
k, - Coefficient of thermal transport b y  radlation, B.tu./(hr.) 

k, = coefficient of thermal transport through stem, Btu./(hr.) 
(ft.) ( O F . )  

(ft.) (‘F.) 
k a t  I thermal conductivity of steel, B,tu./(hr.) (ft.) ( O F . )  

& = r a t e  of heat transfer by conduction through the fluid, 

&, = measured rate of energy addition, B . tu .  per hour 
& = rate of heat transfer through pins, B.t.u. per hour 
tr = rate of hea t  transfer by radiation, B.t.u. per hour 

= rate of heat transfer through stem, B.t.u. per hour 
rl = inner radius, feet 
ro = outer radius, feet 
rp = radius of pins, feet 
l I  = temperature at inner radius, F. 
to =tempera ture  a t  outer radius,  O F .  

B.t.u. per hour 

d, ( ; = emissivity 
I function of 

4 A  = ratio of area of complete sphere to =ea of sphere minus  
area intercepted by shaft 
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Low Temperature Vapor-Liquid Equilibrium in Light Hydrocarbon 

Mixtures: Methane-Ethane-Propane System 

A. ROY P R I C E ’  and R lK l  KOBAYASHI 
The Rice Institute, Houston, Tex. 

W h i l e  the vapor-liquid equilibrium data  for light hydro- 
carbons are relatively abundant above 50°F., a review of 
the literature ind ica tes  a need for such data  a t  lower tem- 
peratures and high pressures. Very few phase  equilibria 
data  are  avai lable  with which to t e s t  correlations extending 
into the low temperature regions. T h e  sys tems which have 
been s tudied heretofore (and their references) are l i s ted  
below: 

System 
Methane-ethylene 
Methanesthane 
Methane-propane 
Methane--butane 
Et hy lene-et hane 
Et hylene-pr opane 
Et hylene-propylene 
Methane-ethylene-ethane 
Ethyl~esthane-ecetylene 
Natural gases 

T h e  purpose of th i s  invest igat ion w a s  to obtain phase  
equilibria da ta  at low temperatures to  supplement the da ta  
above and provide a b a s i s  for t h e  evaluation of correlations 
for low temperature K-values. T h e  ternary methane-ethane- 
pmpane system w a s  se lec ted  because  of i t s  basic ,  yet 
multicomponent nature. Six temperatures were investigated, 
extending fmm 50° down to -200’F. P r e s s u r e s  at 100 and 
200 p.s.i. in tervals  up to the  cr i t ical  s t a t e s  were chosen. 

EXPERIMENTAL APPARATUS 

T h e  vapor recycle equipment used by Harvey (10) w a s  
modified for t h i s  study. ?he apparatus  can b e  divided into 
s ix  functional sections: equilibrium, pressure control, 
temperature control, charge, sampling, and vacuum systems. 

‘Present address, Humble Oil and Refining Co., Baytown, Tex. 

Figure 1 presents  the  assembly diagram of the  experimental 
apparatus. 

T h e  equilibrium cel l ,  C, is submerged i n  a constant  tem- 
perature bath contained in a Dewar flask. A Jerguson 
transparent gage with s ta in less  steel body w a s  used for 
t h e  cell.  Inlet and outlet ho les  were drilled in  the  bottom 
and top, respectively. Thermocouple wel ls  of capillary 
s t e e l  tubing were inserted about an inch from the top and 
bottom, and a liquid sample tap w a s  drilled near the  bot- 
tom. Teflon gaske ts  were used between t h e  g l a s s  windows 
and t h e  metal body, and have been successfu l  down to 
-250’F. at pressures  up to 2000 p.s.i. T h e  windows of the  
equilibrium ce l l  were centered with respect  to the s l i t s  in 
t h e  Dewar f lask to permit c lear  visibility of the  cell con- 
t e n t s  at all times. 

Another Jerguson transparent gage, R ,  w a s  located out- 
s i d e  t h e  bath to permit detection of any retrograde condensa- 
tion of t h e  recycle  vapors a t  room temperature. A totally 
enclosed magnetic ‘pump, P, provided the  recirculation 
without introducing a source of high pressure leaks. T h e  
variable volume cell, V ,  served as a reservoir of vapor and 
also as  a mercury receptacle used in the  regulation of 
pressure during t h e  charging, equilibration, and liquid sam- 
pling periods. 

T h e  primary cooling system w a s  similar to that  used by 
Bloomer and others  in  their study of the  methane-ethane 
system (3). T h e  temperature regulation w a s  provided by 
controlling t h e  rate  of evaporation of liquid nitrogen. In 
t h i s  manner, temperature could be regulated to within O.l°F. 
of a preassigned value. Calibrated copper-constantan 
thermocouples placed in the  two thermowells and at three 
locat ions within the  liquid bath indic ited t h e  temperature. 

T h e  various ternary mixtures s t rd ied  were synthesized 
within the  equilibrium ce l l  by a trial and error procedure of 
adding each pure component into the cell. T h e  las t  t races  
of heavy hydrocarbons, water, and carbon dioxide were 
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Figure 1 .  Assembly diagram of experimental apparatus 

A. 
AB. 
A C. 
BA, Ba, B,, 
C. 
CH. 
CP. 
CT. 

D. 
D i s  Dz. 
DF. 
E. 
F. 
G,. Gas G, 
G,. G,. 
H. 
M. 
MN. 
N. 
NB. 
NF. 

Ascarite drier 
Alcohol bath 
Auxiliary cooling coi l  
Calibrated volumetric bulbs 
Visual equilibrium ce l l  
Charge 
Centrifugal pump 
Copper tube with s l i t s  for bath 

circulation 
Drierite drier 
Stainless s tee l  drying tubes 
Dewar flask 
Equilibrium section 
Calibrated g lass  mixing flask 
Pressure gages  

Mercury reservoir 
Mercury pump 
Manometer 
Needle valve 
Liquid nitrogen bath 
Liquid nitrogen flask 

removed from t h e  gases by s u c c e s s i v e  contact  with acti- 
vated carbon, Driedte ,  and Ascarite.  

After thermal equilibrium in t h e  c e l l  had been reached, 
it w a s  found tha t  thermodynamic equilibrium w a s  ensured 
by circulating t h e  vapors a t  full recycle  rate for 30 minutes 
and a t  a reduced recycle rate for approximately 30 more 
minutes. A recycle  coil, RC, cooled the  recycle  vapors t o  
t h e  bath temperature before entering the  equilibrium cell .  
T h i s  recycle period w a s  sufficient t o  ensure tha t  the  com- 
posit ion of t h e  vapors in the  variable volume c e l l  w a s  
ident ica l  with t h e  equilibrium vapor in t h e  equilibrium cell .  
T h e  vapor trapped i n  t h e  variable volume c e l l  after the  
liquid sample w a s  taken served a s  t h e  vapor sample. 

T h e  liquid sample w a s  taken through a capillary tube from 
t h e  s i d e  but nea r  t h e  bottom of t h e  equilibrium cell .  T h e  
capillary tubing outs ide the  bath w a s  wrapped with r e  
s i s t a n c e  wire, so that t he  fluid in t h e  sample l i nes  could 
be heated during t h e  sample operation. T h e  snug-fitting 
Nichrome wire  w a s  inser ted  in the  l i ne  between the  sample 
valve and the  equilibrium ce l l  t o  minimize holdup in the  
sample  line. 

