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Survey and Assessment of Available Measurements on Thermodynamic
Properties of the Mixture {Water +Ammonia }

Reiner Tillner-Roth  and Daniel G. Friend
National Institute of Standards and Technology, Physical and Chemical Properties Division, 325 Broadway, Boulder, Colorado 80303

Received March 4, 1997; final manuscript received October 30, 1997

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.
[S0047-268808)00301-9
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Nomenclature

A molar Helmholtz free energy
c coefficient
Cp molar isobaric heat capacity
H molar enthalpy
AH molar enthalpy of mixing
N number of tabulated data
p pressure
Rm universal gas constant
T temperature
\Y, molar volume
X liquid mole fraction of ammonia
y vapor mole fraction of ammonia
@ reduced Helmholtz free energy/R,, T
S
elec
T inverse reduced temperaturg; /T
Subscripts
c critical
calc calculated
exp experimental
n reducing property
tr triple, solid-liquid-vapor boundary
01 pure component (watep
02 pure component gammonia
Superscripts
O ideal gas
r residual,
' saturated liquid
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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 an@,=647.096 K
for watep. Also the critical pressure of water
(p.=22.064 MPa) is about twice as large as the critical pres-
sure of ammonia g.=11.339 MPa). The normal boiling
point of water(373.13 K is about 135 K higher than the
normal boiling point of ammoni#239.81 K. The mixture
{water+rammonid 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 te4 kJ mol L.

The thermodynamic properties of the system
{water+rammonid 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 or thermal behavior in the liquid and vapor
phases.

Several data compilations have been published during the
last 80 yearé-1° 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-

inverse reduced volume or reduced density;namic properties ofwater+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 FriehtBased on this analy-
sis, the most reliable measurements for the thermodynamic
properties of water-ammonia are identified.

2. Survey of Experimental Data

Extensive experimental work has been carried out on the
system {waterrammoniad. Available sources published
through the end of 1995 are summarized in Table 1. Most
references report vapor—liquid equilibrilLE) 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. Temperature 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

The mixture{water+ammonid is of special interest as a according to IPTS-27. Although additional uncertainty oc-
working fluid in absorption cycles, refrigeration, and heatcurs because of this assumption it is not regarded as a serious
recovery. Recently, such mixtures have been proposed fayource of error, since the uncertainties of most older data are
use in the Kalina cycle for increased efficiency in powerhigher than those associated with any differences between
generatiorl. Water and ammonia are natural fluids which dothe temperature scales.

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



SURVEY OF THERMODYNAMIC PROPERTY DATA OF THE MIXTURE {WATER+AMMONIA} 47

A further difficulty arises when authors give their results sources, only different types of VLE data are distinguished
in the form of smoothed tables or values rather than listingoy different symbols, i.e.,{, T,x), (p,T.y), (p,T.x,y), and
their original experimental data points. Furthermore, some of T x,y) data.
these smoothed sets of data are additionally based on mea-For the liquid side, a very large quantity of experimental

surements of other authors. Such sources are of limitefly, js available. The data extend to the critical line and
value. Errors due to smaothing are already incorporated Peach down to the freezing line. However, two regions in the
the tabulated numbers. By including other experimental data . ”

Iquid become apparent where comparatively few data are

during the smoothing procedure, the original experimental ™. . L
information is further obscured. Therefore, most of theseava'lable' The first region is observed between 250 K and

result€-653-56were not further considered in the data com-320 K for high ammonia concentrations. The seconq is the
parisons. temperature range above 500 K at low and intermediate am-

Exceptions were made for the VLE data of Wuchéfer, monia concentrations. Some data lying above the critical line
the saturated liquid enthalpies reported by Ziffjeand the ~drawn in Fig. 1 indicate experimental disagreement in the
(p,T,x) data reported by Pierfé.Their tabulated values are vicinity of the critical locus.
based exclusively on their unreported measurements. The On the vapor side, the majority of measurements is found
data of Zinner and of Pierre were only converted to ITS-90at high ammonia mole fractions. This is not surprising, be-
and those of Wucherer were adjusted in this study. Wucherefgse the vapor phase consists of almost pure ammonia over

reports vapor pressures for the pure components in additioq |5rge range of pressure and temperature. At lower ammonia

to measuremgnts for the mixtures. With these vapor Pr€oncentrations, the number of experimental data becomes

sures, saturation temperatures were calculated from the pure
. : 58 smaller.

fluid equations of state.*® These temperatures form a tem- | dditi o dat hich d with th

perature scale for Wucherer’s data and are used to correct the n addtion 10 data which are concermned wi €

reported temperatures for the mixture measurements. TH@: T.X.Y) behavior, saturated liquid densities were reported
conversion process is described in the Appendix. for temperatures below 520 K. Additionally, the enthalpy of

2.1. Vapor-Liquid Equilibrium

The distribution of VLE data is illustrated in & (x) dia-
gram(Fig. 1) for the saturated liquid and in & (y) diagram,

TaBLE 1. Summary of experimental data fowater-ammonia

the saturated liquid has been reported by Ziffhep 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
(Fig. 2 for the saturated vapor. Due to the large number obe found.

Range of data

Source Year N T/IK p/MPa X(NH,)
(p,T,x) data(bubble-point measuremejits
Cariug? 1856 6 273-298 0.1 0.26-0.39
Foote? 1921 17 283-303 0.05-0.2 0.29-0.53
Gillespieet al1*1® 1985,1987 173 313-588 0.01-20.8 0.008-0.99
Guillevic et all® 1985 13 403-503 1.3-7.1 0.07-0.7
Jenning¥’ 1965 72 297-490 0.05-3.7 0.10-0.79
Mittaschet 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
Permar’ 1901 77 273-334 0.002-0.24 0.04-0.34
Pierré 2 1959 173 233-513 0.004-4.8 0.05-0.41
Postm&? 1920 202 196-480 0.001-17.8 0.127-1.0
Rizvi and Heidemarfi 1987 36 304-618 0.02-21.9 0.007-0.88
Roscoe and Dittmaf 1859 34 273-327 0.002-0.26 0.07-0.69
Sasseret al?® 1990 111 389-613 1.3-21.5 0.189-0.8
Simg* 1861 16 273-373 0.002-0.28 0.06-0.52
(p,T,y) data(dew-point measurements

