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temperatures. Furthermore, the successful application of the 
modified potential theory to the experimental data makes it 
possible to predict equilibrium kotherm data at other tempera- 
tures. 
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Vapor-Liquid EquHtbrium Data for the Binary System 
Water-Ammonia at 403.1, 453.1, and 503.1 K up to 7.0 MPa 

Jean-Luc QuUlevk, Domlnlquo Rlchon,' and Hend Renon 
€cole Nationele Sup&Bwe des Mines de Pa*, Centre Rhctews et proCessus Equipe de Recherche Associ6e au C. N. R. S. 
No. 768, Laboratoke dbs 7hmwdy"ique, 77305 Fontalnebieau, France 

on thls system are already available in the Hteratwe (2- 73), but 
only for pressure and temperature ranges up to 3.5 MPa and 
503.1 K, except In the work of Tsikiis et ai. (8).  Unfortunately, 
the data are often smoothed or scattered and therefore difficutt 
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 ammonia (405.6 K). 

A statk "d d..orfkd In a pnvkw paper ha8 I" 
U0.d to obtain vnpor-llqtlkl- data for the 
wat.r-a"onlrr sy8tmn at t h  1.mp.ratw.r, 403.1, 
453.1, a d  503.1 K, a d  prouurea up to 7 MPa. 
Comparlron wllh lower pressure Iltwature data Is 
presented. 

Introduction Experknental Sectlon 
The thermodynamic properties of the water-ammonia sys- npprrrstus. The experimental setup described in a published 

tem, especially vapor-liquid equilibria, are needed to design paper ( 7 )  is based on a static method. The equllibrlum cell Is 
absorption heat pumps and refrigeration processes. Some data made of nonmagnetic stainless steel 316 LSS (AFNOR: 

0021-9568/85/1730-0332$01.50/0 0 1985 Amerlcan Chemical Society 
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Table I. Vapor-Liquid Equilibrium Data for the System 
Ammonia (1)-Water (2) at T =  403.1 KO 

P. MPa WIL x1 6WlL WlV YI 6w1~  
0.775 
0.95 
1.335 
1.34 
2.11 
2.68 
3.73 
3.74 
5.13 
5.46 
5.74 
5.96 

0.650 
0.728 

0.820 
0.900 

0.374 0.387 0.006 
0.941 

0.485 0.499 0.006 
0.611 0.624 0.006 0.970 
0.629 0.642 0.006 0.972 

0.972 
0.684 0.696 0.006 

0.211 0.220 0.004 

0.663 
0.739 

0.828 
0.905 

0.944 

0.972 
0.973 
0.974 

0.006 
0.005 

0.004 
0.003 

0.002 

0.001 
0.001 
0.001 

"6T = 0.2 K; 6P = MPa. 

Table 11. Vapor-Liquid Equilibrium Data for the System 
Ammonia (1)-Water (2) at T = 453.1 KO 

P. MPa WIL xl awlL WI' Y> 6Wlv 
1.70 
1.90 
1.95 
2.00 
3.155 
3.245 
3.27 
4.78 
4.81 
5.06 
5.29 
6.17 
6.20 
6.71 

0.364 

0.447 

0.666 

0.685 
0.819 

0.322 0.335 0.006 
0.350 0.362 0.006 0.844 
0.358 0.371 0.006 
0.423 0.437 0.006 

0.098 0.103 0.002 

0.105 0.110 0.003 

0.225 0.235 0.004 

0.871 
0.878 

0.377 

0.461 

0.642 

0.697 
0.827 

0.852 

0.878 
0.884 

0.006 

0.006 

0.006 

0.006 
0.004 

0.003 

0.003 
0.004 

"6T = 0.2 K; 6P = MPa. 

