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Mixtures of water and ammonia play an important role in absorption refrigeration
cycles and have received attention as working fluids in modern power generation cycles.
For design and simulations during the development of any application, the thermody-
namic properties have to be known accurately. Measurements of available thermody-
namic data are compiled and summarized. The data sets are compared, using a Helmholtz
free energy formulation. Recommendations are given for which data sets are suited to
serve as a basis for an equation of state formulation of the thermodynamic properties of
{water+ammonia}. Gaps in the database are shown to give experimenters orientation for
future research. © 1998 American Institute of Physics and American Chemical Society.
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1. Infroduction

The mixture {water+ammonia} is of special interest as a
working fluid in absorption cycles, refrigeration, and heat
recovery. Recently, such mixtures have been proposed for
use in the Kalina cycle for increased efficiency in power
generation.! Water and ammonia are natural fluids which do

J. Phys. Chem. Ref. Data, Vol. 27, No. 1, 1998

not harm the environment. Therefore, they are also consid-
ered as alternative refrigerants to replace chlorofluorocarbons
in some refrigeration applications.

From the thermodynamic point of view, water and ammo-
nia are strongly polar substances. Their critical points are
considerably different: critical temperatures differ by more
than 240 K (T,=405.40 K for ammonia and T,=647.096 K
for water). Also the critical pressure of water
(p.=22.064 MPa) is about twice as large as the critical pres-
sure of ammonia (p.=11.339 MPa). The normal boiling
point of water (373.13 K) is about 135 K higher than the
normal boiling point of ammonia (239.81 K). The mixture
{water+ammonia} covers a very wide temperature range
from below 200 K to 647.096 K. Compositional differences
between the coexisting liquid and vapor phases are consid-
erable. Mixing effects in liquid are particularly large. The
liquid volume of mixing is in the order of —10% to —20%
and the enthalpy of mixing is up to —4 kJ mol™L,

The thermodynamic properties of the system
{water+ammonia} have been measured by numerous re-
searchers during the last 150 years. The vapor—liquid equi-
librium (VLE) has been of primary interest due to the re-
quirements of the absorption cycle. Further measurements
deal with caloric 6r thermal behavior in the liquid and vapor
phases.

Several data compilations have been published during the
last 80 years.”'® However, none of them gives a complete
overview and detailed comparisons of available experimental
data necessary to establish an accurate equation of state.

To fill this gap, available measurements of the thermody-
namic properties of {water+ammonia} mixtures have been
compiled. Comparisons were conducted with an equation of
state which was developed simultaneously with the data as-
sessment by Tillner-Roth and Friend.!! Based on this analy-
sis, the most rcliable mcasurcments for the thermodynamic
properties of {water--ammonia} are identified.

2. Survey of Experimental Data

Extensive experimental work has been carried out on the
system {water+ammonia}. Available sources published
through the end of 1995 are summarized in Table 1. Most
references report vapor—liquid equilibrium (VLE) properties.
Information on single-phase properties is more limited than
available VLE data.

A significant effort has been made to survey and update
old experimental data. Tewperature conversion of measure-
ments dated before 1927 into the current temperature scale
(ITS-90) is not definitive because the first internationally ac-
cepted temperature scale was released that year. For older
sources, temperatures were, therefore, assumed to be given
according to IPTS-27. Although additional uncertainty oc-
curs because of this assumption it is not regarded as a serious
source of error, since the uncertainties of most older data are
higher than those associated with any differences between
the temperature scales.
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A further difficulty arises when authors give their results
in the form of smoothed tables or values rather than listing
their original experimental data points. Furthermore, some of
these smoothed sets of data are additionally based on mea-
surements of other authors. Such sources are of limited
value. Errors due to smoothing are already incorporated in
the tabulated numbers. By including other experimental data
during the smoothing procedure, the original experimental
information is further obscured. Therefore, most of these
results?5°3-3¢ were not further considered in the data com-
parisons.

Exceptions were made for the VLE data of Wucherer,”
the saturated liquid enthalpies reported by Zinner*®, and the
(p,T,x) data reported by Pierre.?! Their tabulated values are
based exclusively on their unreported measurements. The
data of Zinner and of Pierre were only converted to ITS-90,
and those of Wucherer were adjusted in this study. Wucherer
reports vapor pressures for the pure components in addition
to measurements for the mixtures. With these vapor pres-
sures, saturation temperatures were calculated from ihe pure
fluid equations of state.””® These temperatures form a tem-
perature scale for Wucherer’s data and are used to correct the
reported temperatures for the mixture measurements. The
conversion process is described in the Appendix.

2.1. Vapor-Liquid Equilibrium

The distribution of VLE data is illustrated in a (T,x) dia-
gram (Fig. 1) for the saturated liquid and in a (7,y) diagram,
(Fig. 2) for the saturated vapor. Due to the large number of

sources, only different types of VLE data are distinguished
by different symbols, i.e., (p,T,x), (p,T,y), (p,T.x,y), and
(T,x,y) data. .

For the liquid side, a very large quantity of experimental
data is available. The data extend to the critical line and
reach down to the freezing line. However, two regions in the
liquid become apparent where comparatively few data are
available. The first region is observed between 250 K and
350 K for high ammonia concentrations. The second is the
temperature range above 500 K at low and intermediate am-
monia concentrations. Some data lying above the critical line
drawn in Fig. 1 indicate experimental disagreement in the
vicinity of the critical locus. '

On the vapor side, the majority of measurements is found
at high ammonia mole fractions. This is not surprising, be-
cause the vapor phase consists of almost pure ammonia over
a large range of pressure and temperature. At lower ammonia
concentrations, the number of experimental data becomes
smaller.

In addition to data which are concerned with the
(p,T,x,y) behavior, saturated liquid densities were reported
for temperatures below 520 K. Additionally, the enthalpy of
the saturated liquid has been reported by Zinner*® up to
453 K. These data are discussed in the next section, together
with caloric data in the single-phase region. For higher tem-
peratures, no densities or caloric properties have been mea-
sured at saturated states. Most important, no information on
saturated vapor densities or saturated vapor enthalpies could
be found.

