the bottom of the
column. The reflux ratio is set to 3. The vapor-liquid equilibrium of the methanol (1)-
water (2) system at 101.3 kPa is determined according to the present invention, and
x-y relationships are given by the solid line of FIG. 16. The x-y relationships are
determined from two representative lines drawn in FIG. 5(b). The specific calculation

method thereof is as follows: first, the boiling points of methanol and water at 101.3 kPa are
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calculated to determine an average boiling point. X at this average boiling point is
calculated according to the equation (22). Next, the values of Y, and Y, are determined
from the value of X according to the equations (34) and (35), respectively. Subsequently,
11~ and v, are calculated from the equations (24) and (25), respectively, and A and B arc
determined according to the equations (6) and (7), respectively. Subsequently, a
temperature that satisfies the equation (8) is determined by boiling point calculation.  Since
vapor pressures can be calculated from the thus-determined boiling point, the value of y; for
x1 1s determined according to the equation (9). In this way, x-y relationships are calculated.
The number of equilibrium stages appropriate for the design conditions is determined using
the McCabe-Thiele method. An enriching section operating line and a stripping section
operating line are drawn, and stepwise graphics are created with mole fractions of methanol
from 0.95 to 0.05 between the operating line and the equilibrium line to determine 5 stages.
As a result of subtracting the equilibrium stage of the distillation still therefrom, it is
determined that 4 equilibrium stages are necessary. A raw material supply stage
corresponds to the third stage from the top.
COMPARATIVE EXAMPLE 1
[0157] A large number of vapor-liquid equilibrium data sets at 101.3 kPa have been
reported. Using the data sets listed in Part 1 of page 43 of Non-patent Document 1, x-y
relationships are given by the dotted line of FIG. 16.  As a result of creating similar stepwise
graphics using these data sets, 5.6 stages are determined. This means that a difference of
10% or more appears. In this case, a raw material supply stage corresponds to the fourth
stage from the fop, which largely differs from the correct value (third stage). Apparatus
design based on such data is risky:.
EXAMPLE 2
[0158] [Application of atomic group contribution method]

Existing group contribution methods such as the UNIFAC or ASOG
method determine group parameters without excluding errors from measurement data,

whereas the atomic group contribution method according to the present invention is
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characterized by exceedingly high accuracy in application because the method uses a highly
accurate method for correlation of infinite dilution activity coefficients to exclude
measurement errors. In the application of the contribution method, data correlated with
high accuracy by excluding measurement errors may also be analyzed in the same manner as
a conventional method such as the UNIFAC or ASOG method to determine group parameters.
Alternatively, a method of determining the atomic group contribution to nondimensional
infinite dilution excess partial molar free energies, Iny,” and Iny,”, may be used. Based on
the system of alkanol (1) + water (2), an example of the application of the atomic group
contribution method will be shown below.

[0159] Vapor-liquid equilibrium measurement values for the binary system of n-alkanol (1)
+ water (2) comprising an alkanol selected from alkanols ranging from methanol to hexanol
as a first component and water as a second component are correlated according to the
Margules equation to determine Margules binary parameters, which are given by Non-patent
Document 1. First, these parameters are used for the highly accurate correlation according
to the present invention to determine correlation equations for X vs. Y; and X vs. Y»
relationships. Since only one data set has been found for the system of 2-hexanol (1) +
water (2), the X vs. Y relationship is approximated by a straight line connecting (X, Y) and
the origin. The X vs. Y relationship is approximated in the same manner as the X vs. Y,
relationship.  From these correlation equations, the values of Margules parameters A and B
(i.e., nondimensional infinite dilution excess partial molar free energies, Iny; “ and Iny,™) at
40°C are calculated and shown in Table 3. FIG. 24 shows the relationship between the |
values of a carbon number N, of alkanol and A for the of n-alkanol (1) + water (2) at 40°C.
FIG. 25 shows the relationship between the values of a carbon number N, of alkanol and B
for the system of n-alkanol (1) + water (2) at 40°C. In FIG. 24, when the point of methanol
is extended to that of 1-propanol through that of ethanol, the relationship (N.1, A) = (3,
2.381) 1s obtained. This value is close to the value of n-propanol which is shown in Table 3
(A=2.281). Likewise, the relationship B =1.37 is obtained as B of n-propanol and is close
to (Ne1, B)=(3, 1.234) in Table 3. This reveals that the linear sum rule can be applied
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effectively to the atomic group contribution method.

