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ABSTRACT

An equation of state for ammonia-water mixtures is
' presented. Separate equations of state for liquid and gas
phases are provided for pure ammonia and pure water. In
the gas phase, the mixture is assumed to behave as an ideal
solution, while in the liquid phase, the Gibbs excess energy
-is used to allow departure from ideal solution behavior. An
existing correlation for the liquid Gibbs excess energy is
modified to include experimental data at higher tempera-
tures and pressures. The new correlation covers vapor-
liquid equilibrium pressures of 0.2 to 110 bar and tempera-
tures of 230 to 600 K. Comparisons with reported expen-
mental data show good agreement.

INTRODUCTION

Many studies of the vapor-liquid equilibrium and
thermodynamic properties of ammonia-water mixtures are
cited in the literature. The temperature and pressure ranges
of thermodynamic properties of most of the literature data
are suitable for absorption-refrigeration cycle applications.
Institute of Gas Technology tables (Macriss et al. 1964)
cover the range up to a pressure of 34 bar and its corre-
sponding saturation temperature. Using the IGT data,
Schultz (1972) developed equations of state for a pressure
range of 0.01 to 25 bar and a temperature range of 200 to
450 K. Ziegler and Trepp (1984) presented a new correla-
tion of equilibrium properties of ammonia-water mixtures.
They used an equation of state that is based on that devel-
oped by Schultz and extended the range of applicability to
500 K and 50 bar.

A study of power cycles using ammonia-water mixtures
was recently initiated by Kalina (1983). For power cycles,
thermodynamic data of ammonia-water mixtures at higher
temperatures and pressures than those presented by IGT are
required. Gillespie et al. (1987) published vapor-liquid
equilibrium measurements for five isotherms between 313
and 588 K. Corresponding pressures ranged from 0.1 to
210 bar. Herold et al. (1988) developed a computer
program for calculating the thermodynamic properties of
ammonia-water mixtures using the Ziegler and Trepp
correlations. El-Sayed and Tribus (1986) presented a
method for computing the thermodynamic properties of
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mixtures from the properties of pure components to extend
the property correlation to higher temperatures and pres-
sures. Derived properties cover pressures of 0.1 to 110 bar
and temperatures between 300 to 770 K. Kalina et al.
(1986) presented a similar method to predict the thermody-
namic properties of two miscible-component mixtures for
purpose of power-cycle analysis. Park and Sonntag (1991)
published a set of thermodynamic data of ammonia-water
mixtures based on a generalized equation of state. The
pressure and temperature ranges are extended to 200 bar,
and 650 K, respectively. The data from Gillespie et al.
(1987) are not included in their correlations.

In this study, thermodynamic properties for the ammo-
nia-water mixture are correlated to the form of the equation
of state given by Ziegler and Trepp (1984). Separate
equations of state for liquid and the gas phases are provided
for pure ammonia and pure water. The correlation given by
Ziegler and Trepp for the Gibbs excess energy are modified
to include Wiltec experimental data at higher temperatures
and pressures. The new correlations cover vapor-liquid
equilibrium pressures of 0.2 to 110 bar and temperature of
230 to 600 K.

EQUATION OF STATE FOR PURE COMPONENTS

The fundamental equation of the Gibbs energy, G, of

a pure component can be derived from known relations for

volume and heat capacity as a function of temperature-and

pressure. The fundamental equation of the Gibbs energy is
given in an integral form as

r
G = hn-Ts°+’[ C,dT
ey

P T

o
dP-T [ 2dT

where h,, s5,, T,, and P, are the enthalpy, eatropy, temper-
ature, and pressure at the reference state. The volume, v,
and the heat capacity at constant pressure, Cp, for liquid
phase are assumed to fit the following empirical relations
proposed by Ziegler and Trepp (1984):
v"=a,+azP+a~_4T+“4T2 @

Cr =b,+b,T+b T &
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For the gas phase, the corresponding empirical relations
are

vi = RT/P +¢, +¢,IT? @
+c, TV +¢, PY/T
CH* =d +d,T+d, T ®

where the superscripts are L for liquid, g for gas, and o for
the ideal gas state. Integration leads to the following equa-
tions for the Gibbs energy for the pure components.
Liquid phase:
G/ = h\-T,s.,+B,(T,~T,,)
B B
t (LT + (T -T)
=B, I,In(Z,/1,,)-B,T(T,~T, )
B
- 'ia T:-( Tr2 - I;z.o)
(A AT AT (P,-P,)
+ i;-’ (P7-P.,)

©

Gas phase:
Gr' = hr‘,,o - T,Srfo 'