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ABSTRACT

Phage equilibriun compositions wore measured by mosns of a
foresd-rociroulation equilibrium coll for the bzna:'y end tomary mixtures
of nitrogsn, mtnam and ethane from n255° £0 «153,1%F end the pmasma
up to 709 psia,

A% temporatures lover than «216%, two Mquid phases were
cbserved for the nitrogensathans binepy end for the nitrogenemsthanse
ethana temary systems, This phenomeronoccursed when tha mtham
conoentration in the nmndphasewaslem than 17 mole percent,

K valuss for tho components in binary and ternary systers were
corzelated as & finctien of pressure and cozpositien ot Accthormod
conditions, For the tornary system, corrolstions wore mads uoing
XCHQ/( xc‘.‘,dl3 * %o 2“6) as the paremster, Liquid-3iquid cquilibriun
coTpaoitions vore correlated in Sorzms of dictributicn coofficicnts and
o colubdlisy fimction,




]
&
o
%
b
g
i
o
S
&
%
g
&
g
3

B R e R TR S TS T

i

W

o il o

ACRNOWLEDGEMENT

Tho author da very much indebtod to Dro Benjamin Coe¥, Iaa
for directing this rossarch work, for his guidsnce end encoursmsment
in every phase, and for' o readiness to disguss problems,

MPs SaDs Chzng, & sentor groduste student in the depersment,
holped in setiing vp the apparatus and gave helpful Wm.

firs De Gravelle, & graduate student in tho dapartmsnt, helped
in takdng paxt of datas |

The author 48 very gratoful to Meoars, P, Glacobbi, J,
Gesperettl and G, Grunst for thoir technicsl assistencs,

Dry 8080 Tou read the menuseript and made grommatical corragtions,




«ill

LIST OF FIGURES

1, A Schematie Flow Diagran of the ForcedRecireulation

hpparatus - a
& A Schematie Diagram of Rquilibriwn Cell and the |

Cryostat . 13

o P AT i P e 4 e i s 1

% Chromatogram of run 1805 . 18

%
%‘
%ﬂ
%,:
1
ﬁ
¥

5%
5
&
£
}

4  Tho Pel=Y Disgram of the Nitvogenelicthame Systen
gt 216,53 21

50 Tho Pel=Y Dingram of tho Nitvogensiiethans System

» o 225,57 22

H 6. e P-¥sY Dingrom of tho NitrogmeEthano Syoten o

&b =153.1°F ~ 23

_ 7o Tho P¥=Y Dingram of tha Nitvogen-Nthans Systen

H o <225,5% 2 e
8. Tho K=P Dingrum of tho NMtrogenisthans Syctem 25

.{ 9  Tho E=P Diomen of tho Mitwonen-Ethons Systea 2

30, Equiddbrivm mss&ﬁim Dingren fov tho Ndtrogon= :

Fsthons-Bihan Syoten o 225,57 ana Yey /Mg, = Ol a7

| o Eguadibrden Componition Dlamon for tho NitRzne

| Fatho-Zikano Syoten o8 «225,5%7 ond Yoy/gy © 0o30 20

- 12, Equiddbrivn Coxpoodtiden Dlogren for tho NATOg M ‘

Robhem=Seheaa Syotca o <225,5°P ool oy, = Ol 2 3




% T

i

LN

5o

15,

i7s

18,

29,

206

2o

a2e

o Ve

Equilibriun Compoadtion Disgrem for the NitrogeneMothans
Bthens Systen at =225,5°F and Xgy/o, © 1,27
Equidibriun Composition Diegram for the Mitrogeme-dlethane
Ethano Systen a5 «235,5°F and Royfo, © 233

The dog K=P Diagren for the Nitrogeneiiathane=Evhane Systen
&t «225,5°%, using Xo,/(Xo) + Xe,) o5 Faremster
LAQuid-laquideTepour Bquilibrta for the Mtrogsn-tathens
Ethane Systen et «225,5°F

Liquid-14quidsVopour Equilibrin for the Nitroren-Sisthonse
Bthano Syoten ot 25057

Liquidaliquic-Tapour Equilbria for tho Nitrogen-isthonce
Ethono Syobea a5-2550F

Chongn of Coxpooitdon of the Txca Co=oxicting Phases with

Tezporatura for tho Nitrogen-Ebhany Syctem

Cozzoletdon of tho Solwbdlity Funstien, K% with tho
Liquid-3iquid Distsibutien Grofflclcnt Ky

Cospoloion of th Solebiley Punatden, g, vish tho

PAepid-14qa DAckEAbsicn Coofsiciont xﬁN
2
Corzolatien of tho Solwbildty Mmstien, K‘?@g vith tho

IAquid-Taquid Diotribubion Coofficicrd Kﬁqé

33




%
_§
:

3
£

D e ]

N SRR TR R DI

FIGURE

23

2k,

25

20,

2l.

26,

2%

300

@Yo

Correlation of the Solubility Function x'u with
Temperature

Correletion of the Solubility Rmotion, K"’z with
Temperature

Correlation of the Solubility Functicn, K'ca with
Temperature

The K, =P Diagram for the NitrogeneMethane=Ethane
Systen in the Three-Fhase Reglon

The K «P Diagram for the Nitrogen-lethans-Ethane

o
Systen in the Thive-Fhase Reglon

Calibracicn Resudts of the Tharmocouple

Calibration Curves for the Binary and tho Ternary -

fixtures.