[0160] On the other hand, the filled circle () in FIGS. 24 and 25 indicates that the linearity
for the system of n-alkanol (1) + water (2) holds only in N 8. The values of A and B for
2-alkanol are indicated by symbol (%) in FIGS. 24 and 25. These figures show that the
values of A and B for n-alkanol and 2-alkanol are different. Conventional group
contribution methods cannot identify the difference in binding sites of groups in a molecule,
whereas FIGS. 24 and 25 show that the present invention can identify the difference in
binding sites.

[0161] In FIGS. 24 and 25, the filled inverted triangle ( W) denotes the values of A and B
for the system of 1,2-propanediol (1} + water (2) and the filled triangle (A ) denotes the
values for the system of ethanolamine (1) + water (2). FIGS. 24 and 25 show that those
values are significantly different from those for the system of n-alkanol (1) + water (2).
[0162] In conventional group contribution methods, the contribution of diol is incorporated
by the doubling of the contribution of -OH groups. The value of A for the system of 1,2-
propanediol (1) + water (2) is determined as follows according to a conventional method:
first, in FIG. 24, a straight line is drawn from the point of ethanol to that of methanol to
determine the Y-intercept (A =-0.22). This value represents the value of A in N, =0, i.e,,
Inyowmzo ", and the contribution of OH groups in water. The value is close to zero and this
reflects that the characteristics of OH groups and water are similar to each other. The value
of A for 1,2-propanediol is A = 2.281 + (-0.22) = 2.061, assuming that the -H group of n-
propanol has been replaced by an -OH group.

[0163] However, as shown in Table 3, the actual value of A is A = 0.096, indicating that the
value of Iny; “becomes closer to zero due to hydrophilicity enhanced by the binding of two
OH groups to adjacent carbon atoms. When each -OH group is replaced by an -NH; group,
the synergism effect obtained by this group is further increased as indicated by the value of
ethanolamine in Table 3 (A =-0.891). This synergism effect changes in intensity when a
solvent other than water is used. Thus, FIGS. 24 and 25 show that assigning common

synergism effects among groups, regardless of solvents and systems, as in conventional
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methods, is one cause of the significant reduction of the accuracy in prediction of excess
partial molar free energies, 1.e., a vapor-liquid equilibrium relationship.

[0164] The atomic group contribution method according to the present invention is
characterized by the reliability obtained by the determination of the values of nondimensional
infinite dilution excess partial molar free energies (A and B) from a highly accurate
correlation line and the exclusion of measurement errors therefrom. Specifically, to
determine the value of A for the system of 1,2-diol (1) + water (2), the line indicating the
relationship between A and N, for n-alkanol (i.e., the relationship indicated by a solid
polygonal line) is parallelly shifted downward to that for 1,2-propanediol to determine the
N¢1 dependency of A on the basis of the already known value of the system of 1,2-
propanediol (1) + water (2). By this procedure, the synergism effect of diol can be properly
incorporated. Likewise, to determine the value of A for the system of alkanolamine (1) +
water (2), the line indicating the relationship between A and Ng; for n-alkanol is parallelly
shifted downward to that for ethanolamine to determine the relationship between A and N,,.
Also, the synergism effect can be incorporated by parallel shifting of the line indicating the
relationship between B and N; for n-alkanol in the same manner as above.  Since there are
abundant reports on vapor-liquid equilibrium measurement values for n-alkanol which are
obtained using solvents other than water, the respective relationships between A or B and N,
can be easily determined. Thus, compared with existing methods using all existing vapor-
liquid equilibrium measurement values to determine group contribution on a large scale, the
present atomic group contribution method is characterized in that it can determine group
contribution individually and easily. Users of the atomic group contribution method specify
binary systems and temperature or pressure to prepare the relationship indicated by the solid
line in FIGS. 24 and 25, i.e., the relationship between A or B and the carbon number N¢; of
alkane for homologous sertes including the groups at the end of the alkane. Next, the
relationship between A or B and a carbon number N (reference relationship) for a binary
system including synergism effect is determined from measurement values. Finally, the line

