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Low-Temperature Vapor-Liquid Equilibria in
Ternary and Quaternary Systems Containing

Hydrogen, Nitrogen, Methane, and Ethane

HARRY F. COSWAY and DONALD L. KATZ

University of Michigan, Ann Arbor, Michigan

Experimental data are presented for three ternary systems and the quaternary at pres-
sures of 500 and 1,000 lb./sq. in. abs. and at temperatures of —100° and —200°F. These
data along with information in the literature were correlated to give charts of equilibrium
ratios as a function of temperature, pressure, and composition.

The compositions of equilibrium vapors
and liquids were measured for the
quaternary system hydrogen-nitrogen-
methane-ethane and three of its ternaries
at conditions shown in Table 1. The
apparatus and procedures employed
were essentially the same as those
used by Aroyan, Williams, and Benham
(1, 12, 2). The phase compositions were
determined by mass spectrometer.

The experimental data are given in
Tables 2 to 5. The binary-system data
from the literature are included in the
tables at the conditions of the measure-
ments in this research. The following
binary-system data were used in correlat-
ing the data for the ternary systems:
hydrogen-methane (2); hydrogen-ethane
(1%2), hydrogen-nitrogen (7, 9, 10, 11),

Harry F. Cosway is with the American Cyanamid
Company, Stamford, Connecticut.

Page 46

nitrogen-methane (4, 6), and methane-
ethane (4). Ternary data for hydrogen-
nitrogen-methane (10) and hydrogen-
methane-ethane (8) also were used in
correlating the phase behavior of these
systems.

For the ternary systems the equilibrium
ratios were plotted on three types of
cross plots: equilibrium ratios vs. pressure,
lines of constant temperature, and
charts of constant percentage methane,
in the liquid phase; equilibrium ratios
vs. temperature, lines of constant per-
centage methane, and charts of constant
pressure; and equilibrium ratio vs.
percentage of methane in the liquid,

Fig. 1, Equilibrium ratios for constituents

in the hydrogen-nitrogen-methane system

at 0 mole 9, methane in the liquid phase as

a function of pressure for various tempera-
tures.
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Tasie 1. ExperiMENTAL ConpITiONs CHOSEN FOR STUDY

System

Hydrogen-methane-ethane
Hydrogen-nitrogen-methane
Nitrogen-methane-ethane
Hydrogen-nitrogen-methane-ethane
Hydrogen-nitrogen-methane-ethane

Pressures, Temperatures,
Ih./sq. in. abs. °F.
500 and 1,000 —100 and —200
500 and 1,000 —200
500 and 1,000 —100 and —200
1,000 —100
500 —200

Tasir 2. ExperIMENTAL DaTa For taE HYDROGEN-METHANE-ETHANE SYSTEM
IncLupiNG Binary SystEM DATa FroM THE LITERATURE

Run Liguid-phase composition Vapor-phase composition

or ref-

erence Mole % H. Mole 9%, CH, Mole %, C.Hs Mole % H; Mole 9%, CH, Mole 9, C.H,

Pressure = 500 lb./sq. in. abs.
Temperature = —100°F.

(12)* 1.87 0.00 98.13 91.66 0.00 8.34
15 1.33 29.42 69.25 46.23 45.86 7.91
14 1.34 32.55 66.11 39.40 52.30 8.30
17 1.20 38.59 60.21 30.62 61.53 7.86
16 1.01 43.25 55.75 23.08 69.13 7.79
(4 0.00 66.00 34.00 0.00 93.00 7.00

Pressure = 1,000 1b./sq. in. abs.
Temperature = —100°F.

(12)* 3.90 0.00 96.10 94.76 0.00 5.24
29 3.82 0.00 96.18 94.83 0.00 5.17
10 3.51 4.41 92.08 93.25 3.24 3.51
11 4.00 11.53 84.47 83.72 11.02 5.26
12 3.76 49.57 46.67 45.79 48.62 5.59

Pressure = 500 lb./sq. in. abs.
Temperature = —200°F,

(12*  1.20 0.00 98.80 99.69 0.00 0.31
24 1.67 52.24 46.09 81.54 18.19 0.272
26 1.75 76.08 22.17 74.12 25.72 0.164
22 3.27 92.03 4.70 69.15 30.80 0.051
2y 3.43 96.37 0.00 63.92 36.08 0.00

Pressure = 1,000 1b./sq. in. abs.
Temperature = —200°F.