Caldbration Curves for the Binary end the Tornary
Migbures

E

o

()}

b2

43

oy

69

£}

72




oo

LIST OF TABLES
TBLE ‘ B
I. | Experimental Data for fhe System Nitrogen=lothans b9
I Exerinental Dasa For Te System ldtrogen-Sthans 50
in Smocthed Pata For The System Nitrogenelisthare E 5L
v Smoothad Data For ‘i‘ha System Nitropen-Ethans 52

v Experimental Data For The Ternary System Nitrogen-

Methans=Ethane at Temperature =225,5°F 54
VI K Valuss For The Ternary System Nitrogenelethanes L
Ethone ot Temperature «225,5°F 51 :
; VII  Esperdmental Data For The Ternary System Mitrogens
[é MebharesEthane Contadning Two Liquid Phases 60

Viix K Valuss and Distributicn Coafficlents For tho i
|  Termary System Nitrogen=lsthane-Ethons Coxtaining
¢ o Liquid Phages 6 |

B




TnpRme e A

e

_‘.v("' 2w

NOVENCLATURE

. bottom layer of liquid phase,

dogreas  Cantigrada,
degreas - Fahrenhedt,
fugacdty.

equildbrium canstant,

- distribution coefficient for the total hydrosarbon material

between the two 1iquid phases,

ddstribution cosfficlent dofined as ny(BL)/%(TL), the
distribution .ooafﬁoiem? |

total pressure on system

partial pressure of ith cpeolies,

ges constant per mole,

teperature

top layer of liquid phase,

mole fragtion of the componsnt 4 in liquid phass,

mle frostion of the componmnt 1 in vepour phoss,

activity coofficicnt of compenent i‘o

¢ ,
Ez%_? » fugacity coofficdent of eonpenent i in tho molm;aon_o

chendeal pstsntﬁalbﬁ‘ comgsz}em‘; o’

Gibbs frce cnergy por mole of pure cubskanso ob undt proasuRd,
ond of tho sonp teoporaturs os that of thy mbisuso undor
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INTRODUCTION

In tho separation of natural geses into componente o the removal
of non=coxbustible fiom natural gases, phases equilibrium data ere necessary
for the dasign of the separation equipmant, Natural gases usually contain
Ught nydrocarbon such as methane and ethane, and nitrogen, hydrogen o
heliun es impurities.

Although phase equilibrium data are avellsbie in the literature
xor binary mixtures of nitrogen-msthane, methaneeethano, and ethans=
nitrozen (1 t0 10), fov dstermnatians have been made on temary mixtures
of these components (3,10).

Phase cquilibrium date may be obtained experimentally or by
prediction, Preddetion mothods have been devoloped by avalunting activity
or fuclty cooffitets, with tha halp of & ouitablo equatien of statce
Howover, o cuitable equatien of ctate is not avadlable for both vapour end
L4auid phases over a wids range of temporatiuxo eng progsurg, For oxampla,
ons of tho boot lmom oquatdons of state, the Bonadiebetlobb=Rubdn cquatiom
may be used, dn genoral, to predics vepour-1iquid cquilibpiun, bub 16 hao
beon xocopniecd oven by Bencddct himsolf thab gt 1o terporcturo 46 4o nob
ensiroly oatdagastory (1), Thorefore, 46 may bo concleded that to date no
single mothed has been ougecsoful in Qoseribing Al tho binary and Gomary
vegoure=3auid cquildbrium syctonde

In ordor G0 gob acqualited with the cxporluantal tochnique and
0 toot tho porformangs of tho Qpporabus, datormination of binayy vepouws

\
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Uquid equildbrium data wore made ab thres isothermal conditicns «235:5,
<216,3 and =153,1% for the nitrogm-methane and nitrogem-ethane aystems,
For the ternary eystem, vepour-liquid equilibrium data were
dstermined ab =225,5%F, At <250%P, two liquid phases were cbserved in
equilibriun vith vepour phase for nitrogemsethans binary and nitrogen
methenewgthane temary systems' (i), The exlstence of t¥o 14quid phases
at the ow temperature is particulerly interesting, because tho scparatien
of nitrogen from natural gases rich in nitrogen may be facilitated by taldng
edvantage of composition differences of the two 1iquid phases, Fop this
reason, three more isotherms of liquid=liquidevapour equilibrium were
measured for nitrogeneethens binary and nitrogen-nsthans-ethene ternary

system,




LITERATURE REVIEY

Few phase equilibrium data were available in the Uterature for

natwel gases ab low terperaturcs, The systens which have been studded

are lsted belows
Systen

Heldunenitrogen
Argoneoxygen
Argenenitrogen
Methane=gthylens
Methang=cthans

lMethanz=propane
Methano=n=butans
Mothane-garbon monoxide
Nitrogen=methane

Nitrogen=propan2
Nitrogen=cthans

Nitrogen=carbon monoxide
Ethylonc=cthanz
Ethylens=propano
Ethylens=propylens
Methane=othylenc=cohane

Methons=gthanc=propana

Source

(12)

(13)

(14)
(15416)

(1,2,17,16)
(39,17
(20)

(21)
(15259,10,21)

(21)
(3 to 10)

(22)
(23)
(24,25)
(25)
(26)
(7)
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System Source
Nitrogen-msthane=othans (3,10)
Nitrogen=propme=propens (21)
Ethylens=cthane=acetylene (25)

The above Teview of literature reveals cnly meager data on vapour liquid
equilibria of the nitrogen-methanewsthane system at low temperature,

In this study, a brief review of Mterature vill be mads concerning
the experirental proccdure and methods of correlation and prediction,