TaBLE 1. Summary of experimental data for {water+ammonia}

Range of data

Source Year N T/IK p/MPa x(NH;)
(p,T,x) data (bubble-point measurements)®
Carius'? 1856 6 273-298 0.1 0.26-0.39
Foote!? 1921 17 283-303 0.05-0.2 0.29-0.53
Gillespie et al.'»' 1985,1987 173 313-588 0.01-20.8 0.008-0.99
Guillevic ef al.'¢ 1985 13 403-503 1.3-7.1 0.07-0.7
Jennings"’ 1965 72 297-490 0.05-3.7 0.10-0.7¢9
Mittasch et al.'® 1926 51 273-334 0.01-0.9 0.21-0.52
Mollier®? 1908 35 274-393 0.1-0.9 0.12-0.52
Perman® 1901 77 273-334 0.002-0.24 0.04-0.34
Pierre® 2! 1959 173) 233-513 0.004-4.8 0.05-0.41
Postma?? 1920 202 196-480 0.001-17.8 0.127-1.0
Rizvi and Heidemann® 1987 36 304-618 0.02-21.9 0.007-0.88
Roscoe and Dittmar? 1859 34 273-327 0.002-0.26 0.07-0.69
Sassen et al.? 1990 111 389-613 1.3-21.5 0.189-0.8
Sims? 1861 16 273-373 0.002-0.28 0.06-0.52
(p,T,y) data (dew-point measurements)®

Guillevic et al.1® 1985 21 403-503 0.8-6.7 0.195-0.974
Macriss ez al.® 1964 16 333-390 1.5-3.6 >0.966
Neuhausen and Patrick?’ 1921 28 273-313 0.14-0.53 >0.972
Postma?? 1920 17 433-508 10-16 0.74-0.932
Rizvi and Heidemann® 1987 11 345-618 0.9-19.3 0.08-0.993
Sassen et al.? 1990 133 373-453 0.1-9.7 0.2-0.9
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TABLE 1. Summary of experimental data for {water+ammonia}~—Continued

Range of data

Source Year N TIK p/MPa x(NH;)
(p.T,x,y) data
Clifford and Hunter® 1933 57 333-420 0.02-1.6 0.016-0.26
Gillespie et al.'*"® 1985,1987 46 313-588 0.15-20.7 0.03-0.93
Guillevic et al.'® 1985 5 403-503 44-57 0.09-0.64
Harms-Watzenberg? 1995 46 308-573 0.26-18.2 0.08-0.9
Hoshino er a.° 1975 21 240-363 0.101325 0.025-0.975
Inomata et al.*! 1988 7 332 0.16-2.1 0.20-0.84
Iseli® 32 1985 44 354-493 3.6-16.1 0.47-0.89
Kurz® 1994 156 313-393 0.01-0.5 0.01-0.21
Miiller er af.>* 1988 40 373-473 0.19-3.1 0.04-0.32
Neuhausen and Patrick?’ 1921 31 273-313 0.1-0.5 0.25-0.66
Perman® 1903 42 273-333 0.002~-0.08 0.03-0.23
Polak and Lu®* 1975 23 363-420 0.1-0.44 0.001-0.04
Rizvi and Heidemann® 1987 285 303-618 0.03-22.5 0.01-0.99
Smolen of ol ¢4 37 1991 198 293-413 0.01-3.1 0.04-0.96
Wilson®® 1925 47 273-363 0.003-1.14 0.09-0.85
Wucherer® 1932 (432) 223-471 0.01-2 0.05-0.9
(T,x,y) data
Dvorak and Boublik* 1963 15 363.15 - x<0.03, y<0.3
Hales and Drewes*! 1979 30 276-297" - x<0.001
Jones® 1963 18 420-600 - x<0.001
Partial pressures
Hougen® 1925 9 287-300 - 0.01-0.18
Saturated liquid densities
Gillespie ez al.’’ 1987 14 313-519 - 0.17-0.71
Harms-Watzenberg! ¥ 1995 60 243-413 - 0.1-0.9
Jennings"’ 1965 77 297-490 - 0.1-0.79
King of al% 1930 28 203.15 - 0.005-0.98
Mittasch ez al.'® 1926 86 273-333 - 0.21-0.52
Wachsmuth® 1878 59 285 - 0.02-0.39
(p.V,T,x) data
Carins!? 1856 ¢} 393-573 01 an-n3?
Ellerwald* 1981 323 323-523 0.04-8.3 0.08-0.97
Harms-Watzenberg?® (liquid) 1995 1208 243-413 0.8-38 0.1-0.9
Harms-Watzenberg? (vapor) 1995 276 373-498 0.02-4.8 0.25-0.75
Neuhausen and Patrick?’ 1921 31 273-313 0.1-0.5 0.25-0.67
Staudt*’ 1984 175 298-403 2-20 0.1-0.9
Saturated liquid enthalpy
Zinner® #8 1934 (146) 203-453 - 0.1-0.9
Enthalpy of mixing
Baud and Gay™ 1909 23 285 0.1 0.18-0.80
Staudt?’ 1984 92 208-373 5-12 0.09-0.93
Enthalpy differences
Macriss et al.® 1964 60 500-297 1.4-5.2 0.05-0.39
Isobaric heat capacity
Chan and Giauque™ 1964 15 183-288 0.1 0333
Hildenbrand and Giauque®! 1953 60 197-290 0.1 0.5-0.67
Wrewsky and Kaigorodoff> 1924 23 275-334 0.1 0.01-0.40

“Smoothed data indicated with parentheses.

“Mole fractions in column 6 are vapor mole fractions.

“Vapor mole fractions are calculated.

d¢ and y are reported, but only total composition was measured.
*Constructed from smoothed data (see Appendix).

fExtrapolated.

2.2. Single-Phase Properties

Available sources of single-phase measurements are also

listed in Table 1. (p,V,T,x) data are plotted in a (p,T) dia-
gram in Fig. 3. The extensive set of liquid densities of
Harms—Watzenberg® covers temperatures between 243 K
and 413 K up to 38 MPa for five different compositions.

Additional (p,V,T,x) measurements for the liquid density
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are reported by Staudt?’ (in teqws of the volume of mixing),
by Neuhausen and Patrick®” and by Carjus.!? There are no
single-phase liquid densities available above 413 K and be-
low 243 K.

Two sources?>*® report densities in the vapor phase reach-
ing from 323 K to 523 K. They cover almost the entire
concentration range. The maximum densities, however, do
not exceed 1.5 mol/dm® and do not extend to the saturation
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boundary. No vapor densities are available for higher and
supercritical temperatures.

Measurements of caloric properties were found only for
the liquid phase. Their distribution is shown in Fig. 4 in a
(T,x) diagram. Enthalpies of mixing were measured by
Staudt*’ in the liquid phase between 298 K and 373 K for
pressures up to 12 MPa and also by Baud and Gay® at
285 K. Baud and Gay do not report pressures; therefore,
atmospheric pressure conditions are assumed/liere. Macriss
et al.® report experimental enthalpy differences in the liquid
at starting temperatures up to 500 K and pressures up to 5
MPa. Measurements of the isobaric heat capacity are avail-
able from three sources>*~>2 between 334 K and the freezing
line. No pressures were given for these ¢, values. It is as-
sumed that these measurements were also carried out at at-
mospheric pressure conditions.

No caloric measurements could be found for the vapor or
in the supercritical region.

