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The paper discusses modrlling of the niultiphasc behavior o f  nirlhrnr-cthanr-nitrogen mixture, which is 
of a considcrable interest for the natural gas and oil industrirs. Thr ~hrrinodynamic niodcl is a modified 
Redlich-Kwong-Soave equation of state. I h c  coniputcr algorilhin is based on a ncw approach to solving 
the isothermal muhiphase flash problem, whcn the numbrr and idonlily of the phascs present at equi- 
librium are unknown in  advance. ’Ihe results dcmonstrak that the Rcdlich-Kwong-Soave equation of state 
and the algorithm applied predict with reasonable accuracy the complicatcd phase behavior and the region 
of L,hV equilibrium, obsewcd in the experiment, of the nicthane-cthanc-nitrogcn system. 

The design and opcratioii of low tcnipcraturc poccsscs, pctrolcuni rcscrvoir niana- 
genient, enhanccd oil rccovcry and separation proccsscs i n  thc oil and gas industry 
involve niodclling phase bchavior of iiiullicoiiipoiicnt hydrocarbon mixtures with 
inorganic gases. Spccial attcntion is paid to acquiring a knowlcdgc of iiicthane-ethane- 
nitrogen mixlurc’s phasc bchavior and a n  ability to prcdict aiid iiiodcl i t  since these 
coniponenls will gcncrally account for 95% of thc total  iiialcrial proccsscd. Nitrogen 
has becn also known to iiiducc liquid-liquid-v;i~~or (LLV) behavior i n  liqucficd natural 
gas (LNG) systciiis and the prcscncc of a third phasc can oftcn cause problciils i n  
natural gas industry. 

The pa pc r add rcsscs t hc co ni pu tc ri zcd p rcd i ct io 11 of t he niet ha iie-ct ha nc-ni trogen 
equilihriuni iiiulliphase behavior a t  low tciiipcraturcs with a ncw algorithm. It uses a 
iiiodified “cIassicaI” equation of state - the Rcdlich-Kwong-Soavc (RKS EOS) ( r ~ f . ~ ) ,  
applied to both phases (liquid and vapor). 

The Topogrclplry of die Miiltipliiise Beliiivior 

There is only a liiiiitcd nuiiibcr of binary systciiis exhibiting LLV bchavior rclated to 
natural gas processing arid nitrogcii<th;inc is ;iiiiong the niost promiiiciit ones. 

A schematic diagram of thc P-T projection of thc LLV slxicc for a ternary system 
with no constituent binary LLV bch;ivior prcsciit’-* is showii i n  Fig. 1. For such systcm, 
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the three-phase region is bounded from above by a K-point locus (L-L=V), froin below 
by a LCST locus (L=L-V) and a t  low tempcriiturcs by a Q-point locus (S-GGV). 
These three loci intersect a t  invariant points for the ternary systcni: the K-point and 
LCST loci - a t  a tricritical point t (L=L=V), while the Q-point locus terminates at 
points (S-GL=V) and (S-L=GV) from above and bclow, respectively. 

If one of the constituent binary pairs i n  the niulticoiiiponent system is LLV 
irnmiscible, the LLV region (Fig. 1 )  will be changed since a truncation of the phase 
space is introduced (Fig. 2). For a system for which the third species (methane in our 
case) is niiscible with both nieiiibcrs of the iiiiiiiiscible pair, the resulting phase space 
should be as the shaded part, shown i n  Fig. 2. 

However, the binary iiiiniiscible pair (C2H6-N2) that truncates the LLV space differs 
in  end points from the case, shown in  Fig. 2. It would span the LLV space froin a 
position on the LCST locus to a position on the Q-point locus (Fig. 3). Methane has an  
additional role to created a three-phase L , b V  surfacc i n  thcriiiodynaiiiic phase space, 
extending from the binary L , b V  locus upward i n  tciiipcrature. This trend occurs 
because niethane is of internicdiate volatility when roniparcd to the coiiiponents of the 
constituent iniiiiiscible binary mixture. 

A schematic diagram of the P-T projection of the LLV space for the CH4-C&-NZ 
mixture is shown i n  Fig. 4. 