EXPERIFENTAL METHODS

Mothods fer the direct determination of vepor=liquid equilibrium
dota ¢an be olassified as follous

(1) Distillation method,

(2) Dew and Bubble point msthod.
(3) Statdc mothod,

(4) TFlow msthed,

(5) Forsst=rsoirculation method,

The Distillation Hathed

The oldeot mothod for direct dotermination of vapour-liquid
cquilibrium éata 15 the dictillation mothod dn which a cmall enount of
Liquid - 1s distilled off from the boilng flask containing o large chargl.
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System Souree
Nitrogen=methane=ethane (3,10)
NLtrogen=proprmes=propens (1)
Ethylens=ethane=acetylens (25)

The above review of ldterature reveals cnly meager data on vepour liquid
equilibria of the nitrogenemethane-cthane system st low temperature,

In this study, a brief review of literature will be mede concerning
the experimental procedure and msthods of correlation and prediction,

EXPERLVENTAL METHODS

Mothods for the direot determination qf' vepor=-iquid equilibrium
data can be classified as follows

(1) Distillation mothed,

(2) Dew and Bubble point msthod.
(3) Static mthod,

(4) TFlow msthod,

(5) Fomeed-rooireulation mothod,

The Distillatlon Mzthod

Tno oldzct method for dircet doterminagion of vapour-liquid
equilibmm data 15 the ddotillation mathed dn vhich a omall amownt of
Uaquid 15 distilled off from the boiling £lask contadning a large chargg.

Y
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This method was very simple but had marked disadventages and generated
large ervors, This msthod 1o no longer used today,

The Dow and Bubble Point Method

This method was employed by Sage and Lacy (27,17) for determining
phase equilibria of Mgt hydrocerbons dn the temperature range from 20°
to 100%, This method was applied by Bloomer and Parent (1,2) at low
temperature, In this method the gases of known corposition wexe fed into
the equildbriun epparatus, The vapour end Liquid samples need not be
analyzed, Tro dlsadventage 1o that the data can be obtainsd for the binary
gystems 6n1y.

The Static Method

The static mothod wes ubilised by Fedordtenko and Ruhemarmn (12)
at 107 temperatwre. In this msthod a mixture of gases 1s plased In the
cquiltbrium coll end mednbained o constant temperature for a long t4us,
Then the samples are telen and analyzed. This methed requires an |
exngeptionally long time for reaching ths; equilibrium condltion and may
introduce errors durdng sampling, as the preseaz’é ii\ ehange' from the

cquilibriun prossurte

The Flow Mothod

A gaos mixbure is passed under steady state condition into the
cquilibrium cell uhore it is cooled and partially Mquificd, The canples
are withdram and analyzed continuously. |

7



Tnds zethed was ubdldsed by Steckel and Zim (28) end by
Ruhemann end 2inn (29) for Gutermining phese equilibriun data, nhﬁ by
Stutzzan and Brown (30) for natural gas at iow teuperature, Tho dise
advantage ldes in tha malntenancs of eonstent presswe end tenporature
durdsus ropid condonsation,

Tno Forest-Reclroulation Hobhod

The vapour vapourized from the liquid 4o reoirculated back
through tho Mautd by means of & pump, In this way the llauid was

stirred and equidbriun insured by continually bringing the vapour into
eontact with the 1lquid,

Tno forcedsrectroulation mothod vas doveloped by Inglis (31)
and modsfied and uzed by Dodre and Dunbar (32) for the omygen-nitrogen
systen, It vas uged by Torochoshudlioy (33) for the earbon nonoaidee
nitrozen system end modified by Avoyen and Kate (38) for the mathanew
nydromen oyotem end dn thole steady oireulation progess by cuploying
an olactro-tagnetle pump. Davis, Redowald and Hurata (35) modificd tho
cquipuont fux'thei'o

AI% i probobly the rost escurdbe and yelieblo ono of all tho
exloting wathods ond 48 widaly used ab prosent. Tho advenbages of thio
robhod pro es follows (1) the equildbelum io sopched vory quicldy, and
(2) i vepour and Maquid sarplos can be vithdrawn almoct without
doturding tha cqualﬂ.bmwa, For thaes reasens, thio method 4o wbiMescd

in tho procont dnvestignsion,
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COHRELATYON MBTHODS AND PREDXCTION METHODS

Equilibrium Ratle

The equilibrium ratio is definad ao
¥y
£, & o= (1)
1 X
The plots of Joparithaic valuce of ecquilibrium ratio, as functiens
of tho logarithsilc valuza of the total presswre are frequentldy used as a

meens of sepresentution,

Pugpeity Cosfficlents of the Cemponento

Tho fugaoity of the ith coxpenent in the wlxture at constent
tsiporature 1o dofined a5 |

a oomﬁh{f\'
by © Uy i

(2)
f‘i/pi e} o Pe0
ot cquilfbydws
v .3 '
by ¥y (3
% 60 .
8 \t B
a2 8
1} /\V
L
ﬁ’& o @i ¥P (%)

| =

£ o by ayp (6

T
e
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Therefore, from (5) and (6)

B
v
o)

(n

One may therefore evaluate the equiiibrimn vapourization eonstant
K1 by knowing the fugacity cocefflcients, The calculation of fugacity
coafficients in the both phases of 1iquid and vapor are not possible at

the present stage due to-ths lack of a‘suituble equation of state and mixing

rule, Hence this msthod 1s not employed in this investigaticn,

Activity Coeffiodents of the Components .