2.3. Solid—Liquid-Vapor Boundary and Critical
Locus

Temperatures of the solid—liquid-vapor locus are reported
by five sources (Table 2). All sources are more than 70 years
old. In addition, Postma®* measured the triple-point pressure
as a function of temperature. Measurements cover the entire
concentration range from pure water to pure ammonia. Com-
positions and temperatures of the three eutectic points were
only given by Postma® and by Rupert.**

A few values for temperature, pressure and composition of
the critical line are reported by Rizvi and Heidemann,” Sas-
sen et al.,” and by Postma.?? The critical region and critical
locus will be the topic of a separate paper by Rainwater and
Tillner-Roth.%*

3. Data Comparisons
3.1. The Triple-Point Line

The triple-point line is shown in a (7T,x) diagram [Fig.
5(a)]. Three eutectic points are observed near x=0.334,
x=0.584, and x=0.815. Two temperature maxima occur at
the compositions of the solid compounds NH;3-HyO (x=0.5)
and 2NH;-H,0 (x=2/3). The temperature of the solid-
liquid-vapor boundary has been correlated by the following
four equations:

0<x<033367'M-—1=c x+cppxtteyax’
e "273.16K |, U2 13
0.33367< <058396'M—1= (x—0.5)?
: x=E ‘193549 caFT

0.58396<x<0 81473-—T"(—x)~—1— (x—2/3)?
: = 194380k Y
+cgp(x—213)3
0.81473< <1-——-—T“(x) —I=cy(1—x)+cp(l-x)*
' Y= 05405k et TR Tl A

1)

The coefficients are

c1=—0.343 9823 c,=—1.3274271

Cn= —4.987 368
cy=—4.886151 cg=1+10.37298
cCy= —0.323 998 Cgp="—" 15.875 60.

Deviations of measured triple-point temperatures from calcu-
lated values are shown in Fig. 5(b). The measurements of
Postma,? Elliot,%* and of Rupert? generally agree within
*1 K and are represented by Eq. (1) within the same limits
of uncertainty. The results of Baume and Tykociner” show
systematic deviations up to + 10 K at low ammonia concen-
trations. Deviations of triple-point temperatures measured by
Pickering® in 1891 reach up to +8 K. In the vicinity of the
first eutectic point near x=0.334, the different data sets dis-
agree considerably. The reported eutectic temperatures vary
between 153 K from Ref. 62 and 173 K from Ref. 22. De-
viations from Eq. (1) in this concentration range are, there-
fore, greater than for the rest of the triple-point line. For the
other eutectics, temperatures agree within =0.2 K and com-
positions within *+0.01 mole fraction of ammonia.

It is concluded that the most reliable data are those of
Postma,22 Elliott,6O and Rupert62 because they show the best
agreement. Those of Baume and Tykociner” and of
Pickering® seem to be of lesser accuracy. No comparisons
are given for the triple-point pressure, because only one data

source is available (Postma®?).

Ci3=— 274.973

3.2. Fluid Properties

Experimental ~data in the fluid region of
{water+ammonia} are compared with the help of a funda-
mental equation of state. This equation was established si-
multaneously with the data survey and is described in detail
by Tillner-Roth and Friend.!! It is written in terms of the
reduced Helmholtz free energy according to

A
R, T

=d=P°(7°,5°x)+PY(7,6,x). 2)

The ideal part ®°, depending on the dimensionless variables
°=T,/T, 8°=V,/V, and mole fraction x of ammonia de-
scribes the ideal gas properties of the mixture. The residual
part &, depending on 7=T,(x)/T, 6=V (x)/V, and x, acts
as a correction term for the ideal gas with respect to the real
mixture. The dimensionless variables 7and 6 of the residual
part depend on the composition of the mixture. The model is
based on accurate equations of state for the pure components

J. Phys. Chem. Ref. Data, Vol. 27, No. 1, 1998
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developed by Pruss and Wagner’’ for water and by Tillner-
Roth et al.*® for ammonia. All thermodynamic properties can
be calculated from this fundamental equation of state. It is
valid between the triple-point line and the critical locus as
well as for the single-phase liquid and vapor regions for all
compositions. A detailed description of the fundamental
equation of state is given by Tillner-Roth and Friend.!!

3.2.1. VLE Data

Comparisons for (p,T.,x), (p,T,y), and (p,T,x,y) data
are given in Figs. 6-8. Figures 6 and 7 show deviations of
measured vapor and liquid mole fractions, y and x, of am-
monia from those obtained from calculations using Eq. (2).
The measured pressures and temperatures were used as input
values. Vapor mole fractions compared in Fig. 8 were calcu-
lated for given 7 and x.

Due to the large number of sources, it was decided to
discuss all data sets separately. It is not the intention of this
work to evaluate the accuracy of the underlying equation of
state. Deviations between data and the equation of state,
however, may sometimes indicate an inconsistency between
different sets of data. Subsequently, all sources are discussed
in alphabetical order. Their large number made it necessary
to split Figs. 6 and 7 into 6(a)—6(f) and into 7(a)-7(e). Ex-
perimental data which overlap are combined so that each
diagram represents the situation in a limited region.

* Carius (1856),'? [Fig. 6(a)]
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Six (p,T,x) data were reported in this early work. The
liquid mole fractions show systematic deviations of about
—0.03 from other more reliable data.

* Clifford and Hunter (1933),? [Figs. 6(d), 7(a)]

This set of (p,T,x,y) data covers temperatures between
333 K and 420 K at low liquid ammonia concentrations.
Liquid mole fractions agree within *0.01 with data from
Perman,” Mollier,!® and Pierre?' at low temperatures. The
scatter increases slightly at higher temperatures but remains
within #+0.02. Vapor mole fractions show a large scatter up
to = 0.06. Overall, the accuracy of this data sct is lower than
that of other data.

critical fine

650

% Staudt® « Carius®

o Ellerwald®®

oe Harms-Watzenberg®
o Neuhausen and Patrick®

Fic. 3. Distribution of measured (p, V,T,x) data in a p,T diagram.
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FiG. 4. Distribution of liquid caloric data in a T,x diagram.

« Dvorak and Boublik (1963)," [Fig. 8]

Dvorak and Boublik report some (7,x,y) values at very
low ammonia concentrations. Vapor compositions agree
within the experimental scatter with the overlapping data of
Polak and Lu.>® They are regarded as being sufficiently reli-
able to be used to establish an accurate equation of state.

« Foote (1921)," [Fig. 6(a)]

Foote reports (p,T,x) data at two temperatures (283 K and
303 K). These liquid compositions agree generally with the
data of Neuhausen and Patrick”’ but overlap more reliable
data.

« Gillespie 7 al. (1985, 1987),'*5 [Figs. 6(c), 7(c), 7(d)]

Both references report results from the same experimental
study. However, the values from Ref. 15 are slightly differ-
ent than the values listed in Ref. 14. Differences are found in
the values for pressures and compositions. Generally, these
corrections are small, but the values from Ref. 15 seem to be
slightly more consistent and should, therefore, be preferred;
data from Ref. 14 are not shown in the figures.

TaBiE 2. Summary of experimental data for the triple-point line of
{water+ammonia}

Source Year N Composition range x(NHj;)

Triple-point temperatures

Baume and Tykociner’ 1914 13 0.04-0.58

Elliot® 1924 35 0.37-1.0

Postma®? 1920 39 0.04-1.0

Pickering®! 1891 67 0.01-031

Rupert® 1910 86 0.007-0.99
Triple-point pressures

Postma?? 1920 48 0.04-1.0

280

(a)

260
u] BaumeandTykociner5g
A Elliott™
240 | o Pickerin%'31
@ Postma®
% Rupert®?