indicating the carbon number dependency of the already determined values of A and B is
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paralleily shifted to the reference value to determine the values of A and B for the binary
system. As shown by FIGS. 24 and 25, abundant measurement values of the system of 2-
alkanol (1) + water (2) are found and thus the measurement values are preferably used
without parallel shifting. Also, an interpolation or extrapolation method may be used for
carbon number data that is missing.
[0165] [Simple application of atomic group contribution method]

The atomic group contribution method can also be simply applied. FIGS. 24 and
25 show one example of the application. The relationship between nondimensional infinite
dilution excess partial molar free energies (A and B) and a carbon number N; may be
approximated by a straight broken line. In this case, straight-line approximation is possible
taking advantage of data abundance. A straight line (broken line) has been determined from
two points for methanol and ethanol for the system of n-alkanol (1) + water (2) which is
shown in FIGS. 24 and 25. Further, as shown by the dotted line in FIG. 24 or 25, the
broken line may be parallelly shifted and the relationship for 1,2-diol or alkanolamine in
which synergism effect is expected may be approximated by a straight line including the
point for the component. Alternatively, in a simple method, an average value may be used
as the slope of straight-line approximation or the slope may be made approximate to zero.
[0166] [Table 3]
Values of A and B determined from carbon number N; and highly accurate correlation
according to the present invention for the system of n-aikanol (1) + water (2}, the system of
2-alkanol (1) + water (2), the system of 1,2-propanediol (1) + water (2) and the system of

ethanolamine (1) + water (2) at 40°C

Carbon

number n—Alkanol . Number of data sets 2-Alkanol Number of data sets
Na: A B A BL
1 0649 - 0412 60 : 0649 ' 0412 60
2° 1515 0.891 . 104 ... ..1p15 0891 104
.......... 3. ..2.281 Jvesd 3 2129 1.085 42
4. 3454 . 1038 - 25 ... .3066 - 0641 13
5. L . e e e L 3043 1.42 3
6 3.13 1.936 . 6 ) 3.204 . 1656 1
1,2—Propanediol : Ethanolamine
A B ) o A B

s 0086 0246 i :  oesi loeoi T s T
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L. A method of designing a separator or a refiner,

wherein the method is implemented by a computer having an arithmetic
processing unit and a data storage unit or a networked computer having an arithmetic
processing unit and a data storage unit,

wherein the method comprises:

(1) identifying a binary system for obtaining phase equilibrium relationship
from components in a compound that is subject to separation or refining and recording
existing binary phase equilibrium data regarding the identified binary system on a phase
equilibrium information recording unit in the computer;

(2) on the basis of the binary phase equilibrium data output from the phase
equilibrium information recording unit, by means of a phase equilibrium correlation
unit in the computer, (a) determining binary parameters A and B using an activity
coefficient equation most representing the phase equilibrium data, (b) identifying data
for which a relative difference H converges within a predetermined error range as a
highly reliable data using a polarity exclusion factor Pey, calculated using the value of
the determined binary parameter A and B and a polarity exclusion factor Bca determined
from actually measured values, (¢) calculating an index X of proximity ratio to critical
points and infinite dilution pressure gradients Y; and Y, and correlating the obtained
index X of proximity ratio to critical pbints with the infinite dilution pressure gradients
Y and Y5 to determine correlation coefficient, and (d) calculating new  set of infinite
dilution activity coefficients v, and y,” or binary parameters A and B from the obtained
X-Y correlation and the obtained X-Y, correlation;

(3) iputting the thus-obtained new  set of infinite dilution activity
coefficients y;” and y»” or binary parameters A and B to a phase equilibrium prediction
unit in the computer to newly predict binary phase equilibrium data; and

