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Figuwre 5. Comparison of experimental and predicted isotherms at 298

K using the Langmuir and potentlal models.

temperatures. Furthermore, the successful application of the
modified potential theory to the experimental data makes it
possible to predict equilibrium isotherm data at other tempera-
tures.

Glossary

a, first Langmuir constant (m® of gas/kg of adsorbent)

a, second Langmulr constant (m® of gas/kg of adsor-
bate)

(o} gas-phase concentration (kg of adsorbate/m?® of gas)

Cy inlet gas concentration (kg of adsorbate/m?® of gas)

E constant characteristic energy (kcal/(g mol))

Hp Isosteric heat of adsorption (kcal/(g mol))

n constant in the generalized isotherm equation

P pressure of the adsorbate (kPa)

P° saturation pressure (kPa)

q equitibrium concentration of adsorbed gas (kg of
adsorbate/kg of adsorbent)

R gas constant

T absolute temperature (K)

w volume of the adsorbed phase (cm®/g of adsorbent)

W, volume adsorbed at saturation (cm®/g of adsorbent)

B affinity factor

€ adsorption potential (kcal/(g mol))
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Vapor-Liquid Equilibrium Data for the Binary System
Water-Ammonia at 403.1, 453.1, and 503.1 K up to 7.0 MPa

Jean-Luc Guillevic, Dominique Richon,* and Henrl Renon

Ecole Nationale Supérieure des Mines de Paris, Centre Réacteurs et Processus Equipe de Recherche Associée au C.N.R.S.
No. 768, Laboratoire de Thermodynamique, 77305 Fontainebleau, France

A static method described in a previous paper has been
used to obtain vapor-liquid equilibrium data for the
water-ammonia system at three temperatures, 403.1,
453.1, and 503.1 K, and pressures up to 7 MPa,
Comparison with lower pressure (iterature data Is
presented.

Introduction

The thermodynamic properties of the water-ammonia sys-
tem, especially vapor-liquid equilibria, are needed to design
absorption heat pumps and refrigeration processes. Some data

on this system are already avallable in the lterature (2-13), but
only for pressure and temperature ranges up to 3.5 MPa and
503.1 K, except in the work of Tskklis et al. {(8). Unfortunately,
the data are often smoothed or scattered and therefore difficuit
to use. The present work extends the range of pressure up to
7 MPa, at three temperatures, two of them above the critical
temperature of ammonla (405.6 K).

Experimental Section

Apparatus. The experimental setup described in a published
paper (7) is based on a static method. The equilibrium cell is
made of nonmagnetic stainless steel 316 LSS (AFNOR:
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Table I. Vapor-Liquid Equilibrium Data for the System
Ammonia (1)-Water (2) at T = 403.1 K°

P, MPa WlL X 6W1L le M 6W1v
0.775 0.650 0.663 0.006
0.95 0.728 0.739 0.005
1.335 0.211 0.220 0.004
1.34 0.820 0.828 0.004
2.11 0800 0.905 0.003
2.68 0.374 0.387 0.006
3.73 0941 0944 0.002
3.74 0.485 0.499 0.006
5.13 0.611 0.624 0.006 0970 0972 0.001
5.46 0629 0642 0.006 0972 0973 0.001
5.74 0972 0974 0.001
5.96 0.684 0.696 0.006

85T = 0.2 K; 6P = 102 MPa.

Table II. Vapor-Liquid Equilibrium Data for the System
Ammonia (1)-Water (2) at T = 453.1 K°

P,MPa W,-  z, W& W, 5 oW,
1.70 0.364 0.377 0.006
1.90 0098 0.103 0.002
1.95 0.447 0461  0.006
200 0105 0110 0.003
3.155 0666 0642 0.006
3245 0225 0235 0.004
3.27 0.685 0.697 0.006
4.78 0.819 0.827 0.004
481 0322 0335 0.006
506  0.350 0.362 0006 0.844 0852 0.003
529 0358 0371 0.006
617 0423 0437 0.006
6.20 0.871 0.878 0.003
6.71 0.878 0.884 0.004

43T = 0.2 K; 6P = 102 MPa.