MATERIALS 

T h e  g a s e s  used  were obtained from t h e  following sources:  
methane, Ph i l l i p s  Petroleum Co., Resea rch  grade, 99.5%; 
methane, T e n n e s s e e  C a s  Transmission Co., l ine  g a s  from 
se l ec t ed  dehydration station, 99.6%; ethane,  Ph i l l i p s  Petro- 
leum Co., Research grade, 99.95; and propane, Phi l l ips  
Petroleum Co., Pu re  grade, 99.0%. 

P. 
PB. 
PG. 
P v. 
R. 

RC 
RD. 
RG. 
RT. 
s 

SG. 
TC 
TK. 
V .  
Vac. 
vc . 
W. 
1, 2. 
X .  
X 

s,. s,. 

Magnetic pump 
Primary bath 
Pressure generator 
Pressure vesse l  
Visual cel l  for retrograde 

Recycle coi l  
Rupture disk 
Low pressure regulator 
Gas rotameter 
Au-powered stmer 
Sample containers 
Silica gel driers 
Thermocouple well 
Surge tank 
Variable volume ce l l  
Vacuum 
Vaporization coi l  
Rater bath 
Special charge cylinders 
Needle valve 
Glass stopcock 

condensation 

AN AL Y T I C AL M E T  HO D 5 

Two methods were used to determine t h e  composition of 
the equilibrium phases:  infrared spectroscopy and gas- 
liquid partition chromatography. In general ,  t he  infrared 
ana lyses  were confined to the  concentration region in which 
a l l  components exceeded 10 mole 7. Chromatoeraphy 
proved particularly useful in obtaining the  ana lys i s  in con- 
centration regions where one  or more of the  components 
w a s  dilute. Frequent comparisons of the  ana lyses  by t h e  
two methods were made t o  check for mutual consis tency.  

Infrared Analyses. A standard Beckman IR-2  infrared 
spectrophotometer equipped with a modified 50-cm. g a s  ce l l  
w a s  avai lable  for the  analyses .  T h e  following wave lengths 
in t h e  infrared region proved to have favorable absorption 
character is t ics  and  low interference: methane: 7.78 microns; 
ethane: 9.43 microns; and propane: 12.34 microns. Some 
interference, however, did occur and it w a s  necessary to 
develop calibration curves (such a s  those  presented in 
Figures  2,  3, and 4) from ana lyses  of known synthetic mix- 
tu res ,  Methane did not interfere with t h e  absorption either 
a t  t he  ethane or propane wave lengths;  hence the  parameters 
a re  shown a s  per cent  propane on the  ethane plot and per 
cent e thane  on t he  propane calibration. Serious flattening 
of t h e  methane curve prevented accurate  determination of 
methane by direct measurement. 

T o  analyze a given g a s  mixture, absorbance measure- 
ments  were made on the  g a s  a t  t he  ethane and propane wave 
lengths ,  and corresponding total  pressures.  A s  the  com- 
posi t ions of t h e  mixtures were not k n o w n ,  success ive  a p  
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proximations for t he  propane and then ethane concentrations 
w e r e  made through the use  of expanded figures similar to 
Figures  2, 3,  and 4 to es tabl ish their  concentrations. B e  
cause  the  measurements w e r e  made at reduced pressures,  
Dalton’s law was assumed to hold to convert from partial  
pressures  to mole fractions. The  concentration of methane 
was obtained by difference when infrared analyses  w e r e  
made. 

Chromatographic Analyses. Gas-liquid partition chroma- 
tography (GLPC) was investigated a s  an alternative analyti- 
cal  method, especially for applications in which the con- 
centration of a t  least  one of the  components was  low (23). 
At the  time of t h e  investigation (spring of 1955) few pub- 

P O  1 
I I 

Y 

z 

u7 

< 

I 10- 

0 100 100 300 .oo 
WRTIAL PRESSURE - MY OF MERCLRY 

l icat ions on gas-liquid partition chromatography exis ted 
(5, 11, 12, 20, 21, 24,  none emphasizing high analytical  
accuracy. Considerable aid in the development of a pro- 
cedure for accurate analysis  by chromatographic means w a s  
obtained from the  Houston Research Laboratory of Shell 
Chemical Corp. Of the several  l iquids tried, kerosine was  
chosen for t he  fixed liquid phase. T h e  solid phase se- 
lected w a s  crushed, screened Cel i te  12-3 firebrick manu- 
factured by Johns-Manville. Helium w a s  used a s  the carrier 
g a s  because i t s  high thermal conductivity permitted e a s e  
of detection with a commercial thermal conductivity cell .  
The  diagram of the  chromatographic apparatus i s  presented 
in Figure 5. 

0 00 5 50 100 150 ZOO 280 

PARTIAL PRESSURE - M U  OF MERCMY 

Figure 4. Methane calibration curve for methane 
analysis (approximate analysis only) 

Figure 2 Ethane calibration curve for infrared analysis 

ROTAYETER 
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Figure 3. Propane calibration curve for infrared analysis 
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R Q  - REGULATOR c - C O I L  
I - I C E  8 A T H  
S - SAMPLE 
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CONDUCTIVITY 
CELL 

@ - 3-WAY TOGGLE VALVE 
S - BRASS STOPCOCK - HEEDLE VALVE 

Figure 5. Diogram of chromatographic apparatus 

Figure 6. Typical elution curves 
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T h e  output from t h e  conductivity c e l l  w a s  amplified a s  
desired by means of an attenuated l inear  direct  current 
amplifier. In t h i s  way, t he  peak a r e a s  were adjusted to  
give the  greatest  measurable a r e a s  by means of a planim- 
eter. T h e  temperature-sensit ive portions of t h e  chroma- 
tographic apparatus  were placed in a constant  temperature 
i c e  bath. G a s  flow ra t e s  were adjusted by means of pres- 
su re  regulators and rotameters. I t  w a s  imperative that t he  
cell current, zero output b a s e  l ine,  g a s  flow rate,  and cell 
temperature remain constant  during analyses .  A 2-hour 
stabil ization period was  allowed before s tar t ing any analysis.  

Figure 6 shows a s e t  of elution curves from a typical 
sample,  analyzed a s  50-40-10 i n  mole percentages of 
methane, ethane, and propane, respectively.  T h e  degree of 
resolution between components depends upon t h e  relative 
solubi l i t ies  of t h e  components, t he  length of t h e  column, 
and only sl ightly upon flow rate. 