The activity coefflolent of the th componert in the solution 1s

dafined ass

or

and

at equillbriun

therefore

A

£y

TR

Fally 1
y, ©if

1°% W
Y rifi

.\ :'(:3)

)

(10)

(1)

(12)

(13)




By combining the activity and thé fugeeity coefficlents, the following
relationship is obtaineds

° yi” fl riaifi (14)
1
rilq
B e 15)
g fo‘{p (

This 1s a convenient relationship to be used for avaluating K values.
Since £}, the Tugaoity of pure companent & is generally avadlable,
G} fugacity cosffictent of the vapour phase can usually be caleulated
by using an equation of state,
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EXPERDMENTAL DETAILS

in apparatus was buldt in this study and phase equilibrium
deta were meaoured et low temperature and higs: prossure,

The apparatus shown in the schematic diagrom, Fig, 1, consisto
of the following sectionss the equilibrium cell, the low temperature bath,
the electro=magnatic punp, the temperature control and measurement system,
the pressure measurement, the evacuation and feeding devices end the set
of sarple facilities,

The Equilibrium Coll

A 100 ), Jergusen transparent gege with stainless steel body
vas used as the equinbvim cll, The insido dlamster was 3/8 inch end
the longth was 6 inchos, The top end was cealed by a Swagelek comector,
through vhich connzeted tuo protective type thermocouples of 1/16 inch
in denstor and thres 3/16 dnch sampling tubings wore dnsexted, The bottem
cad 1an woldsd vith en /8 dneh Aubcodave jolnt vhich vas comosted to the
cooling coid of tha vapoup dnlet ldno, A eprayer with tuanty tiny holes
oprayed the vopowr dnoido the equimmumbauo- T0 DO, On9 nody tho
top ond tho ohher oAy tho bobtom, woro wsed $o refuso entralmient and €0

distribute tho vapour,

Cryeotat, 4¢s Terporaturo Conbrol Syotem cnd Mooowremsnb Syoten

A Daar £lesk hoving o copasity of chout 20 tors wan cmployed
an the exyestat, dnto vhieh tho cquilibrdum eoll wan

)
4
::
1
i
RY
|
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b
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dmmarsed, In this investigation isopentans wes used as the bath liquid,
A schematic diagram of the cell and cryostat 4o shown in Flge 2.

Inside the aryostat, a refrigeration coil, two stirrers, two
heating elements and a resistant type tenperature sensing eleinent vere
installed, Liquid nitrogen was used es the refrigerant which swms
supplied under pressure through the refrigerant ccll, The refricerante
nitrogen, after vepcurdzetion, wes lod through a five-zallon buffer tenk,
a needle valve and a manometer and then open to the alr, The eveporation
rate of liquid nitrogen was controlled by the needle valve and the manow
matels

The bath was heated by a pair of heating elsments which were
comeoted o the pover soues through a powrstate One of them was used
as a controlling heater vhich was comected through the temperatuxe
controller, The other was used as & constant heater, A varlable speed
stisrer wus used to stir the bath Mquid,

Tno bath vas cooled to & temperature slightly leer than theb
45 desired by regilating the flow of tho liquid nierggen and by adjusting
the voltage of one immorolon heater, Tho eontrolling heater comnscted

through a Bayley temperaturo controller model 250 with resistencessensing

clemsnt madntadnzd the required temperature,

The terperature was measured by two ecpper eonstentan
thormocuples, one for tha vepour phase and one for the lquid phese, in
conjunction vith a Lecds and Northrup K=3 potentiomster and a Tinsley
SR I galvenomtor, The roforenee junction was placed insids & arushzd

dco bath,
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Figure 2, A schematdc diagram of equilibrium cell and the cryostat.,
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The therocouple wes caldbrated against the vapour pressure of
research grade methane (36) and compared w;h the conversien table of
copper constantan thermocouple (37)e Rosults of the aalibratim s
ahown in Appendix II,

The bath temperatne was coitrolled £6 withifi” - ow 7 "o
£ 0,02°F, |

The Electromagnatic: Pmm

For the recirculation of the vapeur, en elsotromagrstic pump
was used, Tho design was based on that reported by Stemer (38) with
geveral modificatians vhich vere made by Chang (10).

The purp capacity was 0 to 56 cc. per miny Tho pressure drop
across the p\@ vas 0 6o 6,3 pad.e

Prossuio Mensurement

Equilibrivm presoure was measured by cdthor ona of tho two
tosted Hodoo gaugan, Tho range of ond gaugd 45 0 = 1000 paia with 1 poi
por division end tho othsr, 0 = 2500 poda vith § psd por divislen, These
goumn havo 00 porocnt of maxdmum hystercois ob 70°P,

Ths Reolroulation Locp

Afcor thornal coudlbrium wes reached dn 6ho ¢old, tho vapowe wad
roedroulated within tho sesireulstden leop videh, oo chom dn Fige 1,
consdsts of Sho clegtromagnatis purp cnd tho cquilibrivm 60l o volums
romlater, a corpling Jeop and 8 ecoldng colle thon &;na. vapour pacced
threugh She volurs rogilator end tho compldng deop, 4% vas hooted v to tho
FoON $CIorabure , bub 4% was cooled ©o the bath tcoporatuxo vhen 46 posced

£
ekl ey s
- o A - B "
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through the cooldng coil inside the eryostab bofore returning to the

equiltbriun cell, | .
Evacustion of the Feeding Devices
The recirculaticn loop, the sampling tube nd presIule gAUgEs . :i!

