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Recent experimental observations of the phase behavior of methane-n-paraffin hydrocarbon
binary systems are used to make o phase rule analysis of such systems. The vapor-liquid equilibria
of light hydrocarbon systems are complicated by liquid-liquid immiscibility and solids formation

at fow temperatures.

The system studied here has limited liquid phase miscibility with a quadruple point involving

a gas phase, two liquid phases, and a solid phase.

Experimental techniques were developed to sample and analyze gas phases containing con-

centrations of n-heptane in the range of 0.00001 mole fraction with good precision. Bingry K
values for methane and n-heptane are reported at intervals of 20°F. from 0° to —100°F. for
pressures up to the criticals for the mixtures. The results are reported numerically and illustrated
graphically. Additional phase observations were made below the critical temperature of methane
to confirm and extend the phase behavior of the methane—n-heptane system as reported by Kohn.

Since the review of the vapor-liquid equilibria of light
hydrocarbons at low temperatures by Price and Kobayashi
(12), studies on the phase behavior of the methane-n-
hexane (4), methane—n-heptane (5), and methanen-
octane (6) systems by Kohn and co-workers have ap-
peared. The methane—n-decane systems were reported by
Stalkup et al. (17) and also studied by Koonce and Ko-
bayashi (7). Koonce et al. (8) reported vapor-liquid
equilibria data on the ternary methane—propane-n-decane
and the methane-propane—n-heptane systems in 1965.

GENERAL DISCUSSION OF PHASE BEHAVIOR IN
METHANE-n-PARAFFIN HYDROCARBON BINARIES

The experimental results reported by Kohn (5, 6) and
by Stalkup and Kobayashi (17) and in this paper indicate
that the binary phase behavior of methane with other n-
paraffin hydrocarbons through n-decane offers at least
three types of phase behavior:

1. Systems in which the critical locus runs continuously
from the critical of pure methane to the critical of the
higher boiling constituent with complete liquid phase
miscibility.

2. Systems in which the critical locus runs from the
critical of the higher boiling constituent to a liquid-liquid
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critical locus occurring at a temperature below the critical
temperature of pure methane and at a pressure consider-
ably in excess of the critical for pure methane; that is,
when a liquid-liquid-solid-gas quadruple point occurs in
the binary system.

3. Systems in which the critical locus starting from the
critical of the heavier component is severed by the in-
trusion of the solid-liquid-gas phase relationship upon the
vapor-liquid equilibrium region, giving a second critical
locus which extends from the critical point of pure meth-
ane to a gas-liquid critical point with solids present.

These three types of systems are exemplified by the
pressure-temperature projection of the methane-propane,
methane—n-heptane, and methane-n-decane systems, re-
spectively, as shown in Figures 1, 2, and 3.

It has been verified experimentally that the binary
systems of methane with ethane (I1I, 12) and n-butane
(9, 16) are qualitatively similar to those of the methane-
propane system. The liquid phase miscibility was com-
plete over the entire composition range and the critical
locus runs continuously from the critical of pure methane
to the heavier component.

An example of the second type of system is the meth-
ane—n-heptane system whose pressure-temperature projec-
tion has been developed from the data of Kobhn (5) and
the authors of this work and are presented in Figure 2.
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Fig. 1. Pressure-temperature projection for the methane-propane Fig. 2. Pressure-temperature projection for the methane—n-heptane
system. system,

This system is characterized by liquid-liquid immiscibility
and a quadruple point involving two liquid phases, a gas 10.000
hase, and solid n-heptane phase. The four three-ph ' l oo |
phase, and solid n-heptane phase. The four three-phase LzG L. —0~00~0g,
lines emanating from the quadruple point are L;-Ls-S, CRITICAL POINT ™ CRITICAL (og, 0N
Ly-Ly»-G, Li-S§-G, and Ls-8-G. The L, = G critical locus { | ustQ
runs from the critical of pure n-heptane to the three CRITICAL LOCUS N
phase critical in which the intensive properties of the two 1000 2
H(}uid phases become identically equal (L; = L,) with L
solid n-heptane present. The phase behavior indicates
that L, = G critical locus is considerably higher in pres- of IS
sure than would be the case if the critical loci ran from 100 wfls
that of pure n-heptane to pure methane. This behavior 3 /¥
implies that the compositional effects of intermediate com- &
ponents such as ethane, propane, or n-butane on the K &
values are considerably more pronocunced than estimated
from the convergence pressure concept (2).