Guillevic et all® 1985 21 403-503 0.8-6.7 0.195-0.974
Macrisset al® 1964 16 333-390 1.5-3.6 >0.966
Neuhausen and Patrick 1921 28 273-313 0.14-0.53 >0.972
Postm&? 1920 17 433-508 10-16 0.74-0.932
Rizvi and Heidemarfi 1987 11 345-618 0.9-19.3 0.08-0.993
Sasseret al®® 1990 133 373-453 0.1-9.7 0.2-0.9

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



48 R. TILLNER-ROTH AND D. G. FRIEND

TaBLE 1. Summary of experimental data fowater-ammonid—Continued

Range of data

Source Year N T/K p/MPa X(NHg)

(p,T,x,y) data

Clifford and Huntef® 1933 57 333-420 0.02-1.6 0.016-0.26

Gillespieet al*1® 1985,1987 46 313-588 0.15-20.7 0.03-0.93

Guillevic et all® 1985 5 403-503 44-57 0.09-0.64

Harms-Watzenbef§ 1995 46 308-573 0.26-18.2 0.08-0.9

Hoshinoet al° 1975 21 240-363 0.101325 0.025-0.975

Inomataet al3! 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 et al3* 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

Permar® 1903 42 273-333 0.002-0.08 0.03-0.23

Polak and Ld® 1975 23 363-420 0.1-0.44 0.001-0.04

Rizvi and Heidemarfi 1987 285 303-618 0.03-22.5 0.01-0.99

Smolenet al&d 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

Wucheref % 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 Drewé$ 1979 30 276-297 - x<0.001

Jone#? 1963 18 420-600 - x<0.001
Partial pressures

Hougert® 1925 9 287-300 - 0.01-0.18

Saturated liquid densities

Gillespieet all® 1987 14 313-519 - 0.17-0.71

Harms-Watzenbefd® 1995 60 243-413 - 0.1-0.9

Jenning¥’ 1965 77 297-490 - 0.1-0.79

King et al* 1930 28 293.15 - 0.005-0.98

Mittaschet all® 1926 86 273-333 - 0.21-0.52

Wachsmutf® 1878 59 285 - 0.02-0.39
(p,V,T,x) data

Cariug? 1856 9 323-523 0.1 0.01-0.32

Ellerwald*® 1981 323 323-523 0.04-8.3 0.08-0.97

Harms-Watzenbef (liquid) 1995 1208 243-413 0.8-38 0.1-0.9

Harms-Watzenbefg (vapop 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

Stauadt’ 1984 175 298-403 2-20 0.1-0.9

Saturated liquid enthalpy
Zinner* 48 1934 (146 203-453 - 0.1-0.9
Enthalpy of mixing
Baud and Gaﬂ? 1909 23 285 0.1 0.18-0.80
Staudf’ 1984 92 298-373 5-12 0.09-0.93
Enthalpy differences
Macrisset al® 1964 60 500-297 1.4-52 0.05-0.39
Isobaric heat capacity

Chan and Giauq(ié 1964 15 183-288 0.1 0.333

Hildenbrand and Giaugdk 1953 60 197-290 0.1 0.5-0.67

Wrewsky and Kaigorodo¥f 1924 23 275-334 0.1 0.01-0.40

a8Smoothed data indicated with parentheses.

PMole fractions in column 6 are vapor mole fractions.

“Vapor mole fractions are calculated.

 andy are reported, but only total composition was measured.

€Constructed from smoothed daisee Appendix

fExtrapolated.

2.2. Single-Phase Properties are reported by Stautft(in terms of the volume of mixing

by Neuhausen and Patrfdkand by Carius? There are no

Available sources of single-phase measurements are alggyyje-phase liquid densities available above 413 K and be-
listed in Table 1. p,V,T,x) data are plotted in ap(T) dia-  |ow 243 K.

gram in Fig. 3. The extensive set of liquid densities of Two source®*®report densities in the vapor phase reach-
Harms—Watzenbefd covers temperatures between 243 King from 323 K to 523 K. They cover almost the entire
and 413 K up to 38 MPa for five different compositions. concentration range. The maximum densities, however, do
Additional (p,V,T,x) measurements for the liquid density not exceed 1.5 mol/dfrand do not extend to the saturation

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



SURVEY OF THERMODYNAMIC PROPERTY DATA OF THE MIXTURE {WATER+AMMONIA} 49

boundary. No vapor densities are available for higher and Te(X)

supercritical temperatures. 0.58396<x<0.81473: 572557~ 1= Car(X— 2/3)?
Measurements of caloric properties were found only for '

the liquid phase. Their distribution is shown in Fig. 4 in a +Cap(x—2/3)3

(T,x) diagram. Enthalpies of mixing were measured by

Staudt’ in the liquid phase between 298 K and 373 K for 0.81473<XS12M—1=C41(1—X)+C42(1—X)4.

pressures up to 12 MPa and also by Baud and“&Gay 195.495K

285 K. Baud and Gay do not report pressures; therefore, @)

atmo(sspheric pressure conditions are assumed here. Macrishe coefficients are

et al.’ report experimental enthalpy differences in the liquid _ _

at starting temperatures up to 500 K and pressures up to 5 C11= ~0.3439823 ¢1p=—1.3274271

MPa. Measurements of the isobaric heat capacity are avail- Ci3= —274.973 c,=—4.987 368

able from three sourc&&>2between 334 K and the freezing

line. No pressures were given for thesgvalues. It is as- C31= —4.886 151 C3=+10.37298

sumed that these measurements were also carried out at at- Ca= —0.323 998 c,,— — 15.875 60.

mospheric pressure conditions.