(4) inputting the calculated new binary phase equilibrium data to a separator
design unit or a refiner design unit to design the separator or the refiner;

wherein the index X of proximity ratio to critical points, the infinite dilution
pressure gradients Y and Y>, the infinite dilution activity coefficients v, and y,” or the
binary parameters A and B and the relative difference H in the step (2) are calculated
according to the equations below:
the index X of proximity ratio to critical points:

[Formula 1]
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Y = Py + Do
Pcl+p25

(22)

(wherein P, represents the critical pressure of a lighter component in the binary system;
and ps and pys represent the vapor pressures of components 1 and 2, respectively, at a
temperature T)

the infinite dilution pressure gradients Y; and Yo:

Y, = Vlwpls — P |
Pcl—pils : (24)

Y —_ pls _VQOOpEs

2

P cl —Hp 25 (25)

(wherein y,” and 12" represent the infinite dilution activity coefficients of components 1
and 2 in the liquid phase; and Py, p1s, and pys are as defined in the equation (22))

the infinite dilution activity coefficients y;” and y,” or the binary parameters A and B:
[Formula 2]

A=Iny" (©6)

B=In ;'/200 7

the relative difference H:
{Formula 3]

(29)

(wherein Bexp represents a value of B that is calculated according to F / [B - Ajusing F, A,
and B determined from actually measured values; and fcq represents a value of 8 that is
calculated from the right side in the following equation (14) using values of a and b
obtained by correlation of actually measured values)
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F

:—:an
|B-4]

p
(14)

(wherein P represents a pressure or an average vapor pressure; and a and b represent
constants specific for the binary system; and F represents deviation from A = B in the
one-parameter Margules equation); and

the X-Y correlation and the X-Y; correlation are calculated according to the

equations below:

[Formula 4]
Y =5, +5, X+ Su)f2 + 53, In(1+ X) (30)
Y, =S, + 53X +5,X° +5,, In(l+X) 31)

or
Y] =5 X0 (32)
Yy =5y X% (33)

(wherein sg to sy3 represent correlation coefficients).

2. A method of controlling a separator or a refiner,

wherein the method is implemented by a computer having an arithmetic
processing unit and a data storage unit or a networked computer having an arithmetic
processing unit and a data storage unit,

wherein the method comprises:

(1) identifying a binary system for obtaining phase equilibrium relationship
from components in a compound that is subject to separation or refining and recording
existing binary phase equilibrium data regarding the identified binary system on a phase
equilibrium information recording unit in the computer;

(2) on the basis of the binary phase equilibrium data output from the phase
equilibrium information recording unit, by means of a phase equilibrium correlation
unit in the computer, (a) determining binary parameters A and B using an activity
coefficient equation most representing the phase equilibrium data, (b) identifying data
for which a relative difference I converges within a predetermined error range as a
highly reliable data using a polarity exclusion factor Bey, calculated using the value of
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the determined binary parameter A and B and a polarity exclusion factor u determined
from actually measured values, (¢) calculating an index X of proximity ratio to critical
points and infinite dilution pressure gradients Y; and Y, and correlating the obtained
index X of proximity ratio to critical points with the infinite dilution pressure gradients
Y, and Yz to determine correlation coefficient, and (d) calculating new set of infinite
dilution activity coefficients v;” and v, or binary parameters A and B from the obtained
X-Y correlation and the obtained X-Y? correlation;

(3) inputting the thus-obtained new set of infinite dilution activity
coefficients y;™ and v2™ or binary parameters A and B to a phase equilibrium prediction
unit in the computer to newly predict binary phase equilibrium data; and

(4) inputting the calculated new binary phase equilibrium data to a separator
control unit or a refiner control unit to control the separator or the refiner;

wherein the index X of proximity ratio to critical points, the infinite dilution
pressure gradients Y and Y», the infinite dilution activity coefficients y1” and ;™ or the
binary parameters A and B and the relative difference H in the step (2) are calculated
according to the equations below:
the index X of proximity ratio to critical pdints:

[Formula 5]

X — pls +p23
Pc1+p2.s' (22)