were evacuated to oneslumdredth of a mlimoter paveury before €aoh: m

by using a vacuum pwrp, A Meleod geuge wis employed to detect the

Vagukn,
Bdght tanks were used to store the gases, three for the pure
conponent; and five for rathanseethane mixtures, They were comscted in ,
parallel to fom a feadeoupply system, The system could be evacuated and 1
flushed vith fecd alternubely before feeding. : ”
’ The wwmm mixture or the heavier component was first ;é
: introducss dnto the equilibrium cell and lquified, then followed by }'
nitroren, ‘i mitrogen vas lntroduced chrough e pressure regulator, 5'

Haterdal

jo gapes supplied by tha katheson of Canada, L¥de;

Receares fra

vero uscd in tho investdgstion without any further purification Speadflcd

£ mindmm purdties of these gasen were 8y followsy
! Mtrogza 9,999 mole &
) Hethanz 99,99 mole &

Eghana 99,9 mole ¢
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Experdmental Procedure

After the bath was cooled to the required temperaturs, hyarocaxbon
gases were charged, The return line from the volums regulator was clesed
and nitrogen wes allowed to bubble es slowly es possible through the
liquid hydrocarbons, As soon es the desired pressure was reached, the
pwp was evitehed on for cireulation far 10 to 20 mimites, then the
charging valve was closed and the valve of return ldne from the volure
regilator was opaned while the circuletien was contimied,

After tio o more howrs of operation, the cireulation ves sbopped
for a short while end the téupé_x‘atﬁré-.angi pressure were recarded, 'l‘he
elreulaiion vas seounad, the Sarplo vas thon teken and analyzed for
cmpositiono |

Uhen them werg tuo uquid pnases in eqmubmum with tm VEpOUr,
the llquid phaaas vare allomd to settle for more than oms mmr b@fom

reading the terporaturo, the presoure a.nd before  any aemples vore. m&:ﬁmm .
fyon the equiliorium esll, | |

Analytical Mathod

 After the system roached eguinbmsn end t;emmux% and pressur—e

vore recorded, the vopowr sample vas tzmppcd in th? vapour sarpliing
tubze A portion of lquid in tho ¢ell was withdvayn through the liqudd
sampling tubing, Three Uquid campling tubings woro extended into tho
cquidibsiun ¢21d through a gooldng ehander to the differcnt positions,
the tep, the mdddlo and the bottom of the ¢oll, Tho diffczont lovols of
Uquid ean bo takon by difforent tubes,

. - e A
N LT TSI NI o L e e L e i o8 .
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The liquid sampling tubes uere installed thiough the vapour
outlet chenber to maintain them at the bath temperatuve, Furthermore, a
needle valve and a thressway valve were installed in botueen the 1iquid
sarplding tube and the sanpling bulbs, The sampling bulbs were of 10 nl
capacity, |

Tho vapour end 1iquid sampie were analyzed by a Ficher pas
partitioner Model 25 V aleng with Dise Chart integrator Model 232,

Heldum gos was uséd as the carrier gas which swept the sample
chx"m@ two chromstogrephde colums comisoted in series, with a detector
at tmmofeachcom The two eohmmuhaddiffemxt dimensions and

were pacmed v:ith wrem umtemm.

Inthiastu@,mpaddngmteﬁalmusﬁfwcommlmm

~ was 6 inghes long by 0,26 inch 0D, Colum two was 6 /2 fest long by

0,25 ineh 0D, filled with 20-30 mash sflica gelo The holdun fleu rabe

 through the gas partitionor was 65 c.c; per m:imte &% preswure of
- 20 psige The column teumox’ature vap 80°%, The chart speed of the meorder

vas 3/2 inch per mimube. A rotention tims of 6 to 8 mnutes a8 roquired
for ceparating tho three camonants. A typical analysls is shown in Plg, 3

The calibrabion auves for the binary uisture axo ghom dn
Appendix 111, |
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RESULZS AND CORRELATION OF DATA

The experimental equilibrium tesperature=pressure=composition
data cbtainsd for the binary nitrogen-methans and nitrogen-cthane oystems
are Msted 4n Tobles I end II, Smoothed data for these oystens are lsted
in Tables III and IV, Exporimental vapour-liquid data for the ternary
aystem nitrogensicsthane~ethans are listed in Teble V. K values for
termary system niltrogensmsthang~cthane are lsted in Teble VI, Experimental
Uquideliquid-vapour equilibrivm data for the mMtgaeethane binary, and
the temary system nitrogen=-methaneecthans are listed in Table VII,

Isothermal pressure=gomposition piots for binary systens nitrogene
mthane and nitrogensothans aye chovn in Figures 4 to 7,

Vepourizeticn eonstamt, K, vore correlated es a funstion of
prossure for binary systems nitrogen=methane and nitrogensethane, The
correlations exe sham in Flgures § and 9,

Isotherml vapoureldquid compositions for the tomary cysten
nitrogen-nathane=cinans are shown in Flgures 10 to 14,

K=wnlues for the componitions 4n the texmary systen nitrogen-
mobhanz=athans were corzolated es a funstion of preoowse end composition
&b =225,5%F, e ecvrolations are chom 4n Pigwo 15, using
XGHQ/(X(BIQ + Xy 2516) as the paramater,