No caloric measurements could be found for the vapor oPeviations of measured triple-point temperatures from calcu-
in the supercritical region. lated values are shown in Fig(l3. The measurements of

Postma? Elliot,%° and of Rupeff generally agree within
+1K and are represented by E@) within the same limits
of uncertainty. The results of Baume and TykocHehow
systematic deviations up t6 10 K at low ammonia concen-
trations. Deviations of triple-point temperatures measured by
Pickering® in 1891 reach up te- 8 K. In the vicinity of the
first eutectic point neax=0.334, the different data sets dis-
Temperatures of the solid—liquid-vapor locus are reportechgree considerably. The reported eutectic temperatures vary
by five sourcegTable 2. All sources are more than 70 years between 153 K from Ref. 62 and 173 K from Ref. 22. De-
old. In addition, Postnf& measured the triple-point pressure viations from Eq.(1) in this concentration range are, there-
as a function of temperature. Measurements cover the entifere, greater than for the rest of the triple-point line. For the
concentration range from pure water to pure ammonia. Comether eutectics, temperatures agree withif.2 K and com-
positions and temperatures of the three eutectic points wergositions within+0.01 mole fraction of ammonia.
only given by PostnZ and by Ruperf? It is concluded that the most reliable data are those of
A few values for temperature, pressure and composition oPostm&?? Elliott,®® and Rupeff because they show the best
the critical line are reported by Rizvi and Heidem&nias- agreement. Those of Baume and Tykociieand of
senet al,?® and by Postm&’ The critical region and critical Pickering* seem to be of lesser accuracy. No comparisons
locus will be the topic of a separate paper by Rainwater andre given for the triple-point pressure, because only one data
Tillner-Roth & source is availabl¢Postm&?).

2.3. Solid-Liquid-Vapor Boundary and Ciritical
Locus

3.2. Fluid Properties

] Experimental data in the fluid region of
3. Data Comparisons {water+ammonig are compared with the help of a funda-
3.1. The Triple-Point Line mental equatior_1 of state. This equatior_1 was efstabli_shed s_i-

multaneously with the data survey and is described in detail
The triple-point line is shown in aT(x) diagram[Fig. by Tillner-Roth and Friend® It is written in terms of the

5(a)]. Three eutectic points are observed near0.334, reduced Helmholtz free energy according to
x=0.584, andk=0.815. Two temperature maxima occur at —
the compositions of the solid compounds NH,O (x=0.5) i:q):q)o(To 8, X)+®(7,8,X). 2)
and 2NH-H,0O (x=2/3). The temperature of the solid- RnT T Y
liquid-vapor boundary has been correlated by the followingrhe ideal parth°, depending on the dimensionless variables

four equations: =T:/T, 5°=V;/V, and mole fractiorx of ammonia de-
To(x) scribes the ideal gas properties of the mixture. The residual
tr

0=x=<0.33367:555—-—~—— 1=Cy X+ C1X°+C1X’ partd’, depending orr=T,(x)/T, =V, (x)/V, andx, acts

273.16K as a correction term for the ideal gas with respect to the real
mixture. The dimensionless variablesnd 6 of the residual
Ti(x) 2 part depend on the composition of the mixture. The model is
<0. 1= —-0. .
0.33367x=0.58396 193.549 K 1=Cz(x=09 based on accurate equations of state for the pure components

J. Phys. Chem. Ref. Data, Vol. 27, No. 1, 1998
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Fic. 1. Distribution of measuredy(T,x) data(®),
(T,x,y) data(<©) in aT,x diagram.

developed by Pruss and Wagtleior water and by Tillner-
Rothet al % for ammonia. All thermodynamic properties can

(p,T,x,y) data(x), and

(T,x,y) data(<) in aT,y diagram.

Fic. 2. Distribution of measuredyT,y) data(®), (p,T,x,y) data(Xx), and

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.

be calculated from this fundamental equation of state. Itis . cjitford and Hunter (1933,28 [Figs. &d), 7(a)]

valid between the triple-point line and the critical locus as Tpis set of 0,T,x,y) data covers temperatures between
well as for the single-phase liquid and vapor regions for all333 k and 420 K at low liquid ammonia concentrations.
compositions. A detailed description of the fundamentaILiquid mole fractions agree within=0.01 with data from

equation of state is given by Tillner-Roth and Friénd.

3.2.1. VLE Data

Comparisons for §,T,x), (p,T,y),

Permart> Mollier,® and Pierré 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 set is lower than

and (,T,x,y) data that of other data.

are given in Figs. 6—8. Figures 6 and 7 show deviations of

measured vapor and liquid mole fractioysand x, of am-
monia from those obtained from calculations using &j-

The measured pressures and temper

values. Vapor mole fractions compared in Fig. 8 were calcu-

lated for givenT andx.

Due to the large number of sources, it was decided to

discuss all data sets separately. It is
work to evaluate the accuracy of the

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(f) and into {a)—7(e). Ex-

perimental data which overlap are combined so that each

ggg%g%g g g g critical line
N || R R st
atures were used as input 44 o
00000000 O O o <
00000000 © © o
833385°% 27 Soo
2 33938308/ o o0 ¢
© 000000 ¢ H
g1 ¢
not the intention of this & ° H
underlying equation of 2| Ps(NHy) $
0.1 H
H
H $
H .
2 . ¢
0.01 - - -
150 250 350 450 550 650
oe Harms-Watzenberg® x  Staudt?” + Carius'

diagram represents the situation in a limited region.

« Carius (1856),'? [Fig. 6(a)]

o Neuhausen and Patrick?”

o Ellerwald*®

Fic. 3. Distribution of measuredp(V,T,x) data in ap,T diagram.
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550 280
. (a)
critical line ™., 260
K O Baume and Tykociner®®
M A Elliott®
450 3 240 o Pickering®
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X X X X = 220
X X X X |
X O OXO OB O OXOO BO O O O O X0 ®O
! X X X X X
E 30 o oo o oFo dbo og o @000 200
n mE X X X X X X x 3 ]
KO OX O OXO OO O 1O OB 00 00X % :
E Ex B W X X X X X X X
- o 3 o Ko %o Foo P 3o oolo 180 W
X O0Ox O {(elovge] X ® x o3 X
- x m x® K L3 X X X X
TeeX X X, X X X X
L o X Xi X X X X
250 N jo; X X X X 160
X X X X X X NH,OH (NH,),0
W X x X X X
triple line  ® .- (b)
150 ‘ - - ‘ A spreTimadiipronay
0.0 0.2 0.4 0.6 0.8 10 ! ya x
liquid XN, -10
_ 0.0 0.2 04 0.6 0.8 1.0
¢ Chan and Giaugue® (C,) o Staudt’ (AH) liquid x
« Hildenbrand and Giauque®' (€} o Baudand Gay*® (AH) NH,
m Wrewsky and Kaigorodoff®? (C) x Zinner® (H))
FiG. 5. Triple-point temperatures dfvater-ammonid. Triple-point tem-
FiG. 4. Distribution of liquid caloric data in &,x diagram. peraturesT ., in (b) are calculated from Eq(1).