Tliermodyn am ic Model 

A niodified RKS EOS (refs4- 6, is chosen for the thcriiiodynaiiiic model. The tetnpe- 
rature relation for a was taken after Soave’. 

a ( T r ) = [ l + K ( l  -q5)l2 (1) 

(4 

However K was assuiiied to be related to temperature4- 

K - K,, + [ K ,  + K,(K, - 7 3  ( 1 + ~ 5 )  (0.7 - T,) 

and KO - a generalized function of the accentric factor. The cocfficiciits K,, Kz and K3 
are charasteristic for a given cotiipound and are detcriiiincd from saturated vapor 
pressure data6. 

The mixing rules used are the “classical” one-fluid van dcr Waals: 

a, - 2 2 xi xj trij , bm = 2 xi bi (3) 

tiij - ( 1 - kij ) ( qi ujj ) ( i * j ) . (34  
The binary interaction paraiiieters kij arc assuiiicd to bc a linciir fuuiction of tempe- 

ra tu res: 
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kij = ki, t kf’) ( T -  273.15), 

while k:j and /fJ are obtained by processing VLE dilta acccsiblc from 11ia11y sources for 
the respective cointituent binary pair6. Thc U S U ~ I I  coliccpt is thilt intcraction pilraliieters, 
obtained froiri a n  entirely differelit type of philsc bch;ivior, would not predict correctly 
a tiiultiphase behavior. Hcncc, one of the yoiils or thc prcscnt invcstigiltion is lo atialysc 

. .  
7- 

FIG. 1 
A schematic diagram of the prcssurc-tempcreturc 
projection of the LLV space for a ternary system 
with no constituent binary LLV behavior present 
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PIC;. 2 
A binary LLV locus superimposed on the LLV 
spiirc. The sli;ided area depicts expccted LLV 
hch;ivior of a mixture with a third component 
niisciblc with both coiapo~~ents  i n  the immiscible 
pair 

T 

FIG. 3 

T 

FKj. 4 
The LLV locus of N,-C2H6 superimposed on the 
LLV space 

A srhclnatic diagram of the P-T projection of the 
LLV space for thr CII4-C~II6-N~ mixture 
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how well the iiiodificd RKS EOS, with the iiiixiiig rules end interaction paraiiieters 
applied, will predict the region of the expcriiiicntiilly observed LlL2V bchavior. 

Computer AIgorillim 

The coiiiputcr algorithm for iiiodelling the philsc bchiivior of thc mcthanc-ethane-nitro- 
gen mixture is based on a new approach to solving the isotheriiial multiphase flash 
problem, when the number and identity of the phases prcscnt at cquilibriuni are 
unknown in advance. Two intcrlinkcd probleiiis have to be solved by this method: 
firstly the phase coiifiguriitioli with the i i i i i i i i i iu i i i  Gibbs energy has to be idcntificd and 
secondly the compositions of the equilibrium phiiscs a t  the specified temperature and 
pressure have to be calculated. These tasks are rcillizcd through: 
- a rigorous niethod for therliiodyliilliiic stiibility aniilysis, b x c d  011 the well known 

tangent-plane 
- an efficicnt short-cut proccdurc for the fillill 1)hiiSe idcntification and cquilibriuiii 

calculations, applied as a second. 
The priiiiary role of the thcrriiodynaiiiic stiibility analysis is to dctcriiiine whether the 

mixture is stable or  ~1t5tiible and i n  the latter ciisc to provide a geoiiietric infortiiation 
about the molar Gibbs ciicrgy hypersurfiice (g surfiice). The inforination will give an 
idea about how g is folded. If i t  is quite “plcatcd”, this indicates a possible existcnce of 
different types of p ha sc eq u i 1 ibria - “vil po r--1 i (1 u i d ”, “ I  i q u id-1 i q u i d ”, “1 iqu i d 4  i gu id- 
vapor”, etc., of which only one is st;ible (the one with iiiiniiiiuiii Gibbs energy). The 
geonietric informtion, however, has  to acquire a ~i i i l th~~i i i~ t ic i~ l  foriii i n  order to be 
successfully interpreted and used further 011. A lii;lthc1ii;iticill forniillization of the above 
problem has been suggested i n  the foriii of the so-called “s1;itionary A 
different mathematical forliializiltioli is givcii i n  the foriii of a new fuiictio~i~il~: 