Experirantel liquid-Mquidsvapour cquilibrium data for tho tornary
nitrogen=mothenc=athang oo chom in Pigure 16 to 18, Terporaturce
corpositicn plots, for binoxy systcm nitrogen=othen dn Ghico coomicting
phases arc ghovn dn Plgure 19,
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Liquid-1iquid=vepour equilibriun compositions wero corzolated
in terms of distribution coefficients, KYy, and solubility function K'ge
Theae correlations are chown in Pigures 20 to 22, From Figures 20 to 2,
change of 'y valueo with tempereture o constart K'y values vere obtatneds
Thay were plotted in Figures 23 to 25

For 1aquid=lguid-vepour equilibriun data vepourieation constent,
K were correlated as a funstion of presswre for the ternary pysten nitrogene
methane=sthane, The correlations are ghom in Flgures 26 and 27 A
consentration of the ethane is extremely low in the vapour phase, any
emall varistion of tho ethane concentration in vapour phase camposition
would affect considerably the Kga values, For this reason, no correlation

was mede for Kcze

RS, oo otun: waw A symprent=ey
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DISCUSSION AND CONCLUSION

Merogen-ilathane [ixtures

The pressure~camyosition data obtalred in this investigation
yere compared with values geen in literature in Figures 4 end 5, Vepoure
liquid equilibriun data for this systen ware reported by Blocmer and
parent (1). Graphically interpolation values from these values at
~216,3 and ~225,5°F were compered with the data obtalned in this invest-
1gation, "

Nitrogen=Ethans Mixture

The pressure=ccuposition data obtained &b «153.1°F are shown
in Fig. 6. mmemsntbewemthapmaentdataandtmtmmmdby
Ellington ot al.(4) at =250°F ig very good, Howaver, Tho values obtainsd
4n this dnvostigation diffor fron that reporbed by Cheng (10) e =151,1%F,
o =325,50F isothern obtadned in this drvestigsbion dlsogree

ith the data reporéed by Ellington et al. (4) ot 225,15 for tho Pt
ourves, but 1t agroes fadrly wol) with that reported by Costay ot @l (3)
ot =220,5%F fop tho presourcsvepour compoaition curves, Thd prosoures
campooition data b =225,5°F & shom in Fige T

It s found in thin trveatdgation that two lquid phosos wore
precent ot teaperaturcs loqck than =216 for the nitrogen=cthans binary
and tho ndtrogen=rotheno cthane ternary. Tho eompositions of the thice
coomdoting phosco oxe pletted 6 8 funation of cquilibrium temporabus
in Pig, 19, T2 aurocmant bedueen the dntn end that roporticd by
Eldngien ot al.(4) end this work 4p very good at doer tCIPOrabureds




cagn

Hewover, at a220°F, tho data reported by Elidngton et al. eppear to be
quite different from vhat erie would expact fron tho presert data, Tho
soncentretion of cthene n th botton Mquid layer 1s usually higher than
that in the top layer, maqunbri\mmioot@ p thich 18 dofined
asyN/xN 2 rwwmmammnqudmermmmm@mee
m.ththe deemases of the equildbrium texperature vhile for the vepour
top liquid layer combination decreases s)ightly vith the decrease of

the equilibrium temperabure.

NitrogensMethane=Ethana Mixtures

Por the vapour=liquid equilibrium, the reswits suggest that
o constent temporature, K values of nitrogen always deqregse with
ingrenssy of pressure, and the K values of othane decrease first with
tho dnorease of pressure, but an the totial preswure epproach & eorbain
point, K valuos of othmne qnerease with the inorease of tetol prosourd.
The K volucs of mothane doorease with inorease of proscure 89 the thind
paramstor, a@, /(‘%H ¢ % He ), laga than 0,5, bub a3 the third paramter
inereasa, the K valuas dsoreaso £irst with increase of presoure and then
qnoreaso with tho increaza of Gobal proGOVIG,

It wes noccosery %o adjust the volume of 24quid in tho ecid to
abaut imcathm of tho ¢2l) czpacity to permdt tho obcemtm of the lquid
intorfaes, DAfficulty uas enecurtored 4n keeping the liquid volum
appmximtew conotont ond simitenceuoly laa;epimg the mothans as}d cthand
rablo constisie o tha PREsTue Hghar them 500 pola o Colubility
of nitrogen veo high in Uquid hydrocarbon mdIEUrC. thilo
$he hydzocarden minburo wag boing fod Suo=third of tho ¢21l’o copeodty,
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tha ldquid level will be risen and overflom out of tho coll, Adjusting
the hydrocarbon mixture’s level to onesthind capacity or less, the
vapwmwmudmma%MtMeqmmMncmmmwaemd. The
consteant ratio of hydrocarbon mixture would not kesp constant eny more,
smmtmwmmmmwmwanesmmmMow
phase in equilibrivn ¢sll and voluma vegalator, In this work, however,
only the data at 500 psia and below the ternary system of vepour»liquid
equilibrivm are pmsenﬁed.

In the partially miscible region, the partial solubility inoreases
with the increases of temperatures, Along the lquid-1iquid equilibrium
curve, the pressure of the system dacreases with the lncrease of mathane
concentration 4n the liquid et 21) the Senperatures investigeted, The
coneantration of nityogen was very high in the vapour phace ot all the
temporatwres, In all csses, the concentration of mothens in the botbon
Laquid eyer vas alvays richer than thab in the top liquid layer as
inddcated by tho tie lines.