« Dvorak and Boublik (1963,%° [Fig. 8]

Dvorak and Boublik report someT(x,y) values at very (p,T,x,y) data and §,T,x) data reported here cover a
low ammonia concentrations. Vapor compositions agreavide range of composition and temperature. Liquid mole
within the experimental scatter with the overlapping data offractions are internally consistent withitt0.03 and agree
Polak and LU*® They are regarded as being sufficiently reli- well with the results of Sassest al?® and of Iself? at high
able to be used to establish an accurate equation of state. temperatures. Vapor mole fractions also scatter+h§.03

« Foote (1921),*2 [Fig. 6(a)] except at lower temperatures, where the measured vapor

Foote reportsi, T,x) data at two temperaturé283 Kand composition seems to be more accurate. Vapor mole frac-
303 K). These liquid compositions agree generally with thetions at highy values agree well with the results of Macriss
data of Neuhausen and Patdtlbut overlap more reliable et al.® but are about 0.01 lower than results of I¥eknd
data. other sources.

« Gillespie et al. (1985, 1987,**°[Figs. 6(c), 7(c), 7(d)] Generally, the results of Gillespat al. show a larger scat-

Both references report results from the same experimentaér than other reliable data. However, since they cover a wide
study. However, the values from Ref. 15 are slightly differ-range of temperature and composition they are useful to es-
ent than the values listed in Ref. 14. Differences are found irtablish a reliable equation of state.
the values for pressures and compositions. Generally, these+ Guillevic et al. (1985,'® [Figs. &c), 7(a)]
corrections are small, but the values from Ref. 15 seem to be 13 (p,T,x), 5 (p,T,x,y), and 21 ¢,T,y) data are re-
slightly more consistent and should, therefore, be preferrechorted between 400 K and 500 K in a wide concentration
data from Ref. 14 are not shown in the figures. range. Liquid and vapor mole fractions show systematic de-

viations up to* 0.05. Because of the large deviations, these
data may not be adequate for correlation purposes.
TABLE 2. Sum‘mary of experimental data for the triple-point line of  Hales and Drewes(1979,41 [Fig. 8]
{water-ammonia . .
(T,x,y) values are reported for very dilute ammonia solu-
Source Year N  Composition range(NH:) 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

Triple-point temperatures

Baume and Tykociné? 1914 13 0.04-0.58 ) L

Elliot® 1924 35 0.37-1.0 data set, although large systematic deviations are observed
Postm&? 1920 39 0.04-1.0 between the data and E@).

Pickering* 1891 67 0.01-0.31 « Harms-Watzenberg (1995,%° [Figs. 6c), 7(b)]

Rupert? 1910 86 0.007-0.99 46 (p,T,x,y) data are reported covering a wide range of

Triple-point pressures

Postm& 1020 48 0.04-1.0 composition and temperature. Liquid mole fractions show a

scatter up to 0.04; those of the vapor show systematic devia-
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Fic. 6. (a)—(f) Deviations between measured liquid mole fractigrend values calculated from E(®) at tabulated values of pressyseand temperatur@.

tions from other reliable data up t¢0.10. Data of higher to *+0.03. Vapor mole fractions are about 0.02 lower than
quality are available to establish an equation of state. those from other sources. D&tavhich are more reliable

« Hoshino et al. (1979, [Figs. 6b), 7(a)] overlap the results of Hoshinet al.

21 (p,T,x,y) data are reported at atmospheric pressure * Hougen (1929
covering the whole concentration range. Liquid mole frac- Hougen reports nine ammonia partial pressures in the va-
tions show systematic deviations from other reliable data ugpor for low liquid mole fractions and temperatures between
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Fic. 7. (a)—(d) Deviations between measured vapor mole fractipmasd values calculated from E) at tabulated values of pressyseand temperatur@.
(e) Deviations between Wucherer's corrected vapor mole fractyofism Table 3 and values calculated from Ef) at tabulated values of pressyseand

temperaturel.

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

the corresponding water partial pressures these measure-Seven 0,T,X,y) data are reported at 332 K. Liquid and
ments are incomplete compared to other VLE measurementgapor mole fractions show systematic deviations up to 0.02
In addition they completely overlap other results and thereand, therefore, are not adequate to establish an equation of

fore will not be considered further. state.
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tir g high ammonia concentrations. Vapor mole fractions are
z 02 %" about 0.01 lower than most from other sources, except those
3 00f % I —— measured by Gillespiet al}**%1t is unclear which behavior
PP AR A is the more reliable, but because the equation used for the

-04 ¥ comparisons is also fitted t@(V,T) data in the superheated

vapor region, this deviation suggests an inconsistency be-

TK . . . .
04 - tween vapor mole fractions of Gillespe al® and Macriss
= 02 8 3 8§ et al® and vapor densities measured by Harms-WatzeRberg
\‘5 0.0 Oé? - E— o _op ey or Ellerwald;® for example. Further measurements, not only
r ozl et of vapor composition, but also of thermal and caloric prop-
oa & erties in the vapor, are needed to resolve this systematic dif-
" 10° 104 103 102 107 ference.
vapor yy, « Mittasch et al. (1926),*8 [Fig. 6(a)]
2 - 51 (p,T,x) data between 273 K and 334 K are reported.
® Jones © Hales and Drewes' 3 . | . )
x Dvorak and Boublik D Polak and Lu® Liquid mole fractions generally agree with other reliable data

Fic. 8. Relative deviations of vapor mole fractiopgrom values calculated within =0.02. However, they negd not be incorporated in the
from Eq.(2) at tabulated values of temperatfend vapor mole fractio. development of a thermodynamic surface because they over-
lap data of better quality.
« Mollier (1908, [Fig. 6(d)]

« Iseli (1985,%? [Figs. &), 7(d)] 35 (p,T,x) data are reported by Mollier. The liquid mole

Iseli measured 440, T,x,y) data at fairly high pressures, fractions agree with those of Pernfawithin +0.005 and
temperatures and ammonia concentrations. Liquid mole fraglso show excellent agreement with data from other reliable
tions agree very well within+0.01 with the results of sources. Although these data are old, they are of high accu-
Gillespieet al}*'°and Sasseat al?® They are about 0.005— racy.