The re  is a direct  relation between the  a reas  under the  
peaks  and t h e  amount of t h e  components in t h e  sample. 
B e c a u s e  t h e  concentration, y, of the  eluted g a s e s  in the  
carrier stream is so low (about 0.5%) t h e  thermal c o n d u c  
tivity vs. concentration curves a re  assumed straight for t h i s  
concentration range. T h e  e.m.f. from t h e  conductivity cel l  
is in  direct  proportion to  t h e  thermal conductivity of the 
mixture so t h e  following equation c a n  b e  written: 

E = c y  (1) 
where 
E = e.m.f. from then ial conductivity cell (expressed in 

c = proportionality constant 

T h e  area,  A , ,  under one of t h e  peaks  is given by 

inches of needle  deflection) 

A ,  = ( ' I  Edt 
J:l 

where 

t = t ime 
t ,  and t, = t imes of ini t ia l  and final detection of the i t h  com- 

Substi tuting, 
ponent 

where 

Q, = flow rate  of carrier g a s  during sample ana lys i s  
MI = moles of component i in sample 
(s subscript  refers t o  sample being analyzed) 

To eliminate t h e  proportionality constant,  Equation 3 is 
divided by the  peak area of a reference sample of t h e  pure 
component: 

(4) 

where 

M R  = moles of pure component reference sample charged 

MR may b e  related to M, by taking into account differences 
in compressibil i ty:  

(R subscript  refers t o  reference sample) 

z 
M R = M  2 

.'I 
R * 

where 

2, , 2. P compressibil i ty factors  for reference and unknown 
samples  respectively 

M ,  = moles of unknown mixture charged 

T h e  volume of sample and t h e  volume of reference sample 
a r e  equal. The  sample for analysis ,  trapped between valves  
V, and V,, was  vented t o  the  atmosphere prior t o  charging 

to  faci l i ta te  an accurate  pressure measurement. The  un- 
known peak area,  A , ,  is corrected for barometric pressure 
differences from the reference measurement by including the 

factor - (P represents barometric pressure). Applying 

t h i s  and Equation 5 to Equation 4: 

PR 

pa 

M 
But 1 = mole fraction m, of component i in the  unknown 

sample. Therefore 
M. 

Equation 7 was  used to calculate  t h e  composition of g a s  
samples  from measurements of unknown peak area,  refer- 
e n c e  peak area,  and the  three correction factors  (flow rate,  
compressibil i ty factor, and barometric pressure). These  
correction factors were usually small, with a maximum of 
about 1% for t he  latter two and 10% for t h e  first. T h e  flow 
rate  correction w a s  determined by a n  indirect method be- 
c a u s e  t h e  rotameter w a s  too insensi t ive to  changes in 
flow. Because  the  init ial  detection time for a component 

is inversely proportional t o  flow rate, t h e  ratio w a s  sub- 

s t i tuted for 
t .  Q 

QR where 

tR , t s  = ini t ia l  detection t imes for component in reference 

The  two compressibil i t ies,  Z. and ZR, did not differ 
greatly; therefore an approximate method w a s  used to es t i -  
mate 2.. A rough analysis  of t h e  mixture w a s  calculated by 
taking t h e  area ratio A J A R  a s  mole fraction, m,, for each 

component, with proper conect ion to  have mi = 1.0. 

Then a molal average compressibility factor w a s  calculated 
for t h e  sample-i.e. 

measurement and unknown sample,  respectively 

n 

1-1 

n 

f- 1 

Compressibil i ty factors were obtained from Silberberg and 
others  (29). 

T h e  reference a reas  were checked periodically, but no 
significant variation w a s  noted. T h e  corresponding a reas  

Table 1. Accuracy Evaluation of Chromatographic Method 

By Synthetic Mixtures, 
Mole Fraction 

By Mass Speclrorneter, 
Mole Fraction 

Component 

Methane 
Ethane 
Propane 

Methane 
Ethane 
Propane 

Methane 
Ethane 
Propane 

Methane 
Ethane 
Propane 

Methane 
Ethane 
Propane 

GLPC 

0.80 1 
0.147 
0.05 19 

0.0486 
0.193 
0.758 

0.745 
0.23 1 
0.0248 

0.490 
0.0112 
0.498 

True 
comp. 

0.7994 
0.1498 
0.0508 

0.0483 
0.1955 
0.7562 

0.7441 
0.2314 
0.0245 

0.4905 
0.0111 
0.4983 

% rel. 
devn. 

0.3 
-1.9 

2.2 

0.6 
-1.3 

0.2 

0.1 
-0.2 

1.2 

-0.1 
0.9 

-0.6 

GLPC 

0.884 
0.0949 
0.0212 

0.441 
0.248 
0.311 

0.424 
0,150 
0.426 

0.801 
0.143 
0.0559 

0.441 
0.366 
0.193 

Mass 
spec.  

0.882 
0.097 
0.021 

0.435 
0.255 
0.309 

0.43 1 
0.153 
0.417 

0.794 
0.147 
0.058 

0.436 
0.371 
0.192 

?& reL 
d e  vn. 

0.2 
-2.2 

1.0 

1.4 
-2.7 

0.7 

-1.6 
-2.0 

2.2 

0.9 
-2.7 
-3.6 

1.1 
-1.3 

0.5 
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Figure 7. Pressurrtemperature projection for light hydrocarbons 

and ini t ia l  detection time a t  30.000 inches of mercury 
barometric pressure were 

Initial Detection Time, Referrme Peak 
Component Minutes Area, Sq. Cm. 

CHI 9.40 42.9 
cfi6 12.70 65.7 
CS& 24.07 85.1 

Peak  a reas  were measured by planimeter t o  a relative ac- 
curacy of 1%. Other indications of area (such a s  peak 
height, and peak height t imes width of elution curve a t  one 
half peak height) were investigated,  but t he  accuracy was  
not satisfactory.  

T h e  method was evaluated by analyzing known mixtures 
and having spot checks made by mass spectrometer. Four 

synthet ic  mixtures were prepared in  the  manner described 
under infrared analyses  and analyzed by gas-liquid partition 
chromatography. In addition, f ive samples  taken during 
equilibrium measurements were analyzed chromatographi- 
cally and checked by mass spectrometer analysis .  T h e  re- 
su l t s  appear in Tab le  I. 

In many cases ,  both infrared and chromatographic analy- 
ses were made on t he  equilibrium samples.  Agreement was  

(Text  continued on page 49) 

ETHANE MOL FRACTION 

system 
Figure 8. Pressurscomporition diagram for methanrethan. 

- -  
PROPANE MOL FRACTION 

Figur. 9. Pressurrcompoaition diagram for methmrpropone 
system 
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Table I I .  Results for Binary and Ternary Systems 

K-Values 

OF. 

so 
50 
so 
50 
50 
50 
so 
50 
50 

50 
50 
50 
so 
50 
so 
50 

50 
50 
50 
50 
50 
so 
50 
so 
50 
so 
50 
so 
50 
50 

50 
50 
50 
50 
50 
50 

50 
50 
so 
50 
50 
50 
So 
50 
50 
so 
50 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

P.S.LA. CH. 