Prom tha Flgures 23 60 25, 46 45 coen that o6 constant K go

(g 42 )

e ?
& o o 2 ) oo the tamarature, the dowr the
H X ¢X (i
& % (m)

11;‘2 e nma(BL)/xNa(%)p veluso, 1600, the lewr tho concuntration of mer::@m
in beiton layor Mquid, - e obocrvaticon may b ebtaincd ab constant Kﬁl
or 5&3; eonditions,

Tho coparation of nitrogen £rom natural gpocs vhich aro vich dn
nitrogen moy bo foedldbated by takdng edvantage of tho prolncd of td
14quid phones o louop tomperatur, *
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APPENDIX I

Expordmental and Smooth Date of the Systems Containing Mtrogen, Methano
and Ethans,




R No.

O O = S W &z w W

10
n

3
U
15

b\

19

Pressure

102.8
210,0
303.6
395.5
465,0
5350
55340
561,0
568.0
133.5
139.0
183,0
2683,0
2910
358.5
58040
433.5
70,0
529,0

0,0%06
0.1960

10,3368

005269
0,6317
0.7683
0,8026
0,6340
08347
0,123
0,1637
0,2357
003360
0,689
0.5792
0,6963
0,733
0,0030
09326

| Vepor

0,3425
0,634
0.7369
0,797
0,6362
0.8495
0,636
0.8527
0,6320
0,957
0,566
0,6653
0.7257
0,280
000597

0,875

00,6957
09260
09373
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Rm Noo Tempe Preapsa Liquid Vepos

20 «153:1 80,5 00005 0,0805
2 153, 8540 0,020 0,929%
2 =153:1 830 00285 0,9495
23 531 2002 00337 08
a <1531 WO 0.0506 0,918
c =153:1 39545 0,085 0,969
2% 15361 5000 0,2099 0.9707
2 =153:1 5995 0,621 0:5709

20 =153 709,0 0,235 0.9705

29 <285.5 53,0 0,010 0,9897

2 <2545 R 06059

) <2255 202,0 0,079 045852

P <223:5 50040 003270 0,960

33 82305 460,0 0801035 005355

'E A =B8365 500,0 002433 09948




Torpo
%

«216.3
«236,3
«216,3
«21603
=216.3
«216,3
«216+3
«216.3

- «216,3

21603

<2163

22643
22545
5.5
25,5
22545
25,5
22505
25,5
22505
505
25,5
55

2 - |

Prassure Capoottionyly molfr  Equilibrium Conab ?
76,7 0 0 v - . -

200,0 00457 0,436 . T2 0,6993

150,0 0,0946 0,48018 Golgh 0,567
200,0 0,1609 0.6172 3.811 0. 4674

250,0 0,263  0.6185 2566 0,435

50,0 03507 0738 202 0.40%

30,0 0,434 0.7752 1,784 0,3976

00,0 0.5209.  0.8082 5% 0,4037

B0 063 08B LI GdEE
500,0 0,6889 0,6502  L.230 0485 §
50,0 0q85 0066 oL 0
589,0 0,634 0.6395 2,000 14000

534 0 0 - .

100,0 0.1023 05081 B8 045357

10,0 0JS97 0682 SO0 0,408

200.0 0,265 0,088 24056 0,098

250,0 045739 0.7769 2,009 0,555

30,0 05930 00271 1660 0,229

350,0 0,599 0,8554 y 0L P 1)

09050 0.7272 00506 2,20 003727

50,0 006091 0,9063 LA 0,558%

500,0 0,083 0,938 2030 8,5000

53000 0.9%01 0.040L 2,000 1,000



i’“T@ijﬁ%fk—?&'&?}({#?ﬂi‘ﬂ*ﬁﬁ?i?:%‘m.;. AT S Y S NREENA

feps  Presoue Copcottion, Wy molfr,  Equllibrin Comtast

o e v e %
-153.1 62,0 o 0 . i
«153.1 1000 040158 0.9274 68,69 00T
~153:1 150,0 0,0242 00Uz BB - 0053
A5 2000 0037 Ogmh 2026 00A2
~153.1 250,0 0003  O05TE 60 - 0.0M8
~153.1 3000 0,051 - 0967 16,86 : 0.0395;
153.1 $50:0 o6 095 167 00
=153:1 400,0 0,0855 10,9696 .3 008 .
“153.1 5040 00977 09T 9.9%9 003
-153.1 500.0 oo ool R 0w |
<153, 550,0 0,132 008 TIE 008
1531 600,0 a2 oMo 5% oms |
1531 oo - o8 OgWT SO o2 :
533 00,0 ozph  00W6 A - 03
«225,5 0,157 0 B D a
<225,5 50,0 0,021 00093 6.3 050129
<2355 100,0 0,002 0,9956 2426 0,004

| <2255 150.0 0,0628 0,9950 - 15:06 0,0042

‘ 28509 200.0 060059 009961 12,59 0.0002

25,5 25050 000 0081 9397 0003

<2305 300,0 0309 00560 7600 0.0

F‘ =2255 330,0 051557 0,998 60395 0,004

|




53 . |
TARLE IV (contined) | i
— g
g
Temp. Pressure Comosition, N, mol. fre Equilibrium Constent
:_?- psia Iiquid Vapor ﬁl‘g KCZH6
=225.5 400,0 0,1814 049956 5,488 040053
=22505 450,0 0.2056 0,9953 4,841 040059
0255 50,0 0,2532 0,93 3923 0,007
-225,5 600,0 0,278 09913 3,564 0,0120
|
3
t':,:
1