The third type of methane-n-paraffin binary system is
exemplified by the methane~n-decane and the methane—
n-octane systems (6). Figure 3 is a schematic pressure-
temperature projection of the methane-n-decane system
showing the solid-liquid-gas features intersecting the criti-
cal locus of n-decane to terminate one branch of the
Ly = G critical locus. We postulate that a second branch
of the critical locus falls in the vicinity of the pure meth- o.10 TO n-DECANE TRIPLE POINT
ane critical point. Two requirements for this type of sys- — 21.4°F
tem are: (1) that the freezing point of the heavier com- ~ 14 x10°® PsiA.
ponent be lowered only slightly by the solution of meth- | J
ane in the heavier hydrocarbon, and (2) that the triple 0.0
point of the heavier hydrocarbon be considerably higlger
in temperature than the critical point of methane. On the
basis of known binary r}l;xethane—n-paraﬂ'in systems, it l ] I
may be concluded that all binary mixtures of methane and 0.00!
n—p};raﬂins of molecular weigh:yequal to or greater than -400  -200 ° 202 400 600
n-octane fall into this category (6). Temperature, °F

A schematic temperature-composition diagram for the Fig. 3. Pressure-temperature projection for the methane—n-decqne
methane~n-decane system' at a constant pressure in the system.
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Fig. 4. Schematic temperature composition diagram of the methane—
n-decane binary at 500 Ib./sq.in.abs.

neighborhood of 500 lb./sq. in. abs. is presented in Fig-
ure 4.

EXPERIMENTAL EQUIPMENT

The experimental equipment used in this investigation was
of the vapor recycle type described by Price and Kobayashi
(12). Several significant changes in the original apparatus
have been made to permit proper equilibration and sampling
of mixtures of such widely boiling components as methane
and n-heptane.

First, a magnetic vapor recycling pump mounted entirely
within the low temperature bath was developed. In this way,
the cold recycle vapors were never permitted to leave the
bath, thus eliminating any possibilities of forming a two-
phase condition outside of the equilibrium cell. A compound
bar magnet was raised and lowered mechanically to actuate
the soft iron plunger, producing an essentially isothermal pump-
ing operation.

Second, the sampling leads were made of a 1/16-in. O.D.
by 0.019-in. I.D. stainless steel capillary tubing which directly
connected to the chromatographic analyzing unit. Upon leav-
ing the equilibrium cell, the sample was immediately reduced
to a pressure below atmospheric through a needle valve. The
insulated, heated sampling tubing was maintained at a tem-
perature of approximately 300°F. by means of nichrome heat-
ing wire to insure complete conversion of the sample to a
single phase gaseous state before it entered the sample loop
of the flame ionization chromatography unit.

Refrigeration for the runs made at temperatures down to
— 100°F. was provided by a two-stage, air-cooled condensing
refrigeration unit assembled from commercial units. For the
exploratory phase behavior runs, liquid nitrogen refrigeration

Page 1214

A.1.Ch.E. Journal

TABLE 1. EXPERIMENT RANGE OF PRESSURE AND
TEMPERATURES STUDIED

Pressure range,

Temperature, °F. Ib./sq. in. abs.
4] 100 to 3,000
—20 100 to 2,750
—40 100 to 2,500
—60 100 to 2,250
. —80 100 to 2,000
-100 100 to 1,750

TABLE 2, OBSERVED CRITICAL PRESSURES OF
METHANE-n-HEPTANE

Pressure,
Temperature, °F. Ib./sq. in. abs.

0 3,042

—20 2,864

—40 2,855

—60 2,435

—80 2,200

—100 1,948
—114 1,803

was used. Temperature was controlled by a heater connected
to an on-off electronic thermal regulator. A ten-junction ther-
mopile with the Leeds & Northrup millivolt potentiometer was
used to measure the temperature. The thermopile was cali-
brated against a platinum resistance thermometer with a
K-3 Leeds & Northrup potentiometer. Temperature fluctuations
during calibration and the experimental runs were found to
be less than == 0.01°F. System pressure was controlled by
means of a positive displacement mercury pump connected
to the system through a stainless steel bomb which was alse
used as a methane reservoir. The system pressure could be
maintained to within * 1 Ib./sq.in. of the desired operating
condition. The pressure was indicated with two calibrated
Heise gauges of ranges from 0 to 2,000 lb./sq.in. and 0 to
10,000 Ib./sq.in. These gauges were certified to have maxi-
mum hysteresis of = 1.0 and =% 2.0 1b./sq.in., respectively,
by the manufacturers.