and applied as a first step7; 

where 

ki@)  - In qjb) + In yi - hi i = 1,2, ..., N, , (&I)  

hi 5 Inzi t In (ri(z) i = 1,2 ..., Nc , (W 

The functional @(y) is positive, its zerocs are its niiniiiia iind coincide with the soh-  
tions (stationary points) of the stationary crilcrion’O. 
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The key point of the stability analysis, i n  the sense of the above ideas, rests on 
finding all (the niaxiiiium possible nuiiibcr 00 zeroes f of the functional Wy). Such 
inforiiiation can be related directly to g and interpreted further on because the zeroes 
(f) of the functional @(y) correspond to points on the g hypcrsurfilcc, where the local 
tangent hyperplane is parallel to that a t  z. To wch f a nuiiibcr kp corresponds, such 
that: 

kp = In fl t In q,V) - hi i = 1,2, ..., N, . 
Geotiietrically P is the vertical distance i n  Gibbs free energy between such two 
hyperplanes. 

The iiicthod chosen for solution of the corresponding iii;itheiiiiitiral problcm, Eqs 
(Sa) - (Sb), is the quasi-Newton Broydcii-Flctchcr-Gol~fiir~Sh;iiiiio (BFGS) with a 
line search’. 

When iiiultiple zeroes of @(y) are found this Sl)cilb of a quite “pleated” g surface. 
Furthermore, f “phase idcntificiitiod’, either “liquid” or “viipor” (in tcriiis of riiolar 
Gibbs energy), gives a n  insight into the anticipitcd phase bcliavior of the system. Thus 
the rigorous stability analysis’ provides 11iCilIiS to solve the mu1tiph;ise flash probleni in 
a new way avoiding the alternative application of stability analysis and  a phase- 
splitting technique, each consecutive time on a highcr IcvcI, as will be deliionstrated 
further on. 

The zeroes of @(y) provide also a set of good init ial  composition estimates for the 
expected equilibrium calculations. If, however, zeroes of the fuiictional @Q) are not 
found, that does not guarantee that the systcni is stable, which is one of the primary 
limitations of the tangent-plane stability analysis. In such rases a n  additional alterna- 
tive procedure is provided, which helps to distinguish nictastable from stable mixtures7. 

When stability analysis has been successfully completed the following inforiliation is 
available: 
- positive or positive and negative or negative nunibcrs P; 
- zeroes of the functioiia1 - f. 
Once initial coniposition estimates, f, have been gencriltcd by the thcrniodynaniic 

stability analysis, liquid-vapor and liquid-liquid flash calculatioris are pcrforiiicd. They 
put the f ina l  touch to foriiiing the picture of the phase behavior of the system and 
provide the equilibrium conipositions. 

The general algorithm applied consists of the following stcps: 
1. Fortri two groups of zeroes of the fuiictioiial - a group of zeroes with a “liquid” 

identification vd and a group of those (usually one) with a “vapor” identification - 
fv. The feed, depending on its identification, is iiicludcd i n  one of the groups as well. 

2. Provide different sets of init ial  estitiiatcs for the K values: 
- for the vapor-liquid flash algorithiii K, = flV/flL ; 
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- for the liquid-liquid flash algorithni Ki = xL2/gL1, whcrc y"% is a "liquid" zero with 

It is reconiniended to combine zerocs with positive and ncgativc P, if such are avai- 

3. Select the one set of K-valucs, lcading to coniposition cstini;itcs with lower Gibbs 

4. Pcrfonii liquid-liquid and liquid-vapor flash calculiitions. 
5. Discard froin furthcr considcratiori a tlilsh calculation if i t  has converged to a 

phase split outside the physical liniits 0 < a < 1, rcquircd by the Rachford-Rice forniu- 
la. The phase idcntification and thc equilibrium calculations of the systcni a t  the speci- 
fied temperature and pressure are coniplctcd. 

a larger volume than pL, ; 

lable. 

energy, for the liquid-liquid and the liquid-vapor fliish calculi1tiot~". 