Z2.CND.17.12, Aubert et Duval) to withstand corrosion by the
mixture. The equilibrium cell (internal capacity 50 cm®) is kept
at a constant temperature in an air thermostat. Pressure
measurements are performed inside the celi, within 0.01 MPa,
through a membrane pressure transducer (Kaman, KP 1911,
0.0, 7.0 MPa) calibrated at each working temperature against
a dead-weight balance (Budenberg, Type 280 H). The tem-
perature of the cell Is kept constant within 0.1 K and measured
within 0.2 K through calibrated thermocoupies. The mixture is
efficiently stirred with a magnetic rod. Four solenoids located
outside the cell are used to create a rotating magnetic field and
to drive the internal magnetic rod placed on a fixed axis. When
constant temperature and pressure are observed, samples are
withdrawn to perform GLC analyses. The samples, taken out
by opening microvalves during a very short time, are small
enough to glive proper operating conditions of the chromato-
graph with negligible change of the equilibrium conditions inside
the cell.

Chemicals. Water was distilled twice and was free of
chlorides. Ammonia was supplied by L'Air Liquide with a
specified minimum purity of 99.995 vol % containing less than
10 ppm of water. The two components have been used
without any further purification; water was just degassed before
mixing.

Results and Discussion

The experimental results are reported in Tables I-111 and
represented on Figures 1-3. The absolute errors are caicu-
lated for each weight fraction W, by using the following formula

W, M, S;0K, + Kb8Sy,
w, M, M,
1 + 82/1KrM—1

obtained from derivation of the expression of W,: W, = 1/(1
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Figure 1. Vapor-liquid equilibrium data for the ammonia (1)-water (2)
system at 403.1 K: @, present work: the dashed line is an extrap-
olation and the full line a graphical interpolation; O, ref 6; +, ref 13;
O, ref 15.
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Figure 2. Vapor-liquid equiiibrium data for the ammonla (1)-water (2)
system at 453.1 K: @, present work; +, ref 13; —, graphical inter-
polation.
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Table III. Vapor-Liquid Equilibrium Data for the System
Ammonia (1)-Water (2) at T = 503.1 K*®

P,MPa Wl Xy swit o owy ¥ sw,Y

3.55 0.186 0.195 0.004
3.70 0.219 0.229 0.004
4.01 0289 0.301 0.005
4.06 0.072 0.076 0.002

4.08 0.300 0312 0.006
4.17 0.321 0.333 0.006
4.40 0.092 0.097 0.002 0364 0377 0.008
4.51 0.380 0.394 0.006
4.55 0.387 0.400 0.006

4.67 0.115 0.121 0.003
5.15 0.168 0.176 0.004 0.551 0.565 0.006
5.95 0.576 0.590  0.007
717 0.228 0.238 0.005

85T = 0.2 K; 6P = 1072 MPa.
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Figure 3. Vapor-iiquid equiibrium data for the ammonia (1)-water (2)
system at 503.1 K: @, present work; +, ref 13; —, graphical inter-
polation.

+ S,,K{M,/M,). They are reported in columns 4 and 7 of
Tables I-11I. M, and M, are respectively the molar mass of
component 1 and 2. K, is the ratio of the detector responses
for the two components. 0K, is calculated from the incertttudes
estimated for the detector responses relative to the two com-
ponents; 6K, /K, = 3% with K, = 1.05. S, is the ratio of the
two chromatographic peak areas. 0S,,, is estimated from the
dispersion observed on several determinations of the same
equilibrium point.

Experimental data at 403.1 K are plotted on Figure 1, along
with those from Clifford and Hunter (6) and Pierre (73). The
agreement between the three bubble curves (present work and
ref 8 and 13 is found within experimental error: deviation of
0.005 in ammonia liquid weight fraction at 1.335 MPa. Ex-
perimental errors are given in Tables I-111 for present work.
They are around 0.01 for ref 6 as stated in the paper of Clifford

Temperature

(K)
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Figure 4. of vapor-liquid equilibrium data for the ammonia
(1)-water (2) system at 1.96 MPa: @, present work; ©, ref 11; —,
ref 5, graphical interpolation.