TK

FiG. 5. Triple-point temperatures of {water+ammonia}. Triple-point tem-
peratures T, in (b) are calculated from Ey. (1).

(p.T,x,y) data and (p,T,x) data reported here cover a
wide range of composition and temperature. Liquid mole
fractions are internally consistent within =0.03 and agree
well with the results of Sassen ef al.?> and of Iseli* at high
temperatures. Vapor mole fractions also scatter by +0.03
except at lower temperatures, where the measured vapor
composition seems to be more accurate. Vapor mole frac-
tions at high y values agree well with the results of Macriss
et al.,6 but are about 0.01 lower than results of Iseli*? and
other sources.

Generally, the results of Gillespie et al. show a larger scat-
ter than other reliable data. However, since they cover a wide
range of temperature and composition they are useful to es-
tablish a reliable equation of state.

« Guillevic ez al. (1985),' [Figs. 6(c), 7(a)]

13 (p,T.x), 5 (p.T,x,y), and 21 (p,T,y) data are re-
ported between 400 K and 500 K in a wide concentration
range. Liquid and vapor mole fractions show systematic de-
viations up to *+0.05. Because of the large deviations, these
data may not be adeguate for corrclation purposcs.

« Hales and Drewes (1979),*! [Fig. 8]

(T,x,y) values are reported for very dilute ammonia solu-
tions between 270 K and 300 K. No other data are available
in this range for comparisons. Due to the lack of other sets of
data in this region, no recommendation can be given for this
data set, although large systematic deviations are observed
between the data and Eg. (2).

« Harms-Watzenberg (1995),2 [Figs. 6(c), 7(b)]

46 (p,T,x,y) data are reported covering a wide range of
composition and temperature. Liquid mole fractions show a
scatter up to 0.04; those of the vapor show systematic devia-
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F1G. 6. (a)—(f) Deviations between measured liquid mole fractions x and values calculated /fom Eq. (2) at tabulated values of pressure p and temperature 7.

tions from other reliable data up to =0.10. Data of higher
quality are available to establish an equation of state.
~ » Hoshino et al. (1975),* [Figs. 6(b), 7(a)]

21 (p,T,x,y) data are reported at atmospheric pressure
covering the whole concentration range. Liquid mole frac-
tions show systematic deviations from other reliable data up
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to £0.03. Vapor mole fractions are about 0.02 lower than
those from other sources. Data®> which are more reliable
overlap the results of Hoshino et al.

* Hougen (1925)%

Hougen reports nine ammonia partial pressures in the va-
por for low liquid mole fractions and temperatures between
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FiG. 7. (a)-(d) Deviations between measured vapor mole fractions y and values calculated from Eq. (2) at tabulated values of pressure p and temperature 7.
(e) Deviations between Wucherer’s corrected vapor mole fractions y from Table 3 and values calculated from Eq. (2) at tabulated values of pressure p and

temperature 7.

287 K and 300 K. Since he does not report a total pressure or « Inomata ef al. (1988),>! [Figs. 6(b), 7(d)]

the corresponding water partial pressures these measure- Seven (p,T,x,y) data are reported at 332 K. Liquid and
ments are incomplete compared to other VLE measurements.  vapor mole fractions show systematic deviations up to 0.02
In addition they completely overlap other results and there- and, therefore, are not adequate to establish an equation of
fore will not be considered further. state.
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from Eq. (2) at tabulated values of temperature 7 and vapor mole fraction y.

« Iseli (1985),%? [Figs. 6(e), 7(d)]

Iseli measured 44 (p,T,x,y) data at fairly high pressures,
temperatures and ammonia concentrations. Liquid mole frac-
tions agree very well within *+0.01 with the results of
Gillespie ef al.'*" and Sassen et al.” They are about 0.005—
0.01 higher than the results of Smolen et al.”’ Vapor mole
fractions agree with other data within *0.01. These data are
recommended to establish an equation of state.

« Jennings (1965)," [Fig. 6(b)]

72 (p,T,x) data are reported by Jennings between 297 K
and 490 K. The liquid mole fractions scatter within #0.02
but generally agree with other reliable data. There are data of
better quality which overlap Jennings’ resuits.

« Jones (1963),* (Fig. 8)

Liquid mole fractions of these (7,x,y) data extend to
lower values than those of Dvorak and Boublik.** The results
of Jones also cover a wide temperature range. In the over-
lapping region, they agree well with results from Dvorak and
Boublik. Although a slight systematic deviation between the
data and Eq. (2) is observed, they are also deemed appropri-
ate to sapport an equation of state at low ammonia concen-
trations.

* Kurz (1994),% [Figs. 6(b), 7(a)]

156 (p,T,x,y) data were measured at liquid mole frac-
tions below 0.21. The large number of data is due to exten-
sive replicate measurements. If the results had been aver-
aged, the total number of points would be close to 30. Liquid
mole fractions are very reliable, showing deviations within
£.0.01 or betier. Excepiions are measurements at liquid mole
fractions near 0.2 where deviations increase up to 0.03. The
scatter of vapor mole fractions is larger, within +0.02 with a
few exceptions at low temperatures where deviations are up
to 0.08. Due to the deviations for the vapor mole fractions,
these data seem questionable when establishing a reliable
equation of state. The liquid mole fractions, however, seem
to be relatively reliable.

 Macriss et al. (1964),° [Fig. 7(d)]

Macriss and his co-workers report 16 (p;T,y) data at very
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high ammonia concentrations. Vapor mole fractions are
about 0.01 lower than most from other sources, except those
measured by Gillespie et al.'*'° It is unclear which behavior
is the more reliable, but because the equation used for the

comparisons is also fitted to (p, V,T) data in the superheated
vapor region, this deviation suggests an inconsistency be-
tween vapor mole fractions of Gillespie ef al.'> and Macriss
et al.® and vapor densitics measurcd by Harms-Watzenberg?
or Ellerwald,* for example. Further measurements, not only
of vapor composition, but also of thermal and caloric prop-
erties in the vapor. are needed to resolve this systematic dif-
ference.

« Mittasch ez al. (1926),"® [Fig. 6(a)]

51 (p,T,x) data between 273 K and 334 K are reported.
Liquid mole fractions generally agree with other reliable data
within = 0.02. However, they need not be incorporated in the
development of a thermodynamic surface because they over-
lap data of better quality.

« Mollier (1908)," [Fig. 6(d}]

35 (p,T,x) data are reported by Mollier. The liquid mole
fractions agree with those of Perman® within +0.005 and
also show excellent agreement with data from other reliable
sources. Although these data are old, they are of high accu-
racy.

* Miiller et al. (1988),* [Figs. 6(b), 7(a)]

40 (p,T,x,y) data are reported at low ammonia concen-
trations between 373 K and 473 K. In general, liquid mole
fractions agree with other reliable data, but show a scatter up
to #£0.03. Vapor mole fractions are evidently of poorer qual-
ity showing systematic deviations of up to +0.08. More ac-
curate data are available for correlation purposes.