(12)* 2.25 0.00 97.75 99.74 0.00 0.26
18 2.42 11.15 86.43 97.10 2.66 0.231
19 2.96 35.04 62.00 91.15 8.56 0.290
20 3.13 40.81 56.07 90.09 9.68 0.230
23 4.87 75.71 19.42 82.33 17.54 0.136
21 6.43 87.32 6.25 79.29 20.65 0.061
30 8.32 91.68 0.00 76.01 23.99 0.00
(2)* 7.81 92.19 0.00 76.18 23.82 0.00

*Data from literature,

lines of constant temperature, and
pressure. Figures 1 to 6 give the smoothed
results for the hydrogen-nitrogen-methane
system, illustrating the first of these
methods; Figure 7 is a similar plot for
the hydrogen-methane-ethane system at
0.2 mole-fraction methane in the liguid.
Figures 8 and 9 illustrate for this system
the equilibrium ratio vs. temperature
relationships, and the data for the
nitrogen-methane-ethane  system are
given in Figures 10 and 11 as equilibrium
ratios vs. composition. The full ternary
behavior is not presented, since the
nitrogen-ethane binary system data were
not available.

A quaternary system igs bounded by
the four possible ternary systems. In
this case the behavior of all the ternary

Vol. 5, No. 1

systems is known at the conditions of
the measurements on the quaternary
system except that of hydrogen-nitrogen-
ethane system. Interpolations among
these three ternary systems were made
at 500 Ib./sq. in. abs. and —200°F.
The equilibrium ratios are presented for
hydrogen, nitrogen, ethane, and methane
in Figures 12, 13, and 14, the experimental
quaternary data being included in these
figures. Although unintentionally, the
methane concentration in the quaternary
system was varied only from 0.079 to
0.088 mole fraction in the liquid, and
theliquid should have fallen approximately
on the 0.085 mole-fraction methane curve.

The need for four variables to describe
the quaternary system is illustrated by
Figures 12, 13, and 14. If three variables
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Fig. 2. Equilibrium ratios for constituents

in the hydrogen-nitrogen-methane system

at 20 mole 9, methane in the liquid phase as

a function of pressure for various tempera-
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TaBLE 3. EXPERIMENTAL DaTA FoR THE NITROGEN-METHANE-ETHANE SYSTEM
INcLUDING BINARY SystEM Data FroM THE LITERATURE

Run
or ref-

Liquid-phase composition

Vapor-phase composition

erence Mole 9, N, Mole 9%, CH, Mole % C.H; Mole 9% N2 Mole %, CH; Mole %, C;Hs

50 9.56
51 7.15
4* 0.00
31 21.29
35 20.64
38 17.52
32 18.26
33 24.03
34 35.06
(5  49.00
(6)*  50.90

*Data from literature.

0.00
19.89
66.00

0.00
15.64
56.12

0.00
25.25
44.99
51.00
49.10

Pressure = 500 1b./sq. in. abs.
Temperature = —100°F,
90.44 89.22 0.00
72.96 60.29 29.79
34.00 0.00 93.00
Pressure = 1,000 1h./sq. in. abs,
Temperature = —100°F.
78.71 90.55 0.00
63.72 74.60 16.42
26.36 34.35 56.08
Pressure = 500 Ib./sq. in. abs.
Temperature = —200°F.
81.74 99.23 0.00
50.72 88.10 11.31
19.95 79.75 19.79
0.00 73.00 27.00
0.00 75.20 24 .80

10.78

9.92
7.00

0.766
0.593
0.463
0.00
0.00

TaBLE 4. ExpERIMENTAL DaTA For THE HYDROGEN-NITROGEN-METHANE SYSTEM
IncrupiNGg BiNary SystEM DaTta FroM THE LITERATURE

Run
or ref-
erence

(2)* 3.43
37 2.86
42 1.55
45 0.302
(5)* 0.00
(6)* 0.00
(@2)* 7.81
30 8.32
47 8.26
43 8.49
46 9.15
44 9.32
49 9.26
48 11.57

*Data from literature,

0.00
9.98
27.39
41.76
49.00
50.90

0.00
0.00
6.17
17.91
37.33
39.12
41.37
53.54

Liquid-phase composition

Vapor-phase composition

Pressure = 500 1b./sq. in. abs.
Temperature = —100°F.
96.57 63.92 0.00
87.16 43.37 21.91
71.06 16.77 50.80
57.94 2.36 67.93
51.00 0.00 73.00
49.10 0.00 75.20
Pressure = 1,000 Ib./sq. in. abs.
Temperature = —200°F.
92.19 76.18 0.00
91.68 76.01 0.00
85.57 67.35 8.38
73.60 50.02 23.77
53.52 31.30 42.91
51.56 30.05 44 .13
49.37 27.58 46.37
34.89 — -

Mole % H, Mole %, N» Mole 9, CHs; Mole % H: Mole 9% N. Mole %, CH,

36.08
34.72
32.43
29.71
27.00
24.80

23.82
23.99
24.27
26.21
25.79
25.82
26.05

TaBLE 5. EXPERIMENTAL DaTa For THE HYDROGEN-NITROGEN-METHANE-KTHANE

Run

Pressure, 1b./
8¢. in, abs.