100 
100 
100 

200 
200 
200 
200 
200 
200 

400 
400 
400 
400 
400 
400 
400 
600 
600 
600 
600 
600 
600 
600 

800 
800 
800 
800 
800 

600b 

8Oob 

1000 
1000 
1000 
lo00 
1000 
1000 

1100 
1100 
1100 
1 100 
1100 
1100 
1100 

1200 
1200 
1200 
1200 

100 
100 
100 
100 
100 
100 

200 
200 
200 
200 
200 
200 

400 
400 
400 
400 
4Oob 

600 
600 
600 
600 
600 
6Oob 

800 
800 
800 
800 

0.0028" 
0.0022" 

0.044' 
0.044" 
0.0396' 
0.0270" 
0.0128' 

a 128 
a 110 
0.0697 
0.06 20 
a0302 

0.216 
0.214 

0.178 
0.174 

0.113 
0.083 

0.300 
0.286 
0.268 
0.255 
0.237 
0.207 

0.413 
0.389 
0.385 
0.373 
0.349 
0.3755 

0.451 

0.430 
0.438 

0.435 
0.440 

0.498 
0.4997 
0. 504 
0.508 

0.0358 

0.0279 
0.0210 
0.0107 

a 204 

0. 137 

a 4365 

a 438 

0.0335 

a 0904 

0.0457 

0.0917 
0.0702 

0.0127 

0.199 
0.159 
0.1557 
0.1364 
0.123 

0.311 
0.293 
0.288 
0.272 
0.271 
0.256 

0.415 

0.378 
0.380 

0.391 

Liquid Composition 
Tqmp, Press. 
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0,998 
0.0080 0.9897 
0.0236 0.9764 

0.960 
0.962 

0.0655 0.8966 
0.160 0.811 
0.264 0.7193 
0.357 0.643 

0.872 
0.175 0.715 
as00 0.4303 
0.553 0.385 
0.7578 0.212 
0.9066 0.0934 
0.9108 0.0892 

0.784 
0.151 0.635 
0.178 0.618 
0.376 0.446 
0.457 0.369 
0.647 0.216 
0.768 0.119 
0.917 

0.700 
0.121 0.593 

0.454 0.291 
0.566 0.197 
0.793 

a 3 5 9  0.373 

0.587 
0.169 0.442 
0.225 0.390 

0.505 0.146 
0.5241 C.1004 

a 3 5 7  0.270 

0.549 
0.0409 0.5226 
a i io  0.460 
0.192 0.370 
0.223 0.339 
0.259 0.306 
0.376 0.184 

0.502 
0.0375 0.4628 
0.176 0.320 
0.243 0,249 

0.9642 
0.0174 0.9491 
0.1284 0.8437 
0.166 0.813 
0.272 0.7173 
0.373 0.627 

0.9096 

0.250 0.6798 
0.4843 0.470 

0.9013 0.0987 

0.0127 a8956  

a8133  0.174 

0.801 
0.347 0.494 
0.5293 0.315 
0.7243 0.1393 
0.877 

0.689 
0.266 0.441 
0.343 0.369 
0.481 0.247 

0.744 
a6204  0.1086 

0.585 
0.188 0.421 
0.354 0.268 
0.418 0.202 

Vapor Composition 

CH4 

0.057 
0.0452 

0.47 1 
0.471 
0.412 
0.275 
0.127 

0.685 
0.557 
0.306 
0.282 
0.11s 

0.762 
0.663 
0.6 54 
0.521 
0.487 
0.37 1 
0.286 
0.210 

0.788 
0.7224 
0.588 
0.534 
0.4632 
0.325 

0.805 
0.707 
0.680 
0.600 
0.4826 
0.4345 

0.803 
0.7746 
0.7341 
0.692 
0.665 
0.630 
0.504 

0.784 
0.7558 
0.673 
0.584 

0.573 
0.5589 
0.400 
0.325 
0.159 

0.768 
0.7717 
0.560 
0.359 
0.0778 

0.862 
0.6985 
0.6003 
0.4869 
0.410 

0.891 
0.781 
0.7514 
0.68% 
0.6138 
0.561 

0.899 

CIH. 

0.0280 
0.0720 

0.112 
0.284 
0.476 
0.612 

0.193 
0.535 
0.570 
0.7989 
0.9616 
0.9606 

0.133 
0.150 
0.332 
0.382 
0.550 1 
0.6668 
0.790 

0.0906 
0.282 
0.357 
0.455 
0.675 

0.126 
0.164 
0.268 
0.431 
0.490 

0.0306 
0.0849 
0.143 
0.173 
0.209 
0.351 

0.0302 
0.143 
0.219 

0.0336 
0.246 
0.349 
0.534 
0.692 

0.0133 
0.270 
0.519 
0.8746 
0.9717 

0.217 
0.343 
0.4852 
0.590 

0.1377 
0.184 
0.260 
0.361 
0.439 

0.8239 0.0939 
0.7727 0.1702 
0.7318 0.224 

CSH. 

0.94 3 
0.9268 
0.9280 

0.529 
0.529 
0.476 
0.441 
0.397 
0.388 

0.315 
0.250 
0.159 
0.148 

0.0384 
0.0394 

0.238 
0.204 
0.1% 
0.147 
0.131 
0.0789 
0.0472 

0.212 
0.187 
0.130 
0.109 
0.0818 

0.195 
0.167 
0.156 
0.132 
0.0864 
0.0755 

0.197 
0.1948 
0.181 
0.165 
0.162 
0.161 
0.145 

0.216 
0.214 
0.184 
0.197 

0.427 
0.4075 
0.354 
0.326 
0.307 
0.308 

0.232' 
0.215 
0.170 
0.122 
0.0476 
0.0283 

0.138 
0.0845 
0.0567 
0.0279 

0.0861 

0.109 
0.0813 
0.0646 
0.0504 
0.0252 

0.101 
0.0822 
0.05 17 
0.0442 

ExpU 

20. 4a 
20.5' 

ia 7' 
10.7" 

la 2' 
10.4' 