» Neuhausen and Patrick (1921),% [Figs. 6(a), 7(d)]

31 (p,T,x,y) data and 28 (p,T,y) data are reported be-
tween 273 K and 313 K at intermediate liquid compositions.
Liquid mole fractions show a large scatter up to 0.06 and
deviate systematically from other data. Mole fractions in the
vapor are above 0.95 in this temperature range. Due to the
high ammonia concentrations the scatter is small. However,
some vapor mole fractions of Neuhausen and Patrick show
systematic deviations from other reliable data around
y=0.99.

« Perman (1901)*° and (1903),% [Figs. 6(d), 7(a)]

The first set of measurements reported by Perman®® com-
prises 77 (p,T,x) data at low ammonia concentrations. The
scatter of liquid mole fractions is well within +0.01. Liquid
mole fractions from Perman’s (p,7T,x,y) data published two
years later, however, show a systematic offset of —0.01
compared to other sources. The vapor moie fractions from
the second set agree within *0.01 with other reliable data,
especially at intermediate compositions. However, they show
an increasing deviation with decreasing temperatures. The
first series of Perman® (1901) is recommended while the
second set (Perman®®) may have slight systematic errors.

* Pierre (1959),2! [Fig. 6(d)]

Pierre published a table of smoothed (p,T,x) data based
on unreported measurements. These smoothed data were
transformed into the new temperature scale (ITS-90) and
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used in the comparisons. Liquid mole fractions agree within
+(.01 with other measurements. The downturn at low tem-
peratures is slightly sharper than that observed for
Postma’s’? data, [Fig. 6(f)]. Pierre’s data are useful to estab-
lish an equation of state, but original measurements, as those
of Postma,?? should be preferred.

« Polak and Lu (1975),% [Figs. 6(d), 7(a), 8]

23 (p,T,x,y) data were measured at low ammonia con-
centrations x<<0.04. Natwrally, the scatter in x is smaller
than for data at higher mole fractions; the scatter is generally
below 0.005. Vapor mole fractions agree very well with re-
sults of Dvorak and Boublik*® These data are recommended
to establish an equation of state in order to obtain a good fit
at low amumonia concentrations.

« Postma (1920),22 [Figs. 6(e), 6(f), 7(b)}

202 (p,T.x) and 17 (p,T,y) data are reported in this ref-
erence. The (p,T,x) data mainly cover subatmospheric pres-
sures and extend down to the triple-point line. (p,T,y) data
and some (p,T,x) data were measured at high pressures and
temperatures close to the critical line. Beside this series, no
other VLE data are available below 230 K to compare with.

55

At temperatures between 230 K and 280 K, the liquid mole
fractions agree within = 0.01 with the results of Perman®
and Mollier,'® and smoothly connect to the data measured by
Smolen ef al.’” Liquid mole fractions are about 0.01-0.02
higher than those of the corrected data of Wucherer® de-
scribed below. At temperatures below 230 K, the scatter be-
comes larger due to the higher sensitivity of liquid mole
fractions to uncertainties in pressure.

Liquid compositions of near-critical data agree well with
other data. Deviations are *+0.02 which is small when con-
sidering that mole fractions have a high uncertainty in this
region. Vapor mole fractions show deviations within *0.03.

The (p,T,x) data of Postma at low temperatures are re-
garded as reliable and can be used to establish an equation of
state, especially because it is the only set of data currently
available down to the triple-point line. Also some of the
(p.T,x) data and (p,T,y) data at near-critical temperatures
seem to be useful. For low temperatures, further experimen-
tal VLE data would be desirable to validate Postma’s results.

* Rizvi and Heidemann (1987),% [Figs. 6(c), 7(c)]

Rizvi and Heidemann report one of the most extensive sets

TaBLE 3. Corrected VLE data of Wucherer®
plkPa /K y T/K y TIK y TIK y T/K y
x=0.0527 x=0.1052 x=0.1573 x=0.2091 x=0.2607
10.132 302.60 289.78 278.86 269.24 260.62
20.265 316.08 0.596 303.46 0.808 293.04 0.903 282.92 0.953 273.71 0.980
30.398 325.13 0.570 312.31 0.791 301.79 0.893 291.47 0.946 282.15 0.976
40.530 332.20 0.555 319.28 0.780 308.56 0.886 298.14 0.940 288.72 0.973
50.662 337.58 0.543 324.57 0.770 313.66 0.878 303.15 0.936 293.64 0.969
60.795 342.00 0.533 328.89 0.760 317.88 0.872 307.47 0.933 297.77 0.966
70.928 34592 0.523 332.72 0.752 321.62 0.867 311.11 0.929 301.41 0.964
81.060 349.58 0.514 336.28 0.745 324.97 0.861 314.37 0.925 304.66 0.962
91.192 352.79 0.505 339.38 0.739 328.08 0.856 317.37 0.922 307.76 0.959
101.33 355.91 0.497 342.40 0.733 331.09 0.851 320.18 0.920 310.57 0.957
121.59 361.20 0.484 347.78 0.723 336.17 0.845 325.15 0.915 31534 0.955
141.86 365.92 0474 352.40 0.713 340.49 0.839 329.48 0.911 319.56 0.951
162.12 370.04 0.465 356.42 0.704 344.31 0.832 333.30 0.905 323.09 0.947
182.39 373.66 0457 359.95 0.696 347.73 0.826 336.72 0.900 32651 0.944
202.65 376.96 0.449 363.15 0.689 350.93 0.821 339.82 0.895 329.61 0.942
253.31 384.28 0.433 370.47 0.674 358.15 0.809 346.94 0.888 336.52 0.936
303.98 390.51- 0.420 376.60 0.661 363.98 0.798 352.67 0.880 342.25 0.932
354.64 395.95 0.409 381.94 0.649 370.22 0.789 357.70 0.872 347.19 0.926
405.30 400.72 0.399 386.70 0.637 373.99 0.779 362.27 0.866 35175 0.921
455.96 405.03 0.391 390.92 0.627 378.21 0.771 366.40 0.860 355.80 0916
506.63 408.97 0.383 394.96 . 0.618 382.06 0.763 370.35 0.854 359.45 0.913
607.95 416.28 0.367 402.16 0.600 389.25 0.749 377.24 0.843 366.32 0.904
709.28 422.51 0.354 408.50 0.583 395.39 0.735 383.07 0.832 372.16 0.896
810.60 428.29 0.342 414.17 0.569 400.86 0.722 388.54 0.823 377.43 0.889
911.93 433,54 0.330 419.22 0.556 405.80 0.712 393.59 0.815 382.07 0.882
10133 438.28 0.320 423.86 0.544 410.34 0.700 308.21 0.807 386.49 0.875
11146 442.48 0.312 428.06 0.534 414.54 0.691 402.42 0.799 390.60 0.870
1215.9 446.28 0.305 - 432,07 0.524 41845 0.682 406.23 0.792 394.31 0.866
13172 449.94 0.298 435.82 0.515 422.20 0.674 409.78 0.786 397.96 0.860
1418.6 453.38 0.290 439.36 0.507 425.74 0.666 413.12 0.779 401.20 ' 0.855
1519.9 456.64 0.284 442.53 0.500 429.01 0.658 416.29 0.772 404.28 0.850
1621.2 459.93 0.279 44571 0.493 432.29 0.651 41947 0.766 407.35 0.846
17225 462.98 0.275 448.67 0.487 43535 0.644 422.33 0.760 410.22 0.841
1823.9 465.90 0.271 451.58 0.481 438.17 0.637 425.15 0.756 412.94 .0.836
19252 468.79 0.266 454.47 0476 44095 0.631 427.83 0.750 415.62 0.831
2026.5 47147 0.261 457.15 0.471 443.54 0.625 430.32 0.744 418.00 0.827
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TaBLE 3. Corrected VLE data of Wucherer*—Continued