0.01 higher than the results of Smolenal®’ Vapor mole « Mlller et al. (1988,* [Figs. 6b), 7(a)]
fractions agree with other data within0.01. These data are 40 (p,T,Xx,y) data are reported at low ammonia concen-
recommended to establish an equation of state. trations between 373 K and 473 K. In general, liquid mole

« Jennings (1965, [Fig. 6(b)] fractions agree with other reliable data, but show a scatter up

72 (p,T,x) data are reported by Jennings between 297 Ko =0.03. Vapor mole fractions are evidently of poorer qual-
and 490 K. The liquid mole fractions scatter within0.02 ity showing systematic deviations of up £00.08. More ac-
but generally agree with other reliable data. There are data afurate data are available for correlation purposes.
better quality which overlap Jennings’ results. « Neuhausen and Patrick(1921),%’ [Figs. &a), 7(d)]

« Jones(1963,% (Fig. 8) 31 (p,T,x,y) data and 28 §,T,y) data are reported be-

Liquid mole fractions of theseT(x,y) data extend to tween 273 K and 313 K at intermediate liquid compositions.
lower values than those of Dvorak and BoulifikThe results  Liquid mole fractions show a large scatter up to 0.06 and
of Jones also cover a wide temperature range. In the ovedeviate systematically from other data. Mole fractions in the
lapping region, they agree well with results from Dvorak andvapor are above 0.95 in this temperature range. Due to the
Boublik. Although a slight systematic deviation between thehigh ammonia concentrations the scatter is small. However,
data and Eq(2) is observed, they are also deemed approprisome vapor mole fractions of Neuhausen and Patrick show
ate to support an equation of state at low ammonia concersystematic deviations from other reliable data around
trations. y=0.99.

« Kurz (1994,% [Figs. 6b), 7(a)] « Perman (1902)%° and (1903,%* [Figs. &d), 7(a)]

156 (p,T,x,y) data were measured at liquid mole frac- The first set of measurements reported by Peffhepm-
tions below 0.21. The large number of data is due to extenprises 77 p,T,x) data at low ammonia concentrations. The
sive replicate measurements. If the results had been aveseatter of liquid mole fractions is well within:0.01. Liquid
aged, the total number of points would be close to 30. Liquidnole fractions from Perman'(T,x,y) data published two
mole fractions are very reliable, showing deviations withinyears later, however, show a systematic offset-09.01
+0.01 or better. Exceptions are measurements at liqguid moleompared to other sources. The vapor mole fractions from
fractions near 0.2 where deviations increase up to 0.03. Thihe second set agree within0.01 with other reliable data,
scatter of vapor mole fractions is larger, withirD.02 with a  especially at intermediate compositions. However, they show
few exceptions at low temperatures where deviations are ugn increasing deviation with decreasing temperatures. The
to 0.08. Due to the deviations for the vapor mole fractionsfirst series of Perma&f (1901 is recommended while the
these data seem questionable when establishing a reliabdecond setPermar®) may have slight systematic errors.
equation of state. The liquid mole fractions, however, seem « Pierre (1959,%* [Fig. 6(d)]
to be relatively reliable. Pierre published a table of smootheg, T,x) data based

« Macriss et al. (1964,° [Fig. 7(d)] on unreported measurements. These smoothed data were

Macriss and his co-workers report 16,T,y) data at very transformed into the new temperature scélES-90) and
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used in the comparisons. Liquid mole fractions agree withinAt temperatures between 230 K and 280 K, the liquid mole
+0.01 with other measurements. The downturn at low temfractions agree within=0.01 with the results of Perméh
peratures is slightly sharper than that observed fomand Mollier!® and smoothly connect to the data measured by
Postma’$? data,[Fig. 6(f)]. Pierre’s data are useful to estab- Smolenet al®” Liquid mole fractions are about 0.01—0.02
lish an equation of state, but original measurements, as thosegher than those of the corrected data of Wuchérde-

of Postmé&’? should be preferred. scribed below. At temperatures below 230 K, the scatter be-
« Polak and Lu (1979,% [Figs. &d), 7(a), 8] comes larger due to the higher sensitivity of liquid mole
23 (p,T,x,y) data were measured at low ammonia con-fractions to uncertainties in pressure.

centrationsx<<0.04. Naturally, the scatter ix is smaller Liquid compositions of near-critical data agree well with

than for data at higher mole fractions; the scatter is generallpther data. Deviations are 0.02 which is small when con-
below 0.005. Vapor mole fractions agree very well with re-sidering that mole fractions have a high uncertainty in this
sults of Dvorak and Boublf® These data are recommended region. Vapor mole fractions show deviations withir0.03.
to establish an equation of state in order to obtain a good fit The (p,T,x) data of Postma at low temperatures are re-
at low ammonia concentrations. garded as reliable and can be used to establish an equation of
« Postma(1920,% [Figs. 6€), 6(f), 7(b)] state, especially because it is the only set of data currently
202 (p,T,x) and 17 f,T,y) data are reported in this ref- available down to the triple-point line. Also some of the
erence. The, T,x) data mainly cover subatmospheric pres-(p,T,x) data and §§,T,y) data at near-critical temperatures
sures and extend down to the triple-point linp,T,y) data  seem to be useful. For low temperatures, further experimen-
and some §, T,x) data were measured at high pressures andal VLE data would be desirable to validate Postma’s results.
temperatures close to the critical line. Beside this series, no « Rizvi and Heidemann (1987),2% [Figs. 6c), 7(c)]
other VLE data are available below 230 K to compare with. Rizvi and Heidemann report one of the most extensive sets