9.95 

5.3s 
5.06 
4.39 
4.54 
3.81 

3.53 
3.10 
3.20 
2.93 
2.80 
2.71 
2.53 
2.53 

2.63 
2.53 
2.19 
2.10 
1.95 
1.58 

1.95 
1.82 
1.75 
1.61 
1.38 
1.16 

1.78 
1.77 
1.71 
1.58 
1.52 
1.45 
1.15 

1.57 
1.51 
1.34 
1.15 

15.9 
16.7 
14.3 
15.5 
14.9 

8.47 
8.43 
7.98 
7.85 
6.12 

4.33 
4.39 
3.86 
3.57 
3.33 

2.86 
2.67 
2.61 
2.54 
2.28 

2.16 
2.11 
2.05 
1.93 

2. l a  

Smoothed 

20.5 
20.4 

10.3 

10.2 
10.1 
9.95 

5.55 
5.12 
4.42 
4.33 
3.94 

3.46 
3.26 
3.23 
2.95 
2.88 
2.69 
2.57 
2.43 

2.63 
2.51 
2.18 
2.07 
1.91 
1.58 

1.95 
1.82 
1.76 
1.61 
1.38 
1. lfi 

1.77 
1.77 
1.71 
1.58 
1.52 
1.42 
1.12 

1.56 
1.53 
1.34 
1.15 

15.9 
15.8 
15.6 
15.4 
14.8 

8.47 

8.04 
7.51 
6.33 

4.33 
4.17 
3.94 
3.63 
3.29 

2.86 
2.70 
2.64 
2.50 
2.32 
2.15 

2.16 
2.13 
2.03 
1.97 

Exptl, 

3.50 
3.05 

1.86 
1.77 
1.80 
1.72 

1.10 
1.07 
1.03 
1.05 
1.06 
1.05 

0.880 
0.843 
0.883 
0.836 
0.849 
0.868 
0.861 

0.749 
0.786 
0.787 
0.803 
0.852 

0.745 
0.729 
0.751 
0.853 
0.933 

0.748 
0.771 
0.744 
0.776 
0.807 
0.934 

0.806 
0.813 
0.901 

1.93 
1.92 
2.10 
1.96 
1.85 

1.05 
1.08 
1.07 
1.08 
1.08 

0.626 
0.648 
0.670 
0.673 

0.518 
0.537 
0.540 
0.582 
0.591 

0.499 
0.48 1 
0.536 

Smoothed 

3.27 

1.80 
1.78 
1.77 
1.75 

1.07 
1.07 
1.07 
1.07 

1.06 

0.860 
0.860 
0.860 
0.860 
0.860 
0. a60 
0.860 

a 748 
0.780 
0.790 
0.803 
0.852 

0.732 
0.732 
0.74s 
0.855 
0.9400 

0.748 
0.749 
0.750 
0.773 
0.815 
0.938 

0.900 
0.813 
0.901 

1.95 
1.95 
1.95 
1.95 

1.07 
1.07 
1.07 
1.08 

0.526 
0.648 
0.662 
0.680 

0.518 
0.527 
0.549 
0.5i5 
0.596 

0.498 
0.520 
0.540 

Exptl. 

0.91 5 
0.936 
0.951 

0.551 
0.550 
0.S31 
0.543 
0.552 
0.603 

0.361 
0.350 
0.369 
0.348 
0.406 
0.411 
0.442 

0.304 
0.321 
0.317 
0.330 
0.355 
0.36 5 
0.397 

0.303 
0.315 
0.348 
0.374 
0.415 

0.332 
0.378 
0.400 
0.442 
0.591 
0.751 

0.359 
0.373 
0.394 
0.446 
0.478 
0.526 
0.788 

0.430 
0.462 
0.575 
0.79 1 

0.445 
0.430 
0.420 
0.401 
0.428 
0.49 1 

0.256 
0.240 
0.250 
0.260 
0.274 
0.287 

0.172 
0.171 
0.180 
0.200 

0.158 
0.185 
0.175 
0.204 
0.232 

0.173 
0.195 
0.213 
0.219 

Smoothed 

0.945 
0.947 

0.540 

0.542 
0.545 
0.591 
0.587 

0.350 
0.357 
0.374 
0.378 
0.398 

0.424 

0.304 
0.316 
0.320 
0.343 
0.352 
0.374 
0.390 

0.303 
0.312 
0.3 51) 
0.373 
0.415 

0.332 
0.379 
0.397 
0.442 
0.596 
0.776 

0.365 
0.370 
0.394 
0.445 
0.478 
0.527 
0.830 

0.432 
0.458 
0.597 
0.810 

0.412 
0.412 
0.418 
0.421 
0.437 

0.247 

0.2 56 
0.264 
0.278 
0.283 

0.168 
0.173 
0.181 
0.198 

0.153 
0.171 
0.1R4 
0.202 
0.240 

0.173 
0.1q1 
0.21') 
0.220 

45 



Table 11. (Continued) 
K-Values 

Temp, Press. 
Liquid Composition Vapor Composition CH4 c&6 C S h  

OF. 

0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

-50 
- 50 
-50 
-50 
-50 - 50 
- 50 

-50 - 50 
-50 
-50 - 50 

- 50 
- 50 
- 50 - 50 
-50 
-50 
-50 
-50 

- 50 
-50 
- 50 
-50 - 50 
- 50 

- 50 
-50 
-50 - 50 

-50 
-50 
-50 
-50 - 50 
-50 

- 100 
- 100 
- 100 
- 100 
- 100 

- 100 
- 100 
- 100 
- 100 
- 100 

-100 
- 100 

46 

P. S. I. A. 

800 

1000 
1000 
1000 
1000 
1000 
1000 

800b 

l0OOC 

1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 
1100 

1200 
1200 
1200 
1200 
1200 

1300 
1300 
1300 
1300 

100 
100 
100 
100 
100 
100 
loob 
200 
200 
200 
200 
200 

400 
400 
400 
400 
400 
400 
400 
400 

600 
600 
600 
600 
600 
600 

800 
800 
800 
800 

1000 
1000 
1000 
1000 
1000 
1000 

100 
100 
100 
100 
100 

200 
20C 
200 
200 
200 

400 
400 

CHI 

0.380 
0.390 

0.522 
0.515 
0.512 
0.514 
0.5161 
0.5258 
0.522 

0.582 
0.5759 
0.585 
0.584 
0.587 
0.582 
0.5917 
0.6043 
0.604 

0.637 

0.653 
0.650 
0.693 

0.708 
0.7103 
0.7315 
0.7364 

0.0769 
0.0614 
0.0486 
0.0479 
0.0467 
0.0261 
0.006 

0.146 
0.125 
0.12s 
0.119 
0.0968 

0.2% 
0.292 
0.271 
0.274 
0.270 
0.277 
0.278 
0.282 

0.438 
0.440 
0.424 
0.443 
0.441 
0.438 

0.581 
0,598 
0.611 
0.622 

0.736 
0.7609 
0.7662 
0.7749 
0.7837 
0.8332 

0.125 
0.118 
0.110 
0.110 
0.101 

0.222 
0.235 
0.232 
0.236 
0.250 

0.477 
0.492 

0.6456 

0.5142 0.1058 
0.610 

0.478 
0.0780 0.407 
0.187 0.301 
0.239 0.247 
0.3378 0.1461 
0.4467 0.0275 
0.478 

0.418 
0,0581 0.366 
0,107 0.308 

0.192 0.221 
0.228 0.190 
0.2483 0.1600 
0.259 0.1367 
0.273 0.123 

0.363 
0.0874 0.267 
0.106 0.241 
0.118 0.232 
0.161 0.146 

0.292 
0.0297 0.260 
0.0345 0.234 
0.0396 0.224 

0.157 0.259 

0.9231 
0.1718 0,7668 
0.302 0.6494 
0.399 0.5531 
0.448 0.5053 
0.7259 0.248 
0.994 

0.854 
0.268 0.607 
0,368 0.507 
0.627 0.254 
0.9032 

0.704 
0.126 0.582 
0.289 0.440 
0.448 0.278 
0.512 0.218 
0.523 0.200 

0.718 
0.571 0.151 

0.562 
0.145 0.415 
0.150 0.426 
0.243 0.314 
0.366 0.193 
0.562 

0.419 
0.109 0.293 
0.249 0.140 
0.378 

0.264 
0.0651 0.174 
0.0892 0.1446 
0.1261 0.0990 
0.1491 0.0672 
0.1318 0.0350 

0.875 
0,144 0.738 
0.320 0.570 
0.580 0,310 
0.899 

0.778 
0.121 0.644 
0.435 0.333 
0.483 0,281 
0.750 

0.523 
0.175 0.333 

CHI C h  
0.6795 0.2% 
0.619 0.381 

0.895 
0.8623 0.0443 
0.8174 0.1027 
0.791 0.140 
0,7234 0.226 
0.6357 0.349 
0.569 0.431 