p/kPa T/K y T/K y T/IK y T/K y T/IK y
x=0.3119 x=0.4136 x=0.5141 x=0.6134 x=0.7117
10.132 252.60 238.27 1.000 225.43 1.000
20.265 265.19 0.992 249.86 0.999 236.32 1.000 225.29 1.000
30.398 273.43 0.991 257.59 0.999 243.55 1.000 232.11 1.000 225.57 1.000
40.530 279.80 0.988 263.66 0.999 249.22 1.000 237.58 1.000 231.04 1.000
50.662 284.83 0.986 268.10 0.999 253.58 1.000 241.76 1.000 235.23 1.000
60.795 288.86 0.984 272.04 0.998 257.21 0.999 245.49 1.000 238.68 1.000
70.928 292.30 0.982 275.40 0.998 260.39 0.999 248.68 1.000 241.67 1.000
81.060 295.55 0.981 278.44 0.997 263.23 0.999 251.52 1.000 24431 1.000
91.192 298.55 0.980 281.24 0.997 265.92 0.999 253.91 1.000 246.89 1.000
101.33 301.36 0.979 283.94 0.996 268.42 0.999 256.10 1.000 249.18 1.000
121.59 306.02 0.977 288.40 0.996 272.67 0.999 260.34 1.000 253.11 1.000
141.86 310.15 0.975 292.22 0.995 276.39 0.999 264.16 1.000 256.83 1.000
162.12 313.78 0.973 295.66 0.994 279.73 0.999 267.51 1.000 259.99 1.000
182.39 317.00 0.972 208.77"° 0.993 282.65 0.990 270.32 1.000 262.80 1.000
202.65 319.89 0.970 301.67 0.992 285.34 0.999 272.91 1.000 265.28 1.000
253.31 326.71 0.966 308.08 0.991 29145 0.999 278.93 1.000 270.90 1.000
303.98 332.14 0.961 313.41 0.990 296.49 0.998 283.86 0.999 275.83 1.000
354.64 337.07 0.957 318.04 0.088 301.01 Ot998 288.27 0.999 280.04 1.000
405.30 341.44 0.955 322.21 0.986 305.08 0.997 292.34 0.999 283.91 1.000
455.96 345.39 0.952 325.97 0.984 308.85 0.997 295.94 0.999 287.32 1.000
506.63 349.14 0.949 329.33 0.983 312.32 0.996 299.10 0.999 290.39 1.000
607.95 355.51 0.943 335.78 0.979 318.45 0.994 304.73 0.999 296.10 1.000
709.28 361.24 0.937 341.21 0.976 323.59 0.992 309.86 0.998 301.03 0.999
810.60 366.41 0.932 346.18 0.973 328.25 0.991 314.52 0.997 305.49 0.999
911.93 371.05 0.927 350.71 0.971 332.58 0.990 318.64 0.996 309.50 0.999
1013.3 375.37 0.921 354.93 0.968 336.49 0.988 322.34 0.995 313.30 0.998
1114.6 379.38 0.916 358.74 0.965 340.10 0.986 325.86 0.994 316.72 0.998
1215.9 383.09 0913 362.25 0.962 343.52 0.985 329.18 0.993 320.04 0.998
1317.2 386.55 0.908 365.51 0.959 346.77 0.983 332.43 0.993 322.99 0.998
1418.6 389.77 0.904 368.73 0.957 349.69 0.982 335.44 0.992 325.80 0.997
1519.9 392.86 0.900 371.63 0.955 352.49 0.981 338.26 0.992 328.52 0.997
1621.2 395.93 0.897 374.49 0.954 35525 0.979 340.91 0.991 331.17 0.997
17225 397.80 0.894 377.17 0.952 357.84 0.978 343.40 0.991 333.57 0.996
1823.9 401.42 0.891 379.69 0.950 360.36 0.978 345.73 0.991 335.90 0.996
1925.2 404.40 0.837 382.16 0.948 362.83 0.977 348.09 0.991 338.25 0.995
2026.5 406.18 0.884 384.64 0.946 365.00 | 0.976 350.26 0.990 34032 0.995
x=0.8088 x=0.9049 x=0.8088 x=0.9049
40.530 226.80 1.000 224.36 1.000 506.63 284.58 1.000 280.37 1.000
50.662 231.11 1.000 228.39 1.000 607.95 290.17 1.000 285.64 1.000
60.795 234.56 1.000 231.64 1.000 709.28 294.90 1.000 290.37 1.000
70.928 237.47 1.000 234.46 1.000 810.60 299.16 1.000 294.53 1.000
81.060 240.09 1.000 237.08 1.000 911.92 303.06 1.000 298.33 1.000
91.192 242.58 1.000 239.46 1.000 1013.3 306.66 0.999 30192 - 1.000
101.33 244.76 1.000 241.64 1.000 1114.6 310.08 0.999 305.15 1.000
121.59 248.68 1.000 24545 1.000 1215.9 313.21 0.999 308.17 1.000
141.86 252.00 1.000 248.68 1.000 1317.2 316.15 0.999 311.11 1.000
162.12 254.97 1.000 251.65 1.000 1418.6 318.85 0.999 313.71 1.000
182.39 257.67 1.000 25435 1.000 1519.9 321.39 0.999 316.25 1.000
202.65 260.06 1.000 256.73 1.000 1621.2 323.83 0999 31R 69 1.000
253.31 265.77 1.000 262.14 1.000 1722.5 326.24 0.998 321.01 1.000
303.98 270.41 1.000 266.68 1.000 1823.9 328.57 0.998 323.23 0.999
354.64 274.06 1.000 270.57 1.000 1925.2 330.92 0.998 325.38 0.999
405.30 278.28 1.000 274.25 1.000 2026.5 333.08 0.998 327.35 0.999
455.96 281.60 1.000 277.48 1.000
2See Ref. 39.

of VLE data. A total of 332 (p,T,x), (p,T,x,y), and
(p,T,y) data cover the entire concentration range between
303 K and-the critical line. The accuracy of all data, how-
ever, generally seems to be poor. Liquid and vapor mole
fractions show large scatter, sometimes exceeding the limits
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of Figs. 6(c) and 7(c), which are 0.10. Liquid mole frac-
tions seem to be about 0.02-0.03 lower than other reliable
data. The deviations are worst at 482 K and 525 K, while the
scatter is smaller at lower temperatures. It is unfortunate that
this comprehensive work has such large uncertainties.
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« Roscoe and Dittmar (1859),%* [Fig. 6(b)]

(p,T,x) data of good accuracy are reported by Roscoe and
Dittmar. Their liquid mole fractions agree within *0.01 with
other reliable data. Slightly higher deviations occur at low
ammonia concentrations.