Otherwise continue with stcp 6 .  
6. Calculate the Gibbs cnergy of the projcction of the fccd on the tangent plane to g 

surface a t  the equilibriuni concentrations: CFKd = Gva + GL(l - u), where Gv is the 
niolar Gibbs energy of the vapor phasc i n  thc case of il liquid-vapor c;ilcul;ilions or the 
niolar Gibbs energy of the lighter liquid phasc i n  thc c~ise of the liquid-liquid flash 
calculations. 

the systcni is identified as a liquid-liquid. If 
AGFcciLV - ( L-L) < -5 . the systcni is idcntificd as a liquid-vapor. The value 
5 . lom4 is found enipirically to be a sufficicnt uppcr bound. 

7. If AGFeed(LL) - (Lv) < -5 . 

If abS[AGFerd(LL) - (Lv)] S 5 . w4, cOt l t i l lUC with S k p  8. 
8. Perforni a liquid-vapor flash calcu1;ition if the liquid-liquid solution has a lower 

Gibbs energy. Flash the liquid phase with the lower Gibbs cnergy (let i t  be L,). 
Otherwise perforni the corresponding fl;ish cillculations for thc phiise with the lower 
Gibbs energy i n  the liquid-vapor system. I f  this is the liquid phase, liquid-liquid calcu- 
lations are run. Both flilsh calculations rcquirc ini t i i i l  estitiiiitcs. Tlicy can be selected, 
according to stcp 3. Continue with stcp 9. If the corresponding flash calculations 
converge with a phase split outside the physic;illy acccptilbk bounds 0 < p < 1, the 
systeni is classificd eithcr as a liquid-liquid or as a l i q~ id -~ i ip~r ,  dcpcnding on the 
result obtained i n  stcp 7. 

9. Calculate either 
i) G,, L-L-v = aGL2 t (1 - a) [pcV, t (1 - f i ) ~ ~ ]  = aGL2 t (1 - a)GFccdL'-'' or 

ii) cF, L-L-v = a G ,  t (1 - a)  [ r j~c,  t (1 - [ ~ ) G ~ I  = UGV +(I - a)Grwd 
Continue with stcp 10. 
10. If eithcr G~,..~LL' s GFe:eedL-L (case i) or G ~ ~ ~ ~ ~ - ~ - ~  s GFCedL-' (case ii), the 

systeni is idcntificd as a liquid-liquid-viipor. The corrcsponding equilibrium compo- 
sitions are either xr ,  xL2 yvl (case i) or xLg, xLol, yv (case ii). 

The algorithni is dcmoitstratcd on four siniylificd piiriidignis, which suiiiniarize most 
of the cases encountcrcd whcn solving thc isothcrnial niultiphasc flash problem. 

L'-"' 
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The exaiiiple of a thcr~~iody~i;i~iiic;iIly iiiorc sliible liquid-liquid equilibrium is used 
oiily to e1ucid;ite the ideas. 

CASE A 
STABILITY ~ ~ Y S I S  

\ 
LL 

Conclusion: L l k  

CASE C 
STABILllY ANALYSIS 

LL /\ LV 

abs[AGFe:e,(LL)-(LV)] s 5 . 
/ 

LV - fails 

Conclusion: L I k  

C H b  C2H6 

CASE B 
s TABILITY ANALYSIS 

LL /\ LV 

CASE D 
s TABILII'Y ANALYSIS 

LL /\ LV 

/ 
LV 

FIG. 5 
The prcdickd phase bchavior for the CII,-CzH6Nz 
mixture a t  T = 119 K and P = 33.44 bar 
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bar P 

41 

10. 

FIG. 6 
39 Comparison of L, and compositional data, nitro- 

gen mole fraction: - calculatrd by this study, 
0 experimental T ~ S U I L S ~ .  a T = 125 K b T = 1 3  K; 313 

Case A rcprcscnts a situatioii when, as a result or the rigorous stitbility analysis 
applied, a zcro(s) of @(y) with a “liquid” idclilificitlioli only is found. Thus a single 
flash calculation is ticcdcd to idciitify the Ilhilsc co11figuriltio1i of the systc111. 