(wherein P, represents the critical pressure of a lighter component in the binary system;
and pys and pys represent the vapor pressures of components 1 and 2, respectively, at a
temperature T)

the infinite dilution pressure gradients Y; and Y3:

[Formula 6]

Y, = VprLg — Pas
Pcl_pQS (24)

Y. = Pis —'Vzmpzs
2
Pcl_st (25)

wherein ;" and y»” represent the infinite dilution activity coefficients of components 1
Y ¥ Y P
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and 2 in the liquid phase; and Pg1, pis, and pas are as defined in the equation (22))
the infinite dilution activity coefficients y,” and ;™ or the binary parameters A and B:
[Formula 7]

A=Iny" 6)

B=Iny,® <

the relative difference H:
[Formula 8]

_ |ﬁexp — ﬁcal ’
| ﬁcal l (29)

(wherein Pexp represents a value of p that is calculated according to F/ |B - A| using F, A,

H

and B determined from actually measured values; and B represents a value of B that is
calculated from the right side in the following equation (14) using values of a and b
obtained by correlation of actually measured values)

5 F

SR -1
B4

(14)

(wherein P represents a pressure or an average vapor pressure; and a and b represent
constants specific for the binary system; and F represents deviation from A = B in the
one-parameter Margules equation); and

the X-Y, correlation and the X-Y correlation are calculated according to the

equations below:

[Formula 9]
2
Yl =8 T SHX -+ SlzX + 85 11‘1(1 + X) (30)
Y, =85 85, X +S22X2 + 8,5 In(l + X) 31)
or

7 =5 X002 (32)
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Yy =855 X2 (33)

(wherein sg to sp3 represent correlation coefficients).

3. An apparatus for designing a separator or a refiner, comprising:

a phase equilibrium information recording unit which receives existing binary
phase equilibrium data input to a computer through an information input unit;

a phase equilibrium correlation unit which implements, on the basis of the
binary phase equilibrium data output from the phase equilibrium information recording
unit, (a) determining binary parameters A and B using an activity coefficient equation
most representing the phase equilibrium data, (b) identifying data for which a relative
difference H converges within a predetermined error range as a highly reliable data
using a polarity exclusion factor Pexp calculated using the value of the determined binary
parameter A and B and a polarity exclusion factor Bcu determined from actually
measured values, (c) calculating an index X of proximity ratio to critical points and
infinite dilution pressure gradients Y, and Y, and correlating the obtained index X of
proximity ratio to critical points with the infinite dilution pressure gradients Y, and Y>
to determine correlation coefficient, and (d) calculating new set of infinite dilution
activity coefficients y1° and ™ or binary parameters A and B from the obtained X-Y
correlation and the obtained X-Y; correlation;

a phase equilibrium prediction unit which receives the new set of infinite
dilution activity coefficients v;” and y,” or binary parameters A and B output from the
phase equilibrium correlation unit to predict new binary phase equilibrium data;

a design information calculation unit which receives the input of the new
binary phase equilibrium data output from the phase equilibrium prediction unit to
calculate design information for the separator or the refiner; and

a design unit which designs the separator or the refiner on the basis of the
design information calculated through the design information calculation unit,

wherein the phase equilibrium correlation unit (a) determines binary
parameters A and B using an activity coefficient equation most representing the phase
equilibrium data, (b) identifies data for which a relative difference H converges within a
predetermined error range as a highly reliable data using a polarity exclusion factor Pexp
calculated using the value of the determined binary parameter A and B and a polarity
exclusion factor Bey determined from actually measured values, (¢) calculates an index
X of proximity ratio to critical points and infinite dilution pressure gradients Y, and Y,
and correlating the obtained index X of proximity ratio to critical points with the infinite
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dilution pressure gradients Y; and Y; to determine correlation coefficient, and (d)
calculates new set of infinite dilution activity coefficients y;” and v;” or binary
parameters Aand B from the obtained X-Y; correlation and the obtained X-Y,
correlation,

wherein the index X of proximity ratio to critical points, the infinite dilution
pressure gradients Y1 and Y», the infinite dilution activity coefficients y; and v, or the
binary parameters A and B and the relative difference H in the step (2) are calculated
according to the equations below:
the index X of proximity ratio to critical points:
[Formula 10]