TaeLE 3. Corrected VLE data of Wuchefer

p/kPa T/IK y T/K y T/IK y T/K y T/IK 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
70.928 345.92 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 0.915 315.34 0.955
141.86 365.92 0.474 352.40 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 0.457 359.95 0.696 347.73 0.826 336.72 0.900 326.51 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 0.866 351.75 0.921
455.96 405.03 0.391 390.92 0.627 378.21 0.771 366.40 0.860 355.80 0.916
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
1013.3 438.28 0.320 423.86 0.544 410.34 0.700 398.21 0.807 386.49 0.875
1114.6 442.48 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 0.524 418.45 0.682 406.23 0.792 394.31 0.866
1317.2 449.94 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 0.651 419.47 0.766 407.35 0.846
1722.5 462.98 0.275 448.67 0.487 435.35 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
1925.2 468.79 0.266 454.47 0.476 440.95 0.631 427.83 0.750 415.62 0.831
2026.5 471.47 0.261 457.15 0.471 443.54 0.625 430.32 0.744 418.00 0.827
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TasLE 3. Corrected VLE data of WucheferContinued

p/kPa TIK y TIK y T/IK y T/IK y TIK
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
40.530 279.80 0.988 263.66 0.999 249.22 1.000 237.58 1.000 231.04
50.662 284.83 0.986 268.10 0.999 253.58 1.000 241.76 1.000 235.23
60.795 288.86 0.984 272.04 0.998 257.21 0.999 245.49 1.000 238.68
70.928 292.30 0.982 275.40 0.998 260.39 0.999 248.68 1.000 241.67
81.060 295.55 0.981 278.44 0.997 263.23 0.999 251.52 1.000 244.31
91.192 298.55 0.980 281.24 0.997 265.92 0.999 253.91 1.000 246.89
101.33 301.36 0.979 283.94 0.996 268.42 0.999 256.10 1.000 249.18
121.59 306.02 0.977 288.40 0.996 272.67 0.999 260.34 1.000 253.11
141.86 310.15 0.975 292.22 0.995 276.39 0.999 264.16 1.000 256.83
162.12 313.78 0.973 295.66 0.994 279.73 0.999 267.51 1.000 259.99
182.39 317.00 0.972 298.77 0.993 282.65 0.999 270.32 1.000 262.80
202.65 319.89 0.970 301.67 0.992 285.34 0.999 272.91 1.000 265.28
253.31 326.71 0.966 308.08 0.991 291.45 0.999 278.93 1.000 270.90
303.98 332.14 0.961 313.41 0.990 296.49 0.998 283.86 0.999 275.83
354.64 337.07 0.957 318.04 0.988 301.01 0.998 288.27 0.999 280.04
405.30 341.44 0.955 322.21 0.986 305.08 0.997 292.34 0.999 283.91
455.96 345.39 0.952 325.97 0.984 308.85 0.997 295.94 0.999 287.32
506.63 349.14 0.949 329.33 0.983 312.32 0.996 299.10 0.999 290.39
607.95 355.51 0.943 335.78 0.979 318.45 0.994 304.73 0.999 296.10
709.28 361.24 0.937 341.21 0.976 323.59 0.992 309.86 0.998 301.03
810.60 366.41 0.932 346.18 0.973 328.25 0.991 314.52 0.997 305.49
911.93 371.05 0.927 350.71 0.971 332.58 0.990 318.64 0.996 309.50
1013.3 375.37 0.921 354.93 0.968 336.49 0.988 322.34 0.995 313.30
1114.6 379.38 0.916 358.74 0.965 340.10 0.986 325.86 0.994 316.72
1215.9 383.09 0.913 362.25 0.962 343.52 0.985 329.18 0.993 320.04
1317.2 386.55 0.908 365.51 0.959 346.77 0.983 332.43 0.993 322.99
1418.6 389.77 0.904 368.73 0.957 349.69 0.982 335.44 0.992 325.80
1519.9 392.86 0.900 371.63 0.955 352.49 0.981 338.26 0.992 328.52
1621.2 395.93 0.897 374.49 0.954 355.25 0.979 340.91 0.991 331.17
1722.5 397.80 0.894 377.17 0.952 357.84 0.978 343.40 0.991 333.57
1823.9 401.42 0.891 379.69 0.950 360.36 0.978 345.73 0.991 335.90
1925.2 404.40 0.887 382.16 0.948 362.83 0.977 348.09 0.991 338.25
2026.5 406.18 0.884 384.64 0.946 365.00 0.976 350.26 0.990 340.32
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
50.662 231.11 1.000 228.39 1.000 607.95 290.17 1.000 285.64
60.795 234.56 1.000 231.64 1.000 709.28 294.90 1.000 290.37
70.928 237.47 1.000 234.46 1.000 810.60 299.16 1.000 294.53
81.060 240.09 1.000 237.08 1.000 911.92 303.06 1.000 298.33
91.192 242.58 1.000 239.46 1.000 1013.3 306.66 0.999 301.92
101.33 244.76 1.000 241.64 1.000 1114.6 310.08 0.999 305.15
121.59 248.68 1.000 245.45 1.000 1215.9 313.21 0.999 308.17
141.86 252.00 1.000 248.68 1.000 1317.2 316.15 0.999 311.11
162.12 254.97 1.000 251.65 1.000 1418.6 318.85 0.999 313.71
182.39 257.67 1.000 254.35 1.000 1519.9 321.39 0.999 316.25
202.65 260.06 1.000 256.73 1.000 1621.2 323.83 0.999 318.69
253.31 265.77 1.000 262.14 1.000 1722.5 326.24 0.998 321.01
303.98 270.41 1.000 266.68 1.000 1823.9 328.57 0.998 323.23
354.64 274.06 1.000 270.57 1.000 1925.2 330.92 0.998 325.38
405.30 278.28 1.000 274.25 1.000 2026.5 333.08 0.998 327.35
455.96 281.60 1.000 277.48 1.000
aSee Ref. 39.

of VLE data. A total of 332 §,T,x), (p,T,x,y), and

fractions show large scatter, sometimes exceeding the limitthis comprehensive work has such large uncertainties.
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of Figs. Gc) and 7c), which are=0.10. Liquid mole frac-

(p,T,y) data cover the entire concentration range betweetions seem to be about 0.02—0.03 lower than other reliable
303 K and the critical line. The accuracy of all data, how-data. The deviations are worst at 482 K and 525 K, while the
ever, generally seems to be poor. Liquid and vapor molescatter is smaller at lower temperatures. It is unfortunate that
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« Roscoe and Dittmar (1859,%* [Fig. 6(b)] The corrected data should not be used as a basis for a

(p,T,x) data of good accuracy are reported by Roscoe andorrelation, but they may be useful for comparisons. Original
Dittmar. Their liquid mole fractions agree within0.01 with  experimental data of better quality are available overlapping
other reliable data. Slightly higher deviations occur at lowWucherer's results.
ammonia concentrations.