0.888 
0.8619 0.0341 
0.8377 0.0635 
0.8237 0.0928 
0.7947 0.1231 
0.7707 0.154 
0.7545 0.1758 
0.7484 0.1855 
0.7142 0.2177 

0.873 
0.8218 0.0625 
0.8158 0.0751 
0.795 0.089 
0.721 0.144 

0.845 
0.8294 0.0246 
0.8086 0.0322 
0.7978 0.0384 

0.840 
0.7195 0.1628 
0.605 0.292 
0.5287 0.380 
0.4952 0.425 
0.280 0.682 
0.066 0.934 

0.9216 
0.804 0,140 
0.7478 0.206 
0.6383 0.333 
0.505 :).J95 

0.9493 
0.920 0.0383 
0.8791 0.0907 
0.8245 0.154 
0.8084 0.1742 
0.7986 0.1880 
0.7901 0.194 
0.724 0.276 

0,9585 
0.9179 0.0485 
0.919 0.0446 
0.8952 0.0790 
0.8637 0.119 
0,800 0.200 

0.959 
0.9275 0.362 
0.8901 0.0886 
0.832 0.168 

0.9458 
0.9216 0.0331 
0.9026 0.0504 
0.8838 0.0758 
0.8631 0,1001 
0.8363 0.1288 

0,9591 
0.9186 0.0472 
0.8651 0.110 
0.7916 0.194 
0.680 0.320 

0.9792 
0.9615 0.0228 
0.9070 0.0840 
0.8926 0.0983 
0.814 0.186 

0.9855 
0.963 0.0266 

CtHb 
0.0245 

0.105 
0.0934 
0.0799 
0.0690 
0.0506 
0.0153 

0.112 
0.104 
0.0988 
0.0835 
0.0822 
0.0753 
0.0697 
0.0661 
0.0681 

0.127 
0.1157 
0,1091 
0.116 
0.135 

0.155 
0.146 
0.1592 
0.1638 

0.160 
0.1177 
0.103 
0.0913 
0.0798 
0.0380 

0.0784 
0.0560 
0.0462 
0.0287 

0.0507 
0.0417 
0.0302 
0.0215 
0.0174 
0.0134 
0.0159 

0.0415 
0.0336 
0.0364 

0.0173 
0.6258 

0.0410 
0.0363 
0.0213 

0.0542 
0.0453 
0.0470 
0.0404 
0.0368 
0.0349 

0.0409 
0.0342 
0.0249 
0.0144 

0.0208 
0.0157 
0.00897 
0.00909 

0.O14Sc 
0.0104 

Exptl. 

1.80 
1.59 

1.71 
1.68 
1.60 
1.54 
1.40 
1.21 
1.09 

1.53 
1.50 
1.43 
1.41 
1.35 
1.32 
1.275 
1.24 
1.18 

1.37 
1.27 
1.25 
1.22 
1.04 

1.19 
1.17 
1.11 
1.08 

10.9 
11.7 
12.4 
11.0 
10.6 
10.7 
11.0 

6.31 
6.43 
5.98 
5.35 
5.22 

3.20 
3.15 
3.24 
3.02 
2.99 
2.88 
2.74 
2.57 

2.19 
2.06 
2.17 
2.02 
1.96 
1.83 

1.65 
1.55 
1.46 
1.34 

1.29 
1.21 
1.18 
1.14 
1.10 
1.00 

7.67 
7.78 
7.77 
7.20 
6.73 

4.41 
4.09 
3.91 
3.78 
3.26 

2.06 
1.96 

Smoothed 

1.81 
1.58 

1.71 
1.68 
1.60 
1.54 
1.40 
1.15 
1.09 

1.53 
1.50 
1.46 
1.41 
1.35 
1.28 
1.23 
1.19 
1.10 

1.37 
1.27 
1.23 
1.20 
1.00 

1.19 
1.17 
1.11 
1.00 

11.5 
11.3 
11.2 
11.1 
10.9 
10.8 
10.7 

6.50 
6.19 
6.00 
5.60 
5.00 

3.20 
3.18 
3.11 
2.97 
2.91 
2.88 
2.83 
2.61 

2.19 
2.11 
2.11 
2.04 
1.96 
1.83 

1.65 
1.55 
1.44 
1.34 

1.29 
1.25 
1.22 
1.13 
1.10 
1.00 

7.90 
7.78 
7.60 
7.26 
6.70 

4.40 
4.23 
3.81 
3.73 
3.21 

2.06 
1.97 

ExptL 

0.576 
0.621 

0.568 
0.549 
0.586 
0.669 
0.781 
0.901 

0.587 
0.593 
0.591 
0.641 
0.675 
0.708 
0.716 
0.797 

0.716 
0.708 
0.754 
0.894 

0.828 
0.933 
0.970 

0.947 
0.967 
0.952 
0.949 
0.939 
0.940 

0.522 
0.560 
0.531 
0.548 

0.304 
0.314 
0.344 
0.340 
0.359 
0.340 
0.384 

0.334 
0.298 
0.325 
0.327 
0.356 

0.332 
0.356 
0.445 

0.509 
0.565 
0.609 
0.671 
0.977 

0.328 
0.344 
0.334 
0.356 

0.188 
0.193 
0.204 
0.248 

0.152 

Smoothed 

0.576 
0.621 

0.548 
0.562 
0.583 
0.6430 
0.840 
0.901 

0.585 
0.585 
0.602 
0.630 
0.666 
0.712 
0.770 
0.920 

0.710 
0.720 
0.740 
1.00 

0.828 
0.960 
1.00 

0.950 
0.950 
0.950 
0.950 
0.950 
0.950 

0.530 
0.531 
0.534 
0.540 

0.304 
0.313 
0.331 
0.340 
0.343 
0.352 
0.385 

0.310 
0.310 
0.317 
0.330 
0.356 

0.322 
0.356 
0.445 

0.510 
0.544 
0.635 
0.800 
0.977 

0.327 
0.335 
0.345 
0.356 

0.187 
0.201 
0.205 
0.249 

0.149 

Exptl. Smoothed 

0.232 

0.220 
0.230 
0.266 
0.280 
0.346 
0.554 

0.268 
0.284 
0.32 1 
0.322 
0.372 
0.396 
0.436 
0.484 
0.554 

0.350 
0.433 
0.453 
0.500 
0.925 

0.531 
0.561 
0.681 
0.731 

0.173 
0.153 
0.159 
0.165 
0.158 
0.153 

0.0918 
0.0922 
0.0911 
0.115 

0.0735 
0.0717 
0.0687 
0.0773 
0.0796 
0.0805 
0.105 

0.0739 
0.0809 
0.0855 
0.0822 
0.0896 

0.0978 
0.124 
0.152 

0.205 
0.260 
0.325 
0.408 
0.547 
0.997 

0.0468 
0.0463 
0.0437 
0,0464 

0.0268 
0.0254 
0.0269 
0.0324 

0.0277 
0.0312 

0.233 

0.220 
0.235 
0.266 
0.288 
0.355 
0.6 18 

0.268 
0.284 
0.307 
0.332 
0.364 
0.410 
0.460 
0.525 
0.710 

0.350 
0.433 
0.471 
0.507 
1.00 

0.531 
0.560 
0.630 
1.00 

0.160 
0.160 
0.160 
0.160 
0.160 
0.160 

0.0920 
0.0920 
0.0922 
0.115 

0.0710 
0.0710 
0.0710 
0.0750 
0.0815 
0.0840 
0.0950 

0.0739 
0.0795 
0.0800 
0.0840 
0.0896 

0.0978 
0.120 
0.157 

0.205 
0.275 
0.320 
0.452 
0.650 
0.995 

0.0452 
0.0452 
0.0453 
0.0456 

0.0261 
0.0261 
0.0261 
0.0263 

0.0270 
0.0291 
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Table 11. (Conflnuad) 

:<-Values 

T',"p.# 
F. 