ANALYTICAL PROCEDURE

The analytical equipment consisted of a commercial chroma-
tograph with a flame ionization detector and an electrometer.
A 5-t. 5-in. by %-in. O.D. column, packed with 20 wt. %
Dow Corning 200/500 on acid-washed firebrick, was utilized
to separate the components. The column was maintained at
220°F. and operated with a helium flow rate of 15 cc./min.
The chromatograms were recorded and integrated with an
electronic integrator which had a reproducibility of 0.1% of
the full-scale value. A gravimetric method was used to pre-

TasLE 3. OBSERVED THREE- AND FOUR-PHASE
CONDITIONS OF THE METHANE-n-HEPTANE SYSTEM

Pressure,
Phases Temperature, °F. Ib./sq. in. abs.
LiLsG —126.0 570
L1LeG —130.0 519
LiLeG —140.0 435
SLsG —139.5 98
SL:G —136.7 155
SLiL2:G —154.2 331
Type K singu- —114.7 694
lar point®

# Type K singular point as defined by Ricei (15).
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TABLE 4. Vapor-L1Quip EQuiLiBriuM DATA OF THE
METHANE-n-HEPTANE BINARY

Temp.,

8200 OCOO OO0 OOOoOo

—20
—20
—20
—20

—20
—20
—20
—20

—20
—20
—20

—40
—40
—40
—40

—40
—40
—40
—40

—40
—40
—40
—40

—60
—60
—60
—60

—60
—60
—60
—60

—60
—60
—60
—80

—80
—80
—80
—80
—80

—80
—80
—80
—80
—100
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Press.,

Ib./sq.

in, abs.