« Sasseret al. (1990,%° [Figs. 6c), 7(c)] 3.2.2. Saturated Liquid Densities

Two extensive sets ofp(T,x) and (p,T,y) data are re-
ported by Sasseret al. The bubble-point measurements X X :
Ha_ted from Eq.(2) are shown for the six available sources in

cover high temperatures and pressures over the whole co - i T
Fig. 9. The densities reported by Gillesgital.” show large

centration range reaching up to the critical line. The dew- "3 X , .
point measurements are restricted to pressures below viations exceeding-2%. Systematic deviations are also
observed for the results of Jennihgat x=0.8 and those of

MPa. Liquid mole fractions agree withitt 0.015 with data Wach H5Th ining d : ith
from Gillespieet al,’415even very close to the critical locus. ' achSmuth.”The remaining data are consistent with respect

Small systematic deviations are observed between measurs- t_emperature and composition withit1%. From the
ments carried out at different compositions. In sharp Con_avallable sets Of_ data, the measuremen_ts ,Of
trast, the dew-point measurements show a large scatter up ﬁ)arms-?Watzenberég, King eta_ and most of Jennings
+0.10 iny. While the bubble-point measurements are Veryresulté for x<0.8 show the highest accuracy.

useful to establish an equation of state, the dew-point mea-

surements may not be sufficiently reliable. 323.(p.V.T.x) Data

. . 26 .
_Slms (1861, [Fig. 6(2)] - . (p,V,T,x) data are shown separately for the liquid and
Sims reports 16 [, T,x) values. Liquid mole fractions A -
. vapor phases in Figs. 10 and 11. In the liquid, most data are
show large deviations up to 0.05 from most other data. These " ", L o
. consistent within =1%. The densities measured by
data are, therefore, of lesser importance.

- Smolenet al. (1999, [Figs. 69, 7(0)] oo tho ane ey commat and souktbe represmned
A large set of ,T,x,y) data is reported by Smolest al. y y P

I, . ) )
covering the whole concentration range between 293 K angy Eg. (2) within =0.5%. However, some inconsistencies

413 K. Originally. total composition was measured. Liquid &€ detected within this data set. Isotherms below 293 K
- nginatly, P - HAQUId o a systematic offset of about 0.3% in density for mole

and vapor compositions were determined using an equatioﬁactionsx:o 7 andx=0.1. Also forx=0.3, systematic de-
of state. Liquid mole fractions are internally consistent Wlthviations below 293 K are observed.

respect to temperature and composition. They agree within" "\ 11— oc of mixing determined by Stafidat various

.\ ; . " :
£0.01 with other reliable data. Also vapor Compos't'onstemperatures and pressures have been transformed into a set

show a high degree of internal congstency as expected, SINGE liquid densities using pure fluid densities determined from
they were derived from an equation of state. Overall, thls[he fundamental equations of state of the pure

da.te:/\;c,_(lat 'S ufg;“' 22 er_tabhsh ar71 Equatlon of state. compounds’®® These densities are systematically higher
Th '?on.((j ? f[ 195 6(a)]: r(] )]47 T q than those of Harms-Watzenberg. The largest deviations oc-
e liquid mole fractions of the 47p(T,x,y) data re- o 4 high ammonia mole fractions and high temperatures

ported by Wilson show systematic deviations up to O'O?’close to the critical locus. Here, deviations between the data

from other sets of data. The vapor mole fractions seem to b8f Staudt and those of Harms-Watzenberg exceed 2%
of better quality and agree with other measurements within - 5 ¢o\ densities reported by Neuhausen and Pazt.?ick

+0.02. Due to the large deviations on the bubble curve, thi§Jlgree within= 1% with Harms-Watzenberg's data. Devia-

data set is not recommended as a basis for correlations. tions of six densities reported by Cartsare also within
« Wucherer (1932,*° [Figs. §e), 6(), 7(e)] 1%,

Tables of smoothed values based on unpublished measure-1\,, qata sets are available for the vapor density
ments are reported by Wucherer. When comparing his origi ’
nal tabulated §, T,x,y) data to other data, systematic devia-

Deviations of saturated liquid densities from those calcu-

I.,44

those

measured by Ellerwaf and by Harms-Watzenbefd Both

. I ; X sets were measured by the Burnett technique. Agreement is

tions up to 0.05 in liquid mole fraction are observéBig.  excellent, within+0.3% at low pressures. Systematic devia-

15). _ tions are observed for the highest pressures of the Burnett
The adjusted values(Table 3, however, show better gypansion series of Harms-Watzenb&@oth sets of data

agreement with results of other authors. Deviations fromyre consistent with respect to composition. They are regarded

other data sets are generally withird.01 for the liquid mole a5 reliaple and are recommended for establishing an equation
fractions. At low temperatures, liquid mole fractions areuf state.

about 0.02 lower than those of Postfaspecially 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 Measurements of caloric properties are available only in
Wucherer's data, deviations from other data are mostly systhe liquid phase. When including the enthalpies of the satu-
tematic. rated liquid measured by zinn&t there are four references

3.2.4. Caloric Properties

J. Phys. Chem. Ref. Data, Vol. 27, No. 1, 1998
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Fic. 9. Deviations between measured saturated liquid densities and values
-2
calculated from Eq(2). 220 260 300 340 380 420 g1 2345 { 2345 {g 2 %45
T/K p/MPa
@ Harms-Watzenberg?® X Staudt?’
A Neuhausen and Patrick?’ O Carius™

which report enthalpies and enthalpies of mixing. Isobaric
heat capacities are available from three sou¢ses Table 1L Fic. 10. Deviations between measured compressed liquid densities and val-
To compare to available enthalpy measurements, enthalpiggs calculated from Eq2).

of mixing AH were transformed into enthalpies according to

H(T,p,X)=(1—X)Hoy(T,p) +XxHoxT,p) +AH(T,p,x).  concentrations. This behavior is also observed for pure wa-
(2)  ter, especially when the equation of state of Pruss and
Wagner’ is extrapolated to lower temperatures. According