« Sassen et al. {1990),%° [Figs. 6(c), 7(c)]

Two extensive sets of (p,7,x) and (p,T,y) data are re-
ported by Sassen eral. The bubble-point measurements
cover high temperatures and pressures over the whole con-
centration range reaching up to the critical line. The dew-
point measurements are restricted to pressures below 10
MPa. Liquid mole fractions agree within *0.015 with data
from Gillespie ez al.,'*"” even very close to the critical locus.
Small systematic deviations are observed between measure-
ments carried out at different compositions. In sharp con-
trast, the dew-point measurements show a large scatter up to
+0.10 in y. While the bubble-point measurements are veiy
useful to establish an equation of state, the dew-point mea-
surements may not be sufficiently reliable.

« Sims (1861),° [Fig. 6(a)]

Sims reports 16 (p,T,x) values. Liquid mole fractions
show large deviations up to 0.05 from most other data. These
data are, therefore, of lesser importance.

« Smolen et al. (1991),” [Figs. 6(e), 7(b)]

A large set of (p,T,x,y) data is reported by Smolen ef al.
covering the whole concentration range between 293 K and
413 K. Originally, total composition was measured. Liquid
and vapor compositions were determined using an equation
of state. Liquid mole fractions are internally consistent with
respect to temperature and -composition. They agree within
+0.01 with other reliable data. Also vapor compositions
show a high degree of internal consistency as expected, since
they were derived from an equation of state. Overall, this
data set is useful to establish an equation of state.

» Wilson (1925), [Figs. 6(a), 7(b)]

The liquid mole fractions of the 47 (p,T,x,y) data re-
ported by Wilson show systematic deviations up to 0.03
from other sets of data. The vapor mole fractions seem to be
of better quality and agree with other measurements within
+0.02. Due to the large deviations on the bubble curve, this
data set is not recommended as a basis for correlations.

= Wucherer (1932),%° [Figs. 6(c), 6(f), 7(c)]

Tables of smoothed values based on unpublished measure-
ments are reported by Wucherer. When comparing his origi-
nal tabulated (p.T.x.y) data to other data, systematic devia-
tions up to 0.05 in liquid mole fraction are observed, (Fig.
15).

The adjusted values, (Table 3), however, show better
agreement with results of other authors. Deviations from
other data sets are generally within = 0.01 for the liquid mole
fractions. At low iemperatures, liquid mole fractions are
about 0.02 lower than those of Postma,?* especially at liquid
mole fractions around 0.6.

Vapor mole fractions are accurate within 0.02. Due to the
interpolation procedure carried out during the correction of
Wucherer’s data, deviations from other data are mostly sys-
tematic.

The corrected data should not be used as a basis for a
correlation, but they may be nseful for comparisans Original
experimental data of better quality are available overlapping
Wucherer’s results.

3.2.2. Saturated Liquid Densities

Deviations of saturated liquid densities from those calcu-
lated from Eq. (2) are shown for the six available sources in
Fig. 9. The densities reported by Gillespie ez al.'> show large
deviations exceeding *=2%. Systematic deviations are also
observed for the results of Jennings” at x=0.8 and those of
Wachsmuth.** The remaining data are consistent with respect
to temperature and composition within *1%. From the
available sets of data, the measurements of
Harms-Waizenberg,”® King er al.,** and most of Jennings®
results!” for x<<0.8 show the highest accuracy.

3.2.3. (p,V, T,x) Data

(p,V,T,x) data are shown separately for the liquid and
vapor phases in Figs. 10 and 11. In the liquid, most data are
consistent within *1%. The densities measured by
Harms-Watzenberg? are probably the most reliable data, be-
cause they are internally consistent and could be represented
by Eq. (2) within +0.5%. However, some inconsistencies
are detected within this data set. Isotherms below 293 K
show a systematic offset of about 0.3% in density for mole
fractions x=0.7 and x=0.1. Also for x=10.3, systematic de-
viations below 293 K are observed.

The volumes of mixing determined by Staudt*’ at various
temperatures and pressures have been transformed into a set
of liquid densities using pure fluid densities determined from
the fundamental equations of state of the pure
compounds.”’”® These densities are systematically higher
than those of Harms-Watzenberg. The largest deviations oc-
cur at high ammonia mole fractions and high temperatures
close to the critical locus. Here, deviations between the data
of Staudt and those of Harms-Watzenberg exceed 2%.

A few densities reported by Neuhausen and Patrick?’
agree within =1% with Harms-Watzenberg’s data. Devia-
tions of six densities reported by Carius'? are also within
+1%.

Two data sets are available for the vapor density, those
measured by Ellerwald* and by Harms—'Watze:nberg.29 Both
scts were measured by the Burnett technique. Agrecment is
excellent, within +0.3% at low pressures. Systematic devia-
tions are observed for the highest pressures of the Burnett
expansion series of Harms-Watzenberg.”” Both sets of data
are consistent with respect to composition. They are regarded
as reliable and are recommended for establishing an equation
of state.

3.2.4. Caloric Properties

Measurements of caloric properties are available only in
the liquid phase. When including the enthalpies of the satu-
rated liquid measured by Zinner,”® there are four references
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FiG. 9. Deviations between measured saturated liquid densities and values
calenlated from Fa. (2).

which report enthalpies and enthalpies of mixing. Isobaric
heat capacities are available from three sources (see Table 1).
To compare to available enthalpy measurements, enthalpies

of mixing AH were transformed into enthalpies according to

H(T,p.x)=(1—x)Ho(T,p) +xHp(T,p) +AI7(T,p,x()2.)

The pure fluid enthalpies H; and Hy, were calculated from
the pure fluid equations of state. Figure 12 presents devia-
tions of these enthalpies from Eq. (2). With the exception of
the results of Macriss efal.® all sets agree within
+150 J/mol, which is close to the experimental uncertainty
for all sets of data. The data of Macriss et al. show larger
scatter, up to =300 J/mol, especially at low ammonia con-
centrations. Those measured at high temperatures agree bet-
ter with results from other sources.

Between the measurements and values from Eq. (2), sys-
tematic deviations up to . 300 J/mol arc obscrved around
x=0.4, while data at high ammonia mole fractions are well
represented. These systematic deviations are an indicator of
an inconsistency between enthalpies and other data used to
establish the mixture model. Inconsistency is revealed be-
tween the enthalpies and heat capacities in the liquid in Fig.
13. Here, the heat capacity c,, is plotted versus temperature.
In addition to the experimental data,””>" heat capacities were
derived from Zinner’s enthalpies. These enthalpies were fit-
ted within * 50 J/mol along lines of constant composition by
simple temperature polynomials. Zinner’s data were reported
for the saturated liquid, but enthalpy is not strongly pressure-
dependent in the liquid. Therefore, the values for the isobaric
heat capacities obtained from the first derivative of the re-
sulting equations should be accurate to within *1%.