Case B, as a result of the stability atii1lysis, rcquircs two fliish ~ i i l ~ ~ l n t i ~ ~ i ~ ,  a l iquid- 
liquid and a vapor-liquid, to dctcrtiiinc the philsc coiirigurittioii with thc lower Gibbs 
energy. 

Cases C atid D rcprcscnt situations whcli a third flitsh CillcUliitiO1i is required before 
the phase configuration of thc system is f i i ia l ly  dctcrniiticd. 

Since the paper addrcsscs thc prcdictioti atid iiiodclliiig of vapor-liquid-liquid equi- 
librium only, the citse of a liquid-liquid-liquid cquilibriutu has llot bceli discussed. 
However, its prcdiction iltid calcu1;ition could bc rciilizcd quilc cilsily i~pl)lyi~ig further 
the same concept to a n y  of the four paradigtiis. 

C \ompoint 

. 

L,- 

0 

- 0 

I 
0 2  0.6 0-6 1.0 

2 51 

N2 

I 
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Plinse Behavior Or Meilrtrne-Etlione-Nirrogcn Mixtiire 

The focus of the ~ a l c ~ l i i t i ~ ~ ~ ~  is to describe corrcctly the philse bchiivior of the CH4- 
C2H6-N2 mixture, rather thiln to romputc liicilsurcd3 phase compositions with high 
accuracy. 

The phase coiifiguratioiis with thc niini i i iui i i  Gibbs ciicgy arc dcteriiiincd and equi- 
librium compositions are ~ a l ~ ~ l i ~ t c d ,  applying the illgorithlii, outliiicd i n  the previous 
section of the paper, ovcr ii riinge of tcmpcriiture froiii 118 K to 135 K and pressures 
froin 18 to 42 bars. 

The coiiipositions of the L 1 b ,  LV a n d  L , b V  cquilibriuiii phiiscs, calcu1;itcd at T = 
118 K and P = 18.24 bar ;iftcr two “liquid” and onc “viipor’’ zcrocs of a@) have becn 
found when applying thc rigorous thcriiiodyniriiiic stiibility iI~iillySiS, are shown i n  Table 
I. The calculations follow the ~)itriidig~ii, depicted ;IS citse D, bcforc the phase confi- 
guration (LlL2V) with iiiiniiiiuni G is detcniiiiicd. The prcdictcd philsc bchavior at T = 
129 K and P = 33.44 bar is presented on ii triilIigtil;\r ph;isc dhgriini i n  Fig. 5. The 
calculated phase compositions for the L, and I I ~ ~ I S C S  (iiiole fraction nitrogen) and a 
coniparison with the nie;isurcd O I I C S ~  ;it thc three tcnipcr;iturcs studicd i n  the experiiiient 
are shown in Figs 6a - 6c. Thc prcdictcd curviilurc of the L l b V  region (in tcriiis of 
L1-& nitrogen molt fraction diltii) docs iiot differ from tlic cxpcrioicnl;il one. The f i t  of 
phase compositions is Sittisfitctory. The average ;ibsolut~ rclittive deviation AARD 
(nit rogc n iii ole frii c t i o ns) : 

is less thiin 3%, exccpt i n  thc region of tlic LCST, whcrc thc properties of L, and b 
converge. The predicted LCST (not shown i n  thc figures) occur iIt prcssurcs thilt are 

TABLE I 
Phase calculations for the CH,-C211,-N2 mixture ;it T = 118 K. 1’ = 18.24 bar. I’h:ise split uLL = 0.10474; 
phase split ULV = 0.06018; Gibbs encrgy changes: abs [hG,,,,(L-V)-(LL)J = 6.09 . lo-’; AC,,,, (LLV’-(GV) 
= -6.03. lo-’ 

Corn ponc nt nio Ic fr;lct io 11s 

Feed Liquid, Liquid2 Liquid Vapor Liquid1 Liquid2 Vapor 

0.21 0.2154 0.1638 0.2212 0.0356 0.3213 0.1701 0.0356 
0.4 0.4351 0.0746 0.4156 0.0003 0.4156 0.0777 0.0003 
0.39 0.3465 0.7616 0.3532 0.9641 0.3531 0.7522 0.9641 
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lower than the experinicnt;il results. Since the RKS EOS biniiry interaction paraiiietcrs 
were deterniined froiii LV equilibria, the poor fit i n  this region is not unexpected. It is 
possible to force a better fit by adjusting the kij through a diffcrciit optiiiiization proce- 
dure, but this is not i n  the scope of tlie present paper. 