Temperature, °F.

Liquid-phase H,

2
composition, CH,
mole % C.Hs

Vapor-phase H,
N,
composition, CH,

mole % C,Hs
Equilibrium H,
ratios N,
CH4
K = y/x Csz
A.l.Ch.E.

52

1000
—100

0.296
18.80

8.52
72.39

4.10
61.96
8.66
25.28

13.9
3.30
1.02
0.349

Journal

53

1000
—100

1.46
14.10
7.91
76.53
20.73
62.
8.
8.

82
14
31

14.2
4.46
1.03

SYsSTEM
54 55 56 57 38
500 500 500 500 500
—200 —200 —200 —200 —200
0.462 0.626 0.698 0.743 0.882
12.15 9.73 7.95 7.05 6.33
8.80 8.73 8.41 8.44 8.48
78.59 80.91 82.95 83.77 84.31
24,54 34.48 44 .76 50.44 56.76
70.87 61.01 50.96 45.32 39.32
3.98 3.91 3.74 3.71 3.46
0.606 0.608 0.549 0.525 0.456
53.1 55.1 64.1 67.9 64.4
5.83 6.27 6.41 6.43 6.21
0.452 0.448 0.445 0.440 0.408
0.109 0.00771 0.00751 0.00662 0.00627 0.00541
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had been sufficient, these charts at
constant temperature and pressure would
have been a single curve of equilibrium
ratio vs. composition. In this case the
full number of variables indicated by

the phase rule is required to correlate
the phase behavior. Benham, Katz, and
Williams (3) found a similar situation
for a six-component system involving
hydrogen and light hydrocarbons.

‘00 £e 300 puin
80| S
60 4
0 St T
20| \ amam—
H Qa0
X, | —
i \'\ti‘w '\ e
a >
s
.
2 /‘—-—"
"
2 5000 4"
x 08 ER 4 e - —]
R Y+ Sem— — R s
-
2 e .
o i
& :
s 02 —
=
€ /—‘//
T o ]
3 aas —
2 j—
3 oo0s 1—
Yy
004 T e
2> oF &’
002 b ”
ca A //13/% - —
Q008 -
0006
0004
2
0002
0001
-220 -200 -180 180 ~1%0 =120 -100 -80 -0 - 40 -20 )

TEMPERATURE , *F

Fig, 8. Equilibrium ratios for constituents in the hydrogen-methane-ethane system at
500 1b./sq. in. abs. as a function of temperature with varying amounts of methane in the
liquid phase.

P=|000psia

100

80

60

40

20

10

[+1:}

213

e
\.\N

ACPs

ce =

a2

23]

006 3,

EQUILIBRIUM RATIO, K=y/x

o004

prrZ 2

5

~200 -180

-teo

-Ko -20 -80

TEMPERATURE, °F

Fig. 9. Equilibrium ratios for constituents in the hydrogen-methane-ethane system at
1,000 1b./sq. in. abs. as a function of temperature with varying amounts of methane in
the liquid phase.

A.l.Ch.E. Journal

Page 49



W BLOOMER, GAM), B PARENT (4)

o1

100

) } T 000 /A] P+300 PSIA
0 P g 09| Te-200
ST /] o'
s P
CRNTS TS Soq ML oot A {
et NS S 5 . Pt
80} BTN ~ ™ o /7 A
70 PSia riEAN ~ < 008 / \§ My~ Ny~ CH - Gy,
TANEN R d < 7 f
€ e 0 ~ gt THE | &/t L SYSTEM
¢ : $ /
Ky ¥ N et 003 LA / 5
4 \ SYSFEM & // // // 3
30! — W w0 «67// / / 7
~I0G T ooz ;11’/, S /1 L
20 < b/t / /
i e e e e
y ~100 °F . 5 & L
x Seuy 1000 PSiA x* ] /; A r Pl ///
563 oRTT —1] 4 oa 4 W
20 o 3 o000 @ & 27
Sor @ g ooos (a £ o3 el -
508 7 ] S ooorf 2 L qf/a")",vi
EO" g 5 ooos| & s ,//.r é&l"‘«
3 o g coos r_‘?:’// - ’q% -
s03 = 3 o pi Al
o o0 N “ hy 8 € 0004 ;/ “
oz = - e tg=long o <
yé/ L1 __w./“/ sritems coosf” F ) ) i 3
Lo F
,/4""""‘:,». ! MOLE PERCENT N, W VAPOR PHASE
o1 —
2% Fig. 13. Equilibrium ratios for ethane in the
Soe hydrogen-nitrogen-methane-ethane quater-
3 3 20 30 %0 50 60 7 .
MOLE PERCENT CH. IN LIQUID PHASE nary system at 500 lb./Sq. in. abs. and