- 100 
- 100 - 100 - 100 

-100 - 100 - 100 - 100 

-150 - 150 - 150 - 150 
-150 - 150 

-150 
-150 
- 150 
-150 - 150 

-200 
- 200 
-230 - 200 

Press. 
P.S.I. A, 

400 
400 
400 
400 

600 
600 
600 
600 

100 
100 
100 
100 
100 
100 

200 
200 
200 
200 
200 

100 
100 
100 
100 

Liquid Composition Vapor Composition 

' 3 4  

0.496 

0.5191 
0.528 

0.744 
0. 745 
0.7647 
0.784 

0.238 
0.242 
0.240 
0.249 
0.252 

0. 502 

0.528 
0.5532 
0.56 1 

0.802 
0.8075 
0.8187 
0.833 

a so4 

a 2 5 1  

0.514 

C2H6 CsHi 

0.242 0.262. 
0.308 0.188 
0.386 0.0949 
0.472 

0.256 
0.0520 0.203 

0.216 

0.762 
0.258 0.500 
0.275 0.485 
0.446 0.305 
0.6762 0.0718 
0.749 

0.498 
0.208 0.278 
0.319 0.153 
0.400 0.0468 
0.439 

0.1612 a0741 

0.198 
0.0735 0.119 
0.124 0.0573 
0.167 

CH4 CaHs 

0.9562 0.0364 
0.9446 0.0486 
0.9321 0.0630 
0.9165 0.0835 

0.9852 
0.9775 0.0119 
0.9583 0.0366 
0.9498 0.0502 

0.9932 
0.9686 0.0282 
0.9653 0.0308 
0.9538 0.0433 
0.9299 0.0682 
0.9312 0.0688 

0.9955 
0.9806 0.0167 
0.9742 0.0234 
0.969 0.0294 
0.970 0.030 

0.9993 
0.9962 0.0021 
0.9961 0.0029 
0.9965 0.0035 

CsHa 

0.00741 
0.00685 
0.00486 

0.0148 
0.0106 
0.00512 

0.0068 
0.0032 
0.0039 
0.0030 
0.0019 

0.0045 
0.0027 
0.0024 
0.0016 

0.0007 
0.0007d 
0.0007d 

Exptl. 

1.93 
1.88 
1.80 
1.72 

1.32 
1.31 
1.25 
1.21 

4.17 
4.00 
4.02 
3.68 
3.67 
3.71 

1.98 
1.91 
1.84 
1.75 
1.73 

1.24 
1.23 
1.22 
1.20 

Smoothed 

1.92 
1.86 
1.80 
1.67 

1.32 
1.30 
1.25 
1.21 

4.17 
4.00 
3.96 
3.82 
3.68 
3.61 

2.01 
1.92 
1.83 
1.76 
1.73 

1.24 
1.23 
1.22 
1.21 

Exptl. 

0.150 
0.158 
0.163 
0.177 

0.229 
0.227 
0.232 

0.109 
0.112 
0.0970 
0.102 
0.0918 

0.0805 
0.0734 
0.0735 
0.0683 

0.0286 
0.0234 
0.02 10 

Smoothed 

0.154 
0.156 
0.164 
0.178 

0.229 
0.232 
0.237 

0.110 
0.109 
0.103 
0.0940 
0.0920 

0.0860 
0.0745 
0.0710 
0.0702 

0.0337 
0.0285 
0.0245 

Expti. 

0.0283 
0.0364 
0.0512 

0.0556 
0.0522 
0.0691 

0.0089 
0.0064 
0.0080 
0.0098 
0.0265 

0.0090 
0.0097 
0.0157 
0.0342 

0.0035 
0.0059 
0.012 

Smoothed 

0.0313 
0.0362 
0.0481 

0.0540 
0.0540 
0.0660 

0.0080 
0.0080 
0.0080 
0.0097 
0.0252 

0.0091 
0.0097 
0.0155 
0.0370 

0.0035 
0.0060 
0,0155 

:Calculated by Henry's law. 

'Interpolated. 
dEstima ted. 

Bloomer and others (3). 
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Figure 10. K-valuepressure diagram for methansethane system 
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Figure 11. K-value-temperature diagram for methaneethme s y s t m  

Figure 12 K-value-pressure diagram fa methane-propane system 
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usually good, but greater weight was  given t h e  GLPC anal- 
yses .  T h e  infrared method was  particularly valuable  for 
approximate ana lyses  during at tempts  to reach a desired 
composition. This type of analys is  could be performed in  a 
very few minutes, whereas  a complete chromatographic 
a n a l y s i s  required about an  hour. 

E X P E R I M E N T A L  RESULTS 

Equilibrium measurements were made on more than 150 
m i x t u r e s  involving methane, ethane, and propane Over a 
wide range of temperatures and pressures .  Conditions in- 
vest igated a r e  given below: 

Tsmpsratwe, OF. Preesure, P.SLA 

50 100, 200, 400, 600, 800, 1000, 1100,1200 
0 100. 200,400,600,800,1000,1100,1200,~300 

- 5 0  100, 200,400,600.800.1000 
-100 100, 200,400,600 
-150 loo, 200 
100 100 

100 
80 
60 

40 

20 

I O  

6.0 

4.0 

ao 

2.0 

I. 0 
0.8 
0.6 

0.4 

0.2 

0. I 

aa 
o.a 

Flpure 13. K-valuctemperahwe ao 
dlogmm for methan- 

propane sy8t.cn 
01x 

A complete tabulation of all binary and ternary data ob- 
ta ined i n  this investigation appears  i n  Tab le  11. 

Pmntation of Biwry Equilibrium Dda. T h e  resu l t s  of 
binary equilibrium measurements from this work have been 
plotted in various ways. Related data  from other sources  
have been included where applicable. 

T h e  press-temperature projection showing vapor p r e s  
sures of methane, ethane,  propane, and n-butane is given in 
Figure 7. Included are the  known crit ical  loci for the  ass+ 
ciated binary systems. 

Pressure-composition diagrams for the  sys t ems  methane- 
ethane and methane-propane from this work are shown in 
F igures  8 and 9. 