and Hunter; Pierre did not give any estimation. The agreement
between the dew curve data of Clifford and Hunter 6 and ours
is also within experimental error except only for the highest
pressure point of Ciifford with a deviation of 0.02 in ammonia
mole fraction (P = 1.52 MPa). The data of Clifford and Hunter
(6) used in the comparisons are the isothermal results they
obtained by a curve fitting interpoiation of their isothermal ex-
perimental data at 370.1, 380.1, 320.1, 400.1, 410.1, and
420.1 K. The experimental liquid weight fractions determined
at 453.1 K can be compared with those of Pierre (73) in Figure
2. The devlations are smaller than 0.01 up to 4 MPa. The
same agreement with Pierre’s data (73) is also observed at
503.1 K as lllustrated in figure 3.

Figure 4 illustrates the comparison between the data of
Wucherer (5), Pawlikowsky et al. (77), and this work at P =
1.96 MPa. The bubble curves according to the interpolated
results from Pawlikowsky et al. (77) and our results can be
drawn very close while the bubble curve drawn from data of
Wucherer (5) appears to deviate from the other results (with
a maximum devlation of 0.01 in weight fraction at T = 403.1
K). The dew temperatures of Wucherer (5) are in good
agreement at 403.1 K (less than 1 K), but separated by three
degrees at 453.1 K. Such a difference is not surprising, taking
account of ali of the experimental difficulties encountered and
related by Wucherer (5). In Figures 4-6, pressures have been
chosen to minimize interpolation of author’s or present data.

Figures 5§ and 6 lllustrate comparisons of isobaric diagrams
at P = 0.98 and 1.013 MPa between the results of Wucherer
(5), Clifford and Hunter (6), Pawlikowsky et al. (77), and the
present work. Our bubble temperatures are lower than those
of Wucherer (5) and Clifford and Hunter (6) (=~5.0 K at 403.1
K), and the results of Pawlikowsky et al. (77) are very scattered.

Comparisons between the results of Perman (2), Mollier (3),
and Wiison (4) have been already made by Wucherer (5). For
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5. Comparison of vapor-liquid equilibrium data for the ammonia

(1)—wath (2) system at 1.01 MPa: @, present work; ®, ref 11; —,
ref 8, graphical interpolation.
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Figure 8. Comparison of vapor—liquid equilibrium data for the ammonia

(1)}-water (2) system at 0.98 MPa: @, present work; ©, ref 11, —,
ref 5, graphical interpolation.

the bubble pressures at low weight fractions in ammonia (be-
tween 0.0 and 0.2) the agreement is fair, but for weight frac-
tions greater than 0.2 the data of Wilson (4) are lower (maximal
deviation 5 K for W,* = 0.4 for pressures between 0.1 and 1
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MPa). For the dew curves, the agreement between the data
of Wucherer (5) and those of Wilson (4) is good (maximal
deviation 3 K at 0.98 MPa for an ammonia weight fraction
around 0.9). The data of Polak and Lu (70) are too isolated to
be used, and the works of Tsiklls et al. (8) and Jennings (9) are
difficult to use because these authors did not present numerical
results. Results from the compilation of Macriss et al. (7) and
data treatment of Scatchard et al. (72) are not used here be-
cause they include the experimental raw data already compared
In this work.

It appears that present work data are useful below 3 MPa
to resolve some of the disagreement between literature data.
They extend the range of available data toward the higher
pressures up to 7 MPa. More data are still needed In the higher
pressure range. They will become soon available through the
Gas Processors Association as obtained by Wilson and asso-
clates. Regression of present data with those of Scatchard and
Pawlikowsky using Mathias equation of state (76) has shown
that data of Wilson at 313, 333, and 353 K are in agreement
with calculated results.
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Glossary
K, catharometer detector response for component /
K, ratio of the catharometer detector responses for
component 1 and 2 (K, = K,/K})
M, molecular weight of component /
P pressure, MPa
S ratio of chromatograph peak areas
temperature, K ,
wt weight fraction of component /i in the liquid phase
wY weight fraction of component / in the vapor phase
X mole fraction of component / in the liquid phase
Y mole fraction of component / in the vapor phase
8K, absolute error on K,
082, absolute error on S,
w, absolute error on W,
Subscript
1 ammonia
2 water
Superscript
L liquid
\' vapor
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