X:pls+p23

P el +p 25 (22)
(wherein Pc; represents the critical pressure of a lighter component in the binary system;
and pjs and pys represent the vapor pressures of components 1 and 2, respectively, at a
temperature T)

the infinite dilution pressure gradients Y| and Ya:

[Formula 11]

Izl — fyloopls _pZS

Pcl —pls (24)

Y2 — pls _'yzwpﬁs
Pcl_pz.s' (25)

(wherein v, and y;” represent the infinite dilution activity coefficients of components 1
and 2 in the liquid phase; and Pey, pis, and pa are as defined in the equation (22))

the infinite dilution activity coefficients v, and v, or the binary parameters A and B:
[Formula 12]

A=lnpn" (6)

B Zh‘lj/zoo 7
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the relative difference H:
[Formula 13}

H = |/5)exp o ﬁcall
‘ ﬁcal ‘ (29)

(wherein Bey, represents a value of B that is calculated according to F /[B - Al using F, A,

and B determined from actually measured values; and (ca represents a value of B that is
calculated from the right side in the following equation (14) using values of a and b
obtained by correlation of actually measured values)

p= _ﬂ__ = an
54
(14)
(wherein P represents a pressure or an average vapor pressure; and a and b represent
constants specific for the binary system; and F represents deviation from A =B in the
one-parameter Margules equation); and
the X-Y, correlation and the X-Y, correlation are calculated according to the

equations below:

[Formula 14]
Y, =5y, + 5, X F8,X % + 5, In(l+X) (30)
Y, =8 + S X + 5, X7 + 5, In(L+ X) 31)
or
Y] =51 X1 32
Yy =55 X2 (33)

(wherein s to sp3 represent correlation coefficients).

4. An apparatus for controlling a separator or a refiner, comprising:

a phase equilibrium information recording unit which receives existing binary
phase equilibrium data input to a computer through an information input unit;

a phase equilibrium correlation unit which implements, on the basis of the
binary phase equilibrium data output from the phase equilibrium information recording
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unit, (a) determining binary parameters A and B using an activity coefficient equation
most representing the phase equilibrium data, (b) identifying data for which a relative
difference H converges within a predetermined error range as a highly reliable data
using a polarity exclusion factor Pexp, calculated using the value of the determined binary
parameter A and B and a polarity exclusion factor (¢ determined from actually
measured values, (c) calculating an index X of proximity ratio to critical points and
infinite dilution pressure gradients Y; and Y, and correlating the obtained index X of
proximity ratio to critical points with the infinite dilution pressure gradients Y; and Y,
to determine correlation coefficient, and (d) calculating new set of infinite dilution
activity coefficients y,” and y,” or binary parameters A and B from the obtained X-Y,
correlation and the obtained X-Y; correlation;

a phase equilibrium prediction unit which receives the new set of infinite
dilution activity coefficients y,* and y»” or binary parameters A and B output from the
phase equilibrium correlation unit to predict new binary phase equilibrium data;

a control information calculation unit which receives the input of the new
binary phase equilibrium data output from the phase equilibrium prediction unit to
calculate control information for the separator or the refiner; and

a control unit which controls the separator or the refiner on the basis of the
control information calculated through the control information calculation unit,

wherein the phase equilibrium correlation unit (a) determines binary
parameters A and B using an activity coefficient equation most representing the phase
equilibrium data, (b) identifies data for which a relative difference H converges within a
predetermined error range as a highly reliable data using a polarity exclusion factor Bexp
calculated using the value of the determined binary parameter A and B and a polarity
exclusion factor ey determined from actually measured values, (¢) calculates an index
X of proximity ratio to critical points and infinite dilution pressure gradients Yy and Y
and correlating the obtained index X of proximity ratio to critical points with the infinite
dilution pressure gradients Y; and Y, to determine correlation coefficient, and (d)
calculates new set of infinite dilution activity coefficients v1” and 1,” or binary
parameters Aand B from the obtained X-Y, comrelation and the obtained X-Y,
correlation,

wherein the index X of proximity ratio to critical points, the infinite dilution
pressure gradients Y and Y3, the infinite dilution activity coefficients y;” and y,” or the
binary parameters A and B and the relative difference H in the step (2) are calculated
according to the equations below:
the index X of proximity ratio to critical points:
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[Formula 10]