Fig. 10. Equilibrium ratios for constituents

in the nitrogen-methane-ethane system at

—100°F. as a function of the mole percen-
tage of methane in the liquid phase.

ACKNOWLEDGMENT

The pure hydrocarbons used in this
research were furnished through the courtesy
of the Phillips Petroleum Company. This
work was supported by the Shell Oil Com-
pany Fellowship.

S BLOOMER & PARENT (5)

«0 L 100
MOLE PERCENT N2 IN VAPOR PHASE

Fig. 12, Equilibrium ratios for hydrogen and

nitrogen in the hydrogen-nitrogen-methane-

ethane quaternary system at 500 lb./sq. in.

abs. and —200°F. as a function of the

mole percentage of nitrogen in the vapor

phase with varying amounts of methane in
the liquid phase.

LITERATURE CITED

1. Aroyan, H. J.,, and D. L. Katz, Ind.
Eng. Chem., 43, 185 (1951).

Kn.

S0
i |
2007

YT

500 PSIA

-200° F

02

EQUILIBRIUM RATIO, K=y/x

01

009

008

007

006

005

co4

003

ooz

s

00

0009

[slefe )

0007
0006

Q00
5'0 10 20 30

MOLE PERCENT

Fig. 11. Equilibrium ratios for constituents in the nitrogen-methane-ethane system at

40 50 70

CH, IN LIQUID PHASE

60

—200°F. as a function of the mole percentage of methane in the liquid phase.

Page 50

A.I.Ch.E. Journal

—200°F, as a function of the mole percen-
tage of nitrogen in the vapor phase with
varying amounts of methane in the liquid

phase.

£ o6
o P :50Q PS1A
: T - 200°F
g os Y.
3 w5 v
2 o :
¢ [ “ 2 P ° Wi
2 1€ —
5 oa / ook -
3 : ™
i o TestS
3 - T O
2 -
3
<

03

) 20 a0 ) 80 100

MOLE PERCENT N, IN VAPQOR PHASE

Fig. 14, Equilibrium ratios for methane in
the hydrogen-nitrogen-methane-ethane
quaternary system at 500 lb./sq. in. abs.
and --200°F, as a function of the mole per-
centage of nitrogen in the vapor phase.

2. Benham, A. L., and D. L. Katz,
AI.Ch.E. Journal, 3, 33 (1957).
, and R. B. Williams, bdd.,

p. 236.

4. Bloomer, O. T., D. C. Gami, and
J. D. Parent, Inst. Gas. Tech. Res. Bull.
22, p. 1 (1953).

5. Bloomer, O. T., and J. D. Parent,
Chem. Eng. Progr. Sympostum Ser. No. 6,
49, p. 11 (1953).

6. Cines, M. R., J. T. Roach, R. J. Hogan,
and C. H. Roland, ibid., p. 1.

7. Gonikberg, M. G., V. G. Fastowsky,
and I. G. Gurwitsch, Acta Physicochim.
U.8.8.R., 11, 865 (1939).

8. Levitskaya, E. P., J. Tech. Phys.
(U.8.8.R.), 11, 197 (1941).

9. Ruhemann, M., and N. M. Zinn,

Phystk. Z. Sowjetunion, 12, 389 (1937).

Steckel, F. A., and N. M. Zinn, J. Chem.

Ind. (U.S.8.R.), 16, 24 (1939).

Verschoyle, T. T. H., Trans. Roy. Soc.

(London), 230A, 189 (1931).

Williams, R. B., and D. L. Katz, Ind.

Eng. Chem., 46, 2512 (1954).

10.
11.

12,

Manuscript recewved March 24, 1958; revision
received July 21, 1958; paper accepted August 1, 1958.

March, 1959