Z2.CND. 17.12, Aubert et Duval) to withstand corrosion by the 
mixture. The equlllbrium cell (internal capacity 50 cm3) Is kept 
at a constant temperature in an alr thermostat. Pressure 
measurements are performed lnslde the cell, 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 thermocouples. The mixture Is 
efficiently stirred with a magnetic rod. Four solenokls located 
outside the cell are used to create a rotating magnetic field and 
to drive the internal magnetic rod placed on a flxed axis. When 
constant temperature and pressure are observed, samples are 
withdrawn to perform GLC analyses. The samples, taken out 
by opening microvahres during a very short time, are small 
enough to give proper operating conditions of the chromato- 
graph with negligible change of the equlllbrium conditions inside 
the cell. 

Chem/cak. Water was dlstllled twice and was free of 
chlorides. Ammonia was supplied by L'Alr Liqukle 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 pwificatlon; water was just degassed before 
mixing. 

Results and Discusston 

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

6W1 M2 S2IlaKr + Kr6S211 

Wl  M1 M2 
- = -  

1 + S2/1KrM 
1 

obtained from derivation of the expression of W,:  W ,  = 1/(1 

PRESSURE 
( M ? a )  

1 0.1 0.3 0.5 0.7 0.9 % 
1. Vapor-liquid equllbtlum data for the ammonia (+water (2) 

system at 403.1 K 0, present work: the dashed line Is an extrap- 
olation and the full line a graphical Interpolation; 0, ref 6; +, ref 13; 
0, ref 15. 
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Flgure 2. Vapor-liquid equlsbrium data for the ammonia (lkwater (2) 
system at 453.1 K: 0, present work; +, ref 13; -, graphical inter- 
poiatlon. 
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Table 111. Vawr-Liauid Eauilibrium Data for the System 
Ammonia (1)-Water (2) at T = 603.1 K" 

P, MPa W,L x, awlL WT" Y, SW1' 
3.55 
3.70 
4.01 
4.06 0.072 0.076 0.002 
4.08 
4.17 
4.40 0.092 0.097 0.002 
4.51 
4.55 
4.67 0.115 0.121 0.003 
5.75 0.168 0.176 0.004 
5.95 
7.17 0.228 0.238 0.005 

46T = 0.2 K: 6P = MPa. 

0.186 
0.219 
0.289 

0.300 
0.321 
0.364 
0.380 
0.387 

0.551 
0.576 

0.195 
0.229 
0.301 

0.312 
0.333 
0.377 
0.394 
0.400 

0.565 
0.590 

0.004 
0.004 
0.005 

0.006 
0.006 
0.006 
0.006 
0.006 

0.006 
0.007 
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Flguro 3. Vapor-liquld equllibrkrm data for the ammonia (+water (2) 
system at 503.1 K: 0, present work; +. ref 13; -, graphical inter- 
polation. 

+ S2,1Kr(M2/Ml). They are reported in columns 4 and 7 of 
Tables 1-111. M, and M2 are respectively the molar mass of 
component 1 and 2. K, is the ratio of the detector responses 
for the two components. 6K, Is calculated from the incertitudes 
estimated for the detector responses relative to the two com- 
ponents: 6K,/K, = 3% with K ,  = 1.05. S2,, is the ratio of the 
two chromatographic peak areas. 6S2,1 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 (13). The 
agreement between the three bubble curves (present work and 
ref 6 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 1-111 for present work. 
They are around 0.01 for ref 6 as stated in the paper of Clifford 

Tem pera tu r e 

( K )  
t23.1 

0 .I 0.3 0.5 0.7 0:9 YL,k 

Fbure 4. Gmparkm of vapor-liquid equilibrium data for the ammonia 
(1)-water (2) system at 1.96 MPa: 0, present work; 0, ref 11; -, 
ref 5, graphical interpolation. 

and Hunter; Pierre dM not give any estimation. The agreement 
between the dew curve data of Clifford and Hunter 6 and ours 
is also within experlmental error except only for the highest 
pressure point of Clifford 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 fming interpolation of their isothermal ex- 
perimental data at 370.1, 380.1, 390.1, 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 deviations 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 Illustrated in flgure 3. 

Figure 4 illustrates the comparison between the data of 
Wucherer (5), Pawlikowsky et al. ( I f ) ,  and this work at P = 
1.96 MPa. The bubble curves according to the interpolated 
results from Pawlikowsky et ai. (1 7 )  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 deviation 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 all of the experlmental 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 illustrate 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. ( 11 ), 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. ( 1  1) are very scattered. 