N
49
G o
51

040313
0,0805
0,0735
0,1466
0,2446
0:1532
0,2685
0,330
0,077
00510
0.1033
0,1080

0,209

0.526%
0.1695
061636

90

Tz Vo

03063

0,293

002790
0.2635
0.2369
0.2597
0,2305
0,2053
0.3479
0.5257
0,501
0,476
0,4628
0,442
002933
002864

0.5230
0,5599
0,0348
0.5253
03976
003799
0,3493
003297
0,4352

0,22€0

0.9253
0.9233
0,9361
0,297
08,5223
0,782
0,750
0,062
0,633
0,9276
0,639%

01009

0,009

0.0090

10,0089

0,0081
0,008
0,0089

00079

0,1298
0,032
0,013
0,002
0,0002
0.0090
0,0021
0,0176




630

6 -

(]
65
66
67
68
69
70

& 0
1)
SR
n25
60,5

285
20,0

3500
1000
500,0

55,40

i 101303
16,0

202,40
2500
3600
h22.8

535

0,374
0.7299
Lt
0,0863
0,113
042086
0.2863
0,4028
0.4618
0.5396
0,7058
00232
0,0484
0:0769
0,1108
0,152
0,150

' D.2789

0,0221,

59

LB Ve (Conednued)

043491
0,351

06922

0,638
06023
0,560
0,5019
0.1168
003607
0,323

0,295

02267
0,220
0.2140
02087
0:1965
0.1567
0,665

Qa1

0,2768
0,1190
0,3515
002744
0,256
0,2313
0,2118
01764
01575
0.1379
0,0991
0,7501
0,7309
0,7091
0,6805
0,6514
06452
0,5546
938658

0,057
0,089

0,831

07059
02553
c.2111
0,161
01314
0.1138
001290
0;1051
0:3915
0.15%9
01077
00857
0.0695

00624

0,0501
0,2732

0,0162
0,017H
0,0172
0,0149
0,0046
0,0030
0,0075
0,014

0,0136

0,0367
0,0172
0,157
040329
0,0126
0,0122
0,005
0,0122
0,0136
050301

\
e
H
i
A
4
L
1
A
|
i
:
i
i
]




L} 00

1’ 353,0
7 357.0
1L} 200,0
™ 260,0 .
% 300,0
. 40,0

0,056
0.0679
00767
0,0947
0,138
003463
002221

0,1202
10,2094
0,1084
09,1062
06,0983
10,2029
0,080

08442
0,6227
0,8189
0,7995
0.7673
0,7508
0,6938

0.8199
0,002
0,938
09385
0,954
0.9578
0.9690

B o wrens deba But noi evEts 6a theso polntds

041258
0,0756
0,0526
0.0513
00358
0,0326
0,0213
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e ‘.01

K
. ..Cl + 02,
ey

0,0000
0,0000
0,0000
0,0000
0,0000
00000
0,1146
01154
0,1173
0,1131
0,1172
0,1135
0,1205
0,1081
0.232%
0,239
0.2318
0.2347

 Equilibriun Constent

- 70,69 - 0.0104
2h2 - 0,0084
1133 - 0,0042
7.842 - 0,0046
5oli22 - 0,0054
b - 0,0069
28,71 2,54 0.1040
18,63 a3 0.0292
13,81 0.6910  0.0160
12,24 0,5038 0,003
9,910 0,430,  0.0105
7003 G.3642 10,0023
6546 0,368  0.0127
1,362 0,252 00139
19,45 1,726 0,2094
15,87 0,902 = 0,0450
11.43 0,5032  ©€.0177
.14 04106 0,0179




Rmn No.

47
48
49
500

20

Prossurs
peia

250,0
2000
422,0

3.7
150,0
200,0
229,0
300,0
300,0
35,0
05,0

50.0
100,0
148.9
201,0

325

2690

30,0
593.8
£060,0

TBLE VL, (Contidruod)
N

__.if}_. Equi)dprium Constant
- X ""xé;'_:_; 132 i(i_ﬂﬂ
0,231 6,007  0.3536
0,233 50853 0,317
0,2309 3357 03009
0,3162 19,40 1,222
0,3192 10,52 0,4802
0,3004 12,00 0,4767
0,3067 6106  0,3582
0, 3240 2,656 0,381
0,3067 5,978 02926
0,305 386 02763
0,308 2,601  0.2630
0.5577 10,03 3,230
005577 g6z 0,867
0.5576 796 04637
0.5562 G250 04668
0,550 4,070 003250
0.5568 - 30330 003928
05565 197 008000
03567 1,789 0:4303
0,577 2.Lyy 001636

s

0,0162
0,0169
00285
0,0285
0,0148
0,0138
0,051
00156
0,0138
0,0152
000172
0022060
040759
000377
00255
0,024
00257
0,0338
0,0772

0,056
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Figure 28, Calibration results of the thermocouples
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APPBDIX IIX

Caldbration Curvedo
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Temperature 40 °C
o Flow Rate, He 85 c.c./min,
10. Pressure 20 psig

;0&

06

0.4 ]

Compositicn "Ratio

ﬁ ok — — - ;
' : 02' | 04 06 0.8‘ 1.0
Arecae Ratlo '

.Figur’e 29, Calibration curves for the binary and the ternary mixtures.
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Temperature 40°C
| . Flow Rate, He 85cc./min.
110 "o . . Pressure 20 psig
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081
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Composition Ratio-’
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. mRsans TR

. ) 0-2 ' 004 . .006 . 0’8 ’ lOQ
_ | ..~ Areo Ratig

PRINEOPRIDDN LT A L
Fyous o1

Figure 30, Calibration curves for the binary and the ternary mixtures.
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