Although the calculations were not i n  complctc quantitative agrccnicnt with measu- 
red phase compositions, the modified RKS EOS and the new coaiput;ition;il algorithiii 
applied did predict with rcasonable accuracy thc coiiiplicatcd phase behavior and the 
region of L , b V ,  expcri~iientally observed, of the iucth;inc-ctli;tnc-nitrogen system. 
Furtheriiiore, the work has shown that for this type of mixture, consisting of non-polar 
components similar i n  size and chemical nature, the van dcr W;t;ils one-fluid niixing 
rules with a single adjustable piiraiiicter kij are acccpt;tble. 

A future challenging task will be the correct prediction a n d  calculation of the variety 
of critical elid points, tricritical point and phasc hound;irics of the system, including the 
Q point locus. However, then, a n  introduction of a bin;iry pariinicter i n  the combining 
rule for the size paraiiietcr (b) and/or a different str;itcgy and a rigorous optiiiiization 
procedure detennining kij, will probably be required. 

SYMBOLS 

Superscripts 
calc 

ex P 
L-L 
L-v 
L-L-v 

T 
S 

teniperature depcndcnt paranietcr i n  RKS EOS 
piirametcr i n  RKS EOS 
molar Gibbs energy 
molar Gibbs energy hyprrsurfacc 
function of tlie chcmical potcntial drffcrrncc, Eq. ( 5 )  
binary intcraction parameter, RKS EOS 
numbcr of points 
number of components 
temperature 
zero of the functional cf)(y) for the phase invcstigatcd 
mole fraction, component i 
mole fraction feed, coniponent i 
parameter of tlic RKS EOS, Eq. (I) 
phase split 
functional, Eq. (5 )  
fugacity coclficicnt, coniponcnt i 

calculatcd by the model 
measured by the cxpcrinicnt 
liquid-liquid equilibrium 
I i q  uid-va por cquil i bri um 
licluid-licluid-vapor equilibrium 
stationary 
temperature dependent 
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Subscripts 
Feed 
r reduced property 
L 1 iq u id 
V vapor 

referring 10 the system under consideration 

REFERENCES 

1. Luks K. D., Merrill R. C., Kohn J. P.: Fluid Pliase Equilib. 14, 193 (1983). 

2. Luks K. D., Kohn J. P.: Proceeditrgs of the 63rd A/r/iital C'PA Co/ive/i/io/r, McircIi 19 - 21, New 

3. Llave F. M., Luks K. D., Kohn J .  P.: J. Chem. Eng. Data 32, 14 (1987). 

4. Stryjek R., Vera J. H.: Can. J. Clicm. Eng. 6-1, 323 (1986). 

5. Stryjek R., Vera J. I f .  in: ACS Symp. Series, Eqiiii1ioii.s of S l a k  - Theories a/rd .$Jp/icu/io/is (K. C.  Chao 
and L R. Robinson, U s ) ,  300, 560 (1986). 

6. Stryjek R.: Pure Appl. Chcm. 61, 1419 (1989). 

7. Stateva R. P., Tsveikov S. G.: Teclinol. Today 4 ,  233 (1991). 

8. Fletcher R.: Prac/icu/ Me!hods for Op/imizntio/ i .  2nd cd. Wilcy, New York 1987. 

9. Soave G.: Cheni. Eng. Sci. 27, 1197 (1978). 

Orlc.a~rs, Lorrisia/ia 1984. 

10. Michclsen M. L: Fluid Phase Equilib. 9, 1 (1982). 

11. Michelsen M. L: hid. Eng. C'liem. Proc. Dcs. Dcv. 2.7, 183 (1956). 

12. Baker L. E., Pierce A. C., Luks K. D.: SOC. Pet. Eng. 22. 731 (1982). 

Collect. Czech. Chern. Cornrnun. (Vol. 57) (1992) 