Comparisons between the results of Perman (2), Mdlier (3), 
and Wilson (4) have been already made by Wucherer (5). For 
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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 Poiak and Lu (10) are too isolated to 
be used, and the works of TsiWis et ai. (8) and Jennings (9) are 
difficult to use because these authors did not present numerical 
results. Results from the compilation of Macriss et ai. (7) and 
data treatment of Scatchard et ai. (12) are not used here be- 
cause they Include the experimental raw data already compared 
In this work. 

I t  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 hlgher 
pressure range. They will become soon available through the 
Gas Processors Association as obtained by Wilson and asso- 
ciates. Regression of present data with those of Scatchard and 
Pawlikowsky using Mathlas 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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the bubble pressures at low weight fractions In ammonia (be- 
tween 0.0 and 0.2) the agreement is fair, but for weight frac- 
tkms greater than 0.2 the data of Wwson (4) are lower (maximal 
deviatbn 5 K for W,L = 0.4 for pressures between 0.1 and 1 

catharometer detector response for component i 
ratio of the catharometer detector responses for 

molecular weight of component i 
pressure, MPa 
ratio of chromatograph peak areas 
temperature, K 
weight fraction of component i in the liquid phase 
weight fraction of component i in the vapor phase 

component 1 and 2 (K, = K, /K2)  

*I 

Yl 
6Kr absolute error on K, 
6S2,, absolute error on S2/, 
6 W, absolute error on W, 
Subscript 
1 ammonia 
2 water 
Superscript 
L liquid 
V vapor 

Literature Clted 

mole fraction of component i in the liquid phase 
mole fraction of component i in the vapor phase 

RWIrtV NO. NH,, 7664-41-7. 

(1) Guillevlc, J. L.; Rlchon, D.;  Renon, H. Ind. Eng. Chem. fundem. 
1983, 22, 495. 

(2) Perman, E. P. J .  Chem. SOC. 1901, 79,  718. 
(3) Molller, P. VDI 2. 1908, 52. 1315. 
(4) Wilson, T. A. Unlv. I / / . ,  Eng. Expt. Stn. &I//. 1925, 146. 
(5) Wucherer, J. 2. Gesamte Kaeke.-Ind. 1992, 39, 97-104. 136-140. 
(6) Clifford, I. L.; Hunter, E. J .  Phys. Chem. 1933, 37,  101. 
(7) pcr iss,  R. A.; Eakln, B. E.; Elllngton, R. T.; Huebler, J. Research BuC 

letin No. 34, Institute of Gas Technology, Chicago, 1964. 
(8) Tslklls, D. S.; Linshlts, K. R.; Goryvnova, N. D. Russ.  J. Phys. Chem. 

1985, 39, 1590. 
(9) Jennings, B. H. Prog. Refrlg. Sci. Techno/., proc. Int.  Congr. Refrig. 

12th, 1967, 1989, 2 .  329. 
(10) Polak, J.; Lu, 8. C. J .  Chem. Eng. Data 1975. 20, 182. 
(11) Pawllkowsky, E. M.; Newman, J.; Prausnitz, J. M. Ind .  Eng. Chem. 

Process Des. Dev. 1982, 21, 784. 
(12) Scatchard, G.; Epsteln, L. F.; Warburton, J.; Cody, P. J. Refrig. Eng. 

1947, 53, 413. 
(13) Pierre, B. Kykek. TMskv. 1959, Sheet 14. 
(14) Haar, K.; Gallagher, J. "The Equation of State for Ammonia"; NBS 

Internal Report 75770, Washington, 1975. 
(15) "ASME Steam Tables"; Unlted Engineering Center: New York. 1967. 
(18) Mathias, P. M. Ind. Eng. Chem. Process Des.  D e v .  1983, 22, 385. 

Received for review November 22, 1983. Revised manuscript received July 
30, 1984. Accepted January 9, 1985. We are grateful to the Institut 
Franqais du P6trole for financial support. 