X:pls+p23

P el +p 2s (22)
(wherein P; represents the critical pressure of a lighter component in the binary system;
and pis and pas represent the vapor pressures of components 1 and 2, respectively, at a
temperature T)

the infinite dilution pressure gradients Y; and Yy:

[Formula 11]

Izzvfpu—ph
Pcl—ph (24)

Y2 — pls _VQQOPZS
Pcl_pzs ‘(25)

(wherein y;” and y,” represent the infinite dilution activity coefficients of components 1
and 2 in the liquid phase; and P, p1s, and pys are as defined in the equation (22))

the infinite dilution activity coefficients y,” and 2™ or the binary parameters A and B:
[Formula 12]

A=ny" (6)

B=Iny,” (7

the relative difference H:
[Formula 13]

_ ﬂexp o ﬂcal |
ﬂcal l (29)

H

(wherein By, represents a value of 3 that is calculated according to F/ |B - Al using F, A,
and B determined from actually measured values; and B¢ represents a value of p that is
calculated from the right side in the following equation (14) using values of a and b
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obtained by correlation of actually measured values)
r b
B-4
(14)
(wherein P represents a pressure or an average vapor pressure; and a and b represent
constants specific for the binary system; and F represents deviation from A = B in the
one-parameter Margules equation); and

the X-Y correlation and the X-Y; correlation are calculated according to the

equations below:

[Formula 14]
Yl =S -l-AS’“./‘(-I—SleX2 + 534 11’1(1+X) (30)
Y, = 5,0 + 53X +5, X7 +5,, In(l+X) 31)
or
V=5 X2 32
Yy =55 X7 33)

(wherein s)¢ to sp3 represent correlation coefficients).

5. The apparatus for designing a separator or a refiner according to claim 3,
wherein the new set of infinite dilution activity coefficients y;” and v,* or binary
parameters A and B calculated through the phase equilibrium correlation unit are data
from a plurality of systems of homologous series, and new set of infinite dilution
activity coefficients v, and v»” or binary parameters A and B in other systems of
homologous series are predicted from the data from a plurality of systems of
homologous series.

6. The apparatus for controlling a separator or a refiner according to claim 4,
wherein the new set of infinite dilution activity coefficients y;” and y,” or binary
parameters A and B calculated through the phase equilibrium correlation unit are data
from a plurality of systerns of homologous series, and new set of infinite dilution
activity coefficients y,” and y,™ or binary parameters A and B in other systems of
homologous series are predicted from the data from a plurality of systems of
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homologous series.

7. The apparatus for designing a separator or a refiner according to claim 3,
wherein the phase equilibrium correlation unit selects a specified binary system
comprising required atomic group i; and determines infinite dilution activity coefficients
y1® and y2” or binary parameters A and B on the basis of an atomic group contribution of
the atomic group i calculated from the X-Y; correlation and the X-Y, correlation at a
temperature or pressure of interest; and wherein new set of infinite dilution activity
coefficients v;” and v;” or binary parameters A and B for atomic groups are input to the
phase equilibrium prediction unit.

8. The apparatus for controlling a separator or a refiner according to claim 4,
wherein the phase equilibrium correlation unit selects a specified binary system
comprising required atomic group i; and determines infinite dilution activity coefficients
11° and 2" or binary parameters A and B on the basis of an atomic group contribution
of the atomic group i calculated from the X-Y correlation and the X-Y> correlation at a
temperature or pressure of interest, and wherein new set of infinite dilution activity
coefficients 1" and v, or binary parameters A and B for atomic groups are input to the
phase equilibrium prediction unit.


ip-temp
Rectangle

tm-adilah
Typewritten Text

tm-adilah
Typewritten Text
- 79 -

ip-temp
Rectangle