Comparisons between experimental and derived heat ca-
pacities show a systematic offset below 290 K that increases
with falling temperature. Experimental heat capacities are
always lower than the derived values. At low temperatures,
the derived heat capacities show an upturn for low ammonia
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FiG. 10. Deviations between measured compressed liquid densities and val-
ues calculated from Eq. (2).

concentrations. This behavior is also observed for pure wa-
ter, especially when the equation of state of Pruss and
Wagner’’ is extrapolated to lower temperatures. According
to Pruss and Wagner, extrapolation gives reasonable results
down to 230 K, because their equation was fitted to data in
the subcooled liquid. The experimental data,®>! however,
decrease monotonically with temperature even for low am-
monia concentrations (x=1/3), where an influence of the
high water content and, thus, an increase of ¢, with decreas-
ing temperature might be expected.

Experience during the correlation of the mixture equation
of state indicates that Zinner’s results are more reliable than
the heat capacities of Giauque and his co-workers. An at-
tempt to fit these heat capacities together with (p,V,T,x)
data of Harms—V\/'atzenberg29 and (p,T,x) data of Postma??
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FiG. 11. Deviations between measured vapor densities and values calculated
from Eq. (2).
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failed. In this case, the results of Postma showed deviations
up to 0.04 of the liquid mole fraction. When the isobaric heat
capacities were replaced with Zinner’s enthalpies, however,
a much better fit was obtained. The deviations for Postma’s
liquid compositions are within *0.02, and density deviations
for Harms Watzenberg’s liquid data?® decreased from about
1.5% to 0.3%.

Due to this experience, the enthalpy data of Zinner are
recommended over the heat capacity data of Giauque and his
co-workers. However, a final decision about the accuracy of
either data set can be reached only when new reliable mea-
surements of liquid heat capacities at low temperatures are
available.

4. Conclusion

Comparisons of available measurements on the thermody-
namic properties of {water+ammonia} have shown that the
huge amount of available experimental data is far less valu-
able to establish an equation of state than it appears at a first

0
NH; (x=1) x=0.7
85 x=0.5
x=0.3
. 88
¥
5 & H,0 (x=0)
] KXo a ,0 (x=
£ (xX38 s o
3\'70_ MXUHDAAAQO
o X g °
© o | xn oo a o
RN o 0 x=0.333 (Chan and Giauque®®)
a® g A x=0.500 (Hildenbrand and Giauque®')
0F o O x=0.600 (Hildenbrand and Giauque®")
° X x=0.670 (Hildenbrand and Giauque®)
55 A . . :
200 230 260 290 320 350 380
TK

Fic. 13. Isobaric heat capacity in the liquid. E‘; of NH; and H,O was
calculated from pure fluid equations (Refs. 57 and 58). Calculated C, at
x=0.3, x=0.5, and x=0.7 is derived from enthalpies of Zinner (Ref. 48).
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FiG. 14. Deviations of saturation temperatures for water (®) and ammonia
(A) of Wucherer’s (Ref. 39) original tabulation from values calculated from
the pure fluid equations of state (Refs. 57 and 58).

glance. Most available sets of VLE data are only of limited
value because they show large scatter or systematic devia-
tions when compared to other data. Among the currently
available VLE measurements, the results of Smolen et al.,”’
Sassen ef al.,25 Polak and Lu,*® Perman,” and Mollier'? are
the most reliable ones in the authors’ opinion. Beside these
data, Postma’s?* results seem to be of reasonable quality in
the low-temperature range, but they should be replaced when
more accurate measurements in this range arc available. To
some extent, the results of Gillespie er al.!> and those of
Iseli*? agree with the selected data, although their scatter is
larger, especially for vapor compositions.

The largest gap in the data base is clearly found in the
single-phase regions. Measurements in the vapor and, espe-
cially, in the supercritical regions are needed to establish a
reliable equation of state for {water+ammonia} which is ap-
plicable beyond the critical line. Furthermore, reliable ex-
perimental data in the liquid at temperatures above 420 K
and below 240 K would be highly desirable. In addition to
density measurements, measurements of caloric properties
are required to resolve the inconsistencies of heat capacities
and enthalpies in the liquid at low temperatures.

The densities measured by Harms-Watzenberg? in the lig-
uid and in the vapor and those of Ellerwald*® seem to be the
most reliable of the available single-phase data. Enthalpies of
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FiG. 15. Deviations of liquid mole fractions x measured by Wucherer (Ref.
39) from values calculated from Eq. (2) at tabulated values of pressure p and
temperature T.
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Staudt*’ and Zinner*® are also recommended. Available heat
capacities should only be considered with a very low weight
for the development of an equation of state, to avoid a non-
physical behavior of the thermodynamic surface at very low
temperatures.
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6. Appendix: Transformations of VLE data
of Wucherer®®

Wucherer® reports three tables containing (p,T,.x),
(p,T,y), and (p,x,y) data for pressures p<<2 MPa. In the
(p,T,x) table, saturation temperatures are reported also for
pure water and ammonia. These values were used to correct
the given (p,T,x) values.

When Wucherer’s saturation temperatures of pure water
and pure ammonia are compared with results from accurate
pure fluid equations of state,’’® temperature differences up
to 1.5 K are observed (Fig. 14). These can be explained by
errors occurring during temperature measurements and dur-
ing the smoothing procedure leading to the tabulated data. If
it is assumed that the same errors occur for the mixture mea-
surements, Wucherer’s (p,T,x) data can be corrected in the
following way:

Temperature differences

AT =T i meas— Toi,50s

were calculated between the pure fluid temperatures Ty s
and saturation temperatures T gog Obtained from the equa-
tions of state of the pure fluids. These differences were com-
bined according to

AT(x)=(1=x)ATg+xATg,, (A1)

where x is the mole fraction of ammonia and the indices 1
and 2 denote water and ammonia, respectively. The new
temperature is obtained simply by subtracting the result from
the reported temperature:

Trew(X) = Teas— AT(x). (A2)
Since the equations of state are based on ITS-90, the new
temperatures also correspond to this temperature scale.
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The corrected values and Wucherer’s original data are
compared in Fig. 15. Deviations of liquid mole fractions
from those obtained from Eq. (2) are shown. The original
data show deviations up to —0.06, while the corrected data
are represented within *0.02. The corrected data agree
much better with other reliable data as shown in Figs. 6(e)
and 6(f).

The complete VLE information of Wucherer’s data also
includes the vapor composition y. A y value is obtained for
each pair (p,x) from the (p,x,y) table. For {(p,x) values
which are not listed, y values were interpolated. Most vapor
mole fractions are above 0.9, and interpolation errors should
be less than the experimental uncertainty. Larger errors in y
occur only for those (p,T,x,y) values with a liquid mole
fraction x<<0.1, for which y changes rapidly with pressure.
The corrected (p,T,x,y) values are listed in Table 3.
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