K-value m. pressure and K-values w. temperatures are 
plotted in  F igures  10 to 13 for the  same systems.  In low 
pressure regions where either the  Henry-Dalton or the  
Raoult-Dalton relationships hold, the  log K ps. log P 
curves become 45 degree lines. These rules may be a p  
plied i n  the extension of high pressure data to lower pres- 

0.01 
0.008 
0.006 

0- 

0.002 

0.001 
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sures .  In particular, t he  Raoult-Dalton relationship is use- 
ful, s ince  the vapor pressure of t he  less volat i le  component 
provides an anchor point for t he  K-value of t he  component 
at low pressures.  

T h e  actual experimental data have been plotted on t h e  
K-P diagrams (Figure 10 and 12). whereas smoothed values,  
taken f n m  these  curves  appear on t h e  K-T graphs (Figares 
11 and 13). T h e  dotted ex tens ions  of t he  curves  for pres- 

moa 
%ne 

iooacn, 

Figure 14. Prmssurrcomposition d iogom for 
tmnor). syst.m o( O O  F. 

su res  below the cri t ical  are  estimations and the accuracy 
should be interpreted accordingly. They  terminate when 
t h e  value of the boiling point a t  t he  particular va lue  of 
pressure is reached. 

Prosontation of Tornary Equilibrium Data. For  a ternary 
system, complete representation of two-phase equilibrium 
requires the  definition of three independent variables.  
Thus,  a t  a given temperature, ternary equilibria may be 
represented in  three dimensions. Figure 14 shows a pres- 
sure-composition diagram for t he  ternary mixture a t  D'F. 
T h e  f aces  of the  prism a re  recognized a s  being the binary 
P-X plots. 'They bound the three-dimensioaal figure rep- 

100 PSIA 

W 3 

a 
? 
Y 

1.0 

0.1 
0.0 01 0.e 0. a* LO 

E?"EYOLFRACTYrWINLIOU) 

Figuro 1S. K-voluo-compositbg diogmn f a  1- syska  ot 
50 F. 

t I I I I 

i 

l l i  

I I I , I 
0.0 02 0.4 1.. 0 . S  1.0 

ETHANE YOL FRACTION IN UQU) 

0.1 

Figum 1 6  K-rolurcompositi$n diopclm f a  tomor). sy8tt.n o t  
0 F. 
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Figure 17. K-voiw-composition diagrom fw ternary system at 
- SO0 F. 

sent ing the ternary system. Several  .constant pressure sec- 
t ions a r e  shown, intersect ing the  equilibrium surfaces  
along t h e  sol id  l ines ,  with example t i e  l i nes  being dotted. 
Such diagrams c a n  b e  constructed for var ious temperatures,  
representing t h e  ent i re  vapor-liquid region. While t h i s  type 
of representation is important quali tatively,  i t s  quantitative 
value is limited. . 

To represent t h e  experimentally determined K-values, 
some composition variable must be included with tempera- 
ture  and pressure. It is customary t o  u s e  t h e  composition 
of a component i n  one  of t h e  equilibrium phases  or some 
function of phase  composition. In t h i s  work, t he  ethane 
concentration i n  the  l iquid was  se l ec t ed  because  i t s  degree 
of variation w a s  generally the  greatest .  T h e  experimental 
da t a  are plotted as log K vs. e thane  concentration i n  the  
l iquid with parameters of constant  pressure for each  tem- 
perature. T h e  graphs appear as  F igures  15 to  20. 

Because  of extremely low concentrations of methane in 
t he  l iquid phase  a t  5O0F. for t he  100 and 200 p.s.i. runs, 
t he  analyt ical  accuracy is doubtful. A method of predicting 
the  da t a  in  t h i s  region was  therefore selected.  T h e  binary 
K-values were obtained by assuming Henry's law and ex- 
tending t h e  curves as 45" l i n e s  into t h e  low pressure re- 
gion, as w a s  previously discussed.  Although not s t r ic t ly  
appl icable  t o  ternaries,  t h e  method w a s  used in  a modified 
form. A hypothetical  binary was  assumed by taking K- 
va lues  of propane from t h e  propane K ys. e thane  concentra- 
t ion plots  a t  constant  concentrations of e thane  i n  the  
liquid. T h e  K-P curves thus obtained were extended as 
before into the low pressure region to get K-values. 

Figure 19. K-value-composition diogrom for ternary sysium o t  
-150° F. 

I 

W 3 -1 

3 
Y 

0 

I I I 

I 

J 0.9. 0.4 0.8 0. a I. 0 

ETHANE MOL FR" IN UQUO 

Figure 18. K-volue-composition diagrom for ternary system at 
-1OOOF. 
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Analytical  difficult ies were also encountered a t  very low 
temperatures where the  concentration of t h e  heavier com- 
ponents i n  the vapor i s  low. Unfortunately, Raoult’s law 
cannot be applied to smooth t h e  K-values of e thane and 
propane at  -200’F. because their  concentration‘ i n  the  
l iquid is not high enough t o  consider t h e m  as solvents.  T h e  
-200OF. curve for propane K-value in  t h e  K-P diagram of 
the  methane-propane binary (Figure 12) w a s  used as a 
basis .  An experimental K-value for propane of 0.0035 was  
assumed correct with relation to  the  higher isotherms. T h e  
measured propane concentration in  the  vapor phase w a s  
about 0.07 mole %. Previous data (Table 11) have indi- 
cated that the vapor phase becomes consistently leaner in 
propane as ethane is increased i n  the  liquid. As a con- 
servat ive move, the propane concentration in  t h e  vapor 

I. 

0 

W 
3 
J 

? 
Y 

0.c 

O.O( 
0.2 0.4 0.6 

ETHANE MOL FRACTION IN UWD 
Figure 20. K-value-conposition diogrom 

for ternary system at - 2 0 0 ~  F. 

was  assumed constant a t  0.07 % as t h e  l iquid changed, 
yielding the curve in Figure 20. T h i s  should represent t he  
maximum K-value curve for propane a t  -200OF. and 100 
p.s.i.a. 

GENERAL COMMENTS 

No retrograde condensation was  observed i n  the  external 
visual  cel l  during the experimental operations. C lose  watch 
was  kept, especial ly  a t  high pressure conditions where the  
propane concentration in the vapor became large. 

Crit ical  opalescence occurred in the  equilibrium cell 
during measurements near the cri t ical  points of t h e  various 
mixtures. A rust-brown color was  observed with the  trans- 
mitted fluorescent light. Reflected light gave only a gray- 
white color. The  color effect  was  estimated as occurring 

i n  a region within 10 p.s.i. of the crit ical .  I t  was  more 
eas i ly  obtained by approaching the  cri t ical  from t h e  high 
pressure side.  

T h i s  phenomenon of crit ical  opalescence h a s  been previ- 
ously investigated,  from a n  experimental and theoretical  
standpoint (4, 8, 17, 19, 30, 32, 33. 35). It is apparently 
due to  microscopic density fluctuations i n  t h e  form of 
molecular clusters.  

T h e  data presented here have been used as a b a s i s  for 
study of the  u s e  of the Benedict-Webb-Rubin equation of 
state (2) for the estimation of low temperature phase  equi- 
l ibria data  (22). T h e  data are presented in  correlative form 
using DePriester  type plots  (22). 
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