100
200
400
600

800
1,000
1,250
1,500

1,750
2,000
2,250
2,500

2,750
3,000
100
200

400
600
800
1,000

1,250
1,500
1,750
2,000

2,250
2,500
2,750

100
200
400
600

800
1,000
1,250
1,500

1,750
2,000
2,250
2,500

100
200
400
600

800
1,000
1,250
1,500

1,750
2,000
2,250

100

200
400
600
800
1,000

1,250
1,500
1,750
2,000

100

Vapor

mole %
n-heptane n-heptane

0.143
0.123
0.104
0.127

0.140
0.162
0.222
0.361

0.416
0.573
0.735
1.465

2.660
6.001
0.064
0.055

0.066
0.076
0.091
0.107

0.151
0.211
0.293
0.404

0.696
1.167
2.440

0.030
0.026
0.032
0.042

0.052
0.067
0.093
0.131

0.182
0.254
0.400
0.800

0.015
0.013
0.015
0.020

0.027
0.036
0.049
0.071

0.095
0.146
0.341
0.0070

0.0068
0.0080
0.0100
0.0146
0.0206

0.0280
0.0410
0.0780
0.1410
0.0036

Liquid
mole %

95.550
90.988
82.559
75.096

68.400
62.280
55.479
50.343

44.300
38.307
33.410
28.169

22.112
14.150
95.097
89.670

81.170
73.315
65.875
59.219

52.158
46.115
39.415
33.417

27.810
21.873
13.660

94.445
88.368
79.190
70.099

62.720
55.191
48.404
42.105

34.512
26.254
18.501
11.201

93.720
87.650
76.780
67.450

58.830
50.790
42.800
34.580

27.200
20.510
11.810
92.740

85.910
73.700
62.200
52.350
44.510

35.200
27.900
19.700
10.890
91.530

—100 200 0.0036 83.650 6.12 0.000043
—100 400 0.0045 68.900 3.22 0.000070
—100 600 0.0060 53.880 2.17 0.000110
—100 800 0.0090 43.480 1.77 0.000210
K values 100 1,000 0.0140 37.600 1.60 0.000370
K1 K7 —100 1,250 0.0200 28.500 1.40 0.000700
—100 1,500 0.0300 19.440 1.24 0.001540
99 .44 0.00150 —100 1,750 0.0700 10.000 1.11 0.007000
11.08 0.00135
5.73 0.00126
4.01 0.00169 pare samples of known composition for calibration of the
Hlame jonization detector. In this way, the mole fractions of
3.16 0.00205 each components were obtained to an error of less than 0.05%.
2.64  0.00261 The sample bombs were mixed by introducing severe thermal
2.24 0.00400 gradients in the sample container. A heating period of ap-
2.00 0.00717 proximately 24 hr. was used to insure homogeneous samples.
Samples of these known mixtures were introduced into the
1.78 0.00939 sample loop through a 1/16-in. O.D. and 0.019-in. L.D. stain-
1.60 0.01496 less steel tubing which was also heated to a temperature of
1.48 0.02110 approximately 300°F. The subsequent chromatograms were
1.36 0.05201 then recorded and integrated. The mole fractions of the com-
ponents were then obtained by using a calibration factor which
124 0.12030 had been obtained by analyzing known mixtures.
1.09 0.42410 Due to the high sensitivity of the flame ionization detector,
20.38  0.00067 it was possible to detect, record, and integrate the n-heptane
9.68  0.00061 chromatograms for n-heptane down to 0.001 mole % with a
relative accuracy less than 5% of the amount present at the
ggi 88823‘11 lowest concentrations. P
9.93 0.00138 The maximum error in the determination of the n-heptane
945 0.00181 in the vapor phase was established in the following manner:
. ' 1. Percentage error of the area factor f
2.09 0.00289
1.85  0.00458 _n A (1)
1.64 0.00743 x7 Aj
1.49 0.01209 where x1, 7 are the mole fractions of methane and n-heptane
1.37 0.02503 and Aj, A7 are the peak areas of methane and n-heptane.
1.27 0.05335
113 0.17862 df = Iyt e, + ifdA1 + A aa, (2)
1800  0.00032 o1 o7 941 94z
8.60 0.00029 ) 3 ) F:)
480  0.00040 Af = A + iy + A aa + 2 aan (3)
334  0.00060 ox1 0%z 841 7
A AA;  AA Ax;  Ax
12 g e S
. R f Ag Az X1 x7
194 0.00192
1.73 0.00311 For a known mixture of x; = 0.98883 and x7 = 0.01117,
1A
152 000527  we obtain Ay = 3.54 A7 = 0.26; hence f = —— = 6.6018.
135 0.00967 xAy
1.99 0.02162 The probable error of A caused by electrometer and integrator
1.12 0.07142 recorder is 0.2% and the mole fractions error is 0.05% due
to the preparation of known mixtures.
1592 0.00016 Af
810  0.00015 Therefore — = 0.2% + 02% + 005% + 0.05% =
431 000020 . f
» C.
3.07 000030 2. Percentage error of a7
2.43 0.00046 . Aq
2.03 0.00071 7=
175  0.00115 Ax y fraut A
1.53 0.00105 T _ n ywys (A1 AA7 + A7 - AAy + A7 - Af)
137 0.00349 wo At And (5)
1.26 0.00712
1.14 0.02790 which was derived in the same manner as in 1. In analyzing
13.77 0.000075 an unknown sample it was found that AldT 1(3}?.32, A7 =f
0.22, and f = 6.6018 for Ay >> A7 and for the range o
gég 8883(1)18 concentration studied, the maximum proba.ble error caused by
2'65 0.000160 the electrometer and integrator recorder is =+ 3%; Fhe error
2'09 0:000290 in Ay is still 0.2% and Af/f = 0.5%.'By substituting these
1‘80 0.000470 known values into Equation (5) we obtain (Ax7/x7) = 3.23%,
) ) which is the maximum percentage error of the mole fraction
1.54  0.000800 of n-heptane in the vapor phase. The corresponding concentra-
1.39 0.001470 tion of n-heptane in the vapor phase was 0.000317. From a
1.24 0.003960 multitude of similar calculations, the maximum percentage
112 0.012950 error of the n-heptane in the concentration in the vapor phase
11.81 0.000039 was found to be less than 5% of the amount present.
A.L.Ch.E. Journal Page 1215
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Fig. 5. K value vs. pressure for methane—n-heptane system.

EXPERIMENTAL RESULTS AND DISCUSSION

Equilibrium measurements were made on a large num-
ber of mixtures involving methane and n-heptane over the
temperature and pressure conditions given in Table 1.

Tables 2 and 3 present a tabulation of the critical loci
and the observed three- and four-phase conditions of the
methane-n-heptane system. Table 4 presents a complete
tabulation of all binary phase composition data deter-
mined in this investigation, together with the graphically

TaBrLE 5. METHANE K VarLugs, T = —40°F.

Kncea (10),
3,000 1b./sq.
Pressure, in, abs.
Ib./sq. in. abs. conv. press. Kexp. Kngpa/Kexp:

100 15.00 18.00 0.834
200 7.20 8.60 0.839
600 2.28 3.34 0.678
1,000 1.75 2.23 0.785
2,000 1.20 1.35 0.889
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TABLE 6. n-HEPTANE K VALuEs, T = —40°F.

Kncpa (10),

3,000 1b./sq.
Pressure, in, abs.
Ib./sq. in. abs. conv. press. Kexp. Kngpa/Kexp.
100 0.00027 0.00032 0.84
200 0.00023 0.00029 0.80
600 0.00030 0.00060 0.50
1,000 0.00053 0.00121 0.44
2,000 0.00410 0.00967 0.42

smoothed methane and n-heptane K values. Plots of K
value vs. pressure for the isotherms studied are presented
in Figure 5. It is observed that the Raoult-Dalton rela-
tionships do not hold for this system at any of the ex-
perimental conditions encountered in this investigation,
and the deviations are probably significant even at 1 atm.
pressure for the lower temperatures.

A comparison of the experimentally determined K val-
ues with the Natural Gas Processors Association (NGPA)
values is made in Tables 5 and 6. The NGPA values cor-
respond to the K values with 3,000 lb./sq. in. abs. con-
vergence pressure at a temperature of —40°F. The ex-
perimental convergence pressure at this temperature was
2,864 1lb./sq. in. abs. Additional comparisons of Kexp vs.
Kygpa have been reported elsewhere (3).
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