The pure fluid enthalpiesl_m andH_02 were calculated from to Pruss and Wagner, extrapolation gives reasonable results
the pure fluid equations of state. Figure 12 presents deViad_own to 230 K bgecal;se theFi)r e uatign was fitted to data in
tions of these enthalpies from E@). With the exception of ' d

o : 1
the results of Macrissetal® all sets agree within the subcooled liquid. The experimental d3ta! however,

o . .. decrease monotonically with temperature even for low am-
+150 J/mol, which is close to the experimental uncertalntymOnia concentrationsx 1/3) where an influence of the
for all sets of data. The data of Macris$ al. show larger &173),

scatter, up ta* 300 J/mol, especially at low ammonia con- high water content and, thus, an increase pvith decreas-

centrations. Those measured at high temperatures agree bg}gEterQ?;itéere Tr:ghttht()aec(ca)):r%?;tt'eo (:] of the mixture equation
ter with results from other sources. Xper unng ' Ixture equatl

Between the measurements and values from(&.sys- of state indicates that Zinner’s results are more reliable than

tematic deviations up te-300 J/mol are observed around the heat gapa0|t|es of Glauqu_e_ and his co-wgrke_rs. An at-
x=0.4, while data at high ammonia mole fractions are wellt€Mpt 1o fit these heat capacities together wih\{,T,x)

represented. These systematic deviations are an indicator gft@ of Harms-Watzenbetand (p,T,x) data of Postmid

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, is plotted versus temperature. 0 R R vopks s |
In addition to the experimental dat3>* heat capacities were
derived from Zinner's enthalpies. These enthalpies were fit-
ted within =50 J/mol along lines of constant composition by

00<x<1/3 00<x<1/3

13<x<2/3 13<x<2/3

100(1-p pexp)
o

. e
simple temperature polynomials. Zinner's data were reported -
for the saturated liquid, but enthalpy is not strongly pressure- 2
dependent in the liquid. Therefore, the values for the isobaric p Rl — e -
heat capacities obtained from the first derivative of the re- ol w— s« ki d ¥ TSRS . ¥ 3
sulting equations should be accurate to withid %. >

Comparisons between experimental and derived heat ca- 300 350 400 450 500 550 2345 g 2345 1 2345 90
pacities show a systematic offset below 290 K that increases K p/MPa

@ Harms-Watzenberg®® % Ellerwald*

with falling temperature. Experimental heat capacities are
always'lower than the _d'enved values. At low temperature§F|G. 11. Deviations between measured vapor densities and values calculated
the derived heat capacities show an upturn for low ammoni&om Eq. (2).
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Fic. 14. Deviations of saturation temperatures for w&a@®) and ammonia
(A) of Wucherer's(Ref. 39 original tabulation from values calculated from
the pure fluid equations of statRefs. 57 and 58

0.2

0.4 0.6
liquid x
q NH,

0.8 1.0

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
Fic. 12. Deviations between liquid enthalpies and values calculated fronyygilable VLE measurements, the results of Sm(ei'eal.,37

Eq. (2 Sasseret al,?® Polak and Lu*® Permart® and Molliert® are

the most reliable ones in the authors’ opinion. Beside these

failed. In this case, the results of Postma showed deviationdata, Postma’s results seem to be of reasonable quality in

up to 0.04 of the liquid mole fraction. When the isobaric heat:h® low-temperature range, but they should be replaced when

capacities were replaced with Zinner's enthalpies, howeverhore accurate measurements i_n thi; ranlge are available. To
a much better fit was obtained. The deviations for Postma’SO™M extent, the results of Gillespét al.™ and those of
liquid compositions are withirt 0.02, and density deviations Iseli® agree with the selected data, although their scatter is

for Harms-Watzenberg’s liquid ddfdecreased from about arger, especially for vapor compositions. _
1.5% to 0.3%. The largest gap in the data base is clearly found in the

Due to this experience, the enthalpy data of Zinner ar&ingle-phase regions. Measurements in the vapor and, espe-

recommended over the heat capacity data of Giauque and HR&llY in the supercritical regions are needed to establish a
co-workers. However, a final decision about the accuracy of€liable equation of state fqwater+ammonig which is ap-
either data set can be reached only when new reliable meRlicable beyond the critical line. Furthermore, reliable ex-

surements of liquid heat capacities at low temperatures afeefimental data in the liquid at temperatures above 420 K
available. 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-Watzent¥éngthe lig-
Comparisons of available measurements on the thermodyjiq and in the vapor and those of Ellerw#ideem to be the

hamic properties ofwater-ammonig have shown that the st reliable of the available single-phase data. Enthalpies of
huge amount of available experimental data is far less valu-

able to establish an equation of state than it appears at a first

® Zinner*
o Staudt®

x Baud and Gay*®
A Macriss et al.®

4. Conclusion
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o 0.00
90 5}
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>
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° % x=0.670 (Hildenbrand and Giauque®') -0.06
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TK ® Wucherer® (corrected) O Wucherer® (orlginal)

Fic. 13. Isobaric heat capacity in the quuiﬂTp of NHz and HO was
calculated from pure fluid equatiori®efs. 57 and 58 CalculatedC,, at
x=0.3,x=0.5, andx=0.7 is derived from enthalpies of ZinnéRef. 48.

Fic. 15. Deviations of liquid mole fractions measured by WucheréRef.
39) from values calculated from E) at tabulated values of pressyrand
temperaturer.
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Staudt’ and zinnef® are also recommended. Available heat The corrected values and Wucherer's original data are
capacities should only be considered with a very low weighttompared in Fig. 15. Deviations of liquid mole fractions
for the development of an equation of state, to avoid a nonfrom those obtained from Eq2) are shown. The original
physical behavior of the thermodynamic surface at very lowdata show deviations up te 0.06, while the corrected data

temperatures. are represented withint0.02. The corrected data agree
much better with other reliable data as shown in Figs) 6
and &f).

The complete VLE information of Wucherer's data also
includes the vapor composition A y value is obtained for
5. Acknowledgments each pair p,x) from the (p,x,y) table. For f,x) values
which are not listedy values were interpolated. Most vapor
The authors wish to thank A. Olson for her support duringmole fractions are above 0.9, and interpolation errors should
the literature survey and the update of experimental data, A?€ less than the experimental uncertainty. Larger erroys in
Nowarski for fruitful discussion and his help during the lit- ©ccur only for those |§,T,x,y) values with a liquid mole
erature survey, and M. Kleegji Institute of Thermodynam- fraction x<0.1, for whichy changes rapidly with pressure.
ics, University Hannover, Germany for tracking down someThe corrected g, T,x,y) values are listed in Table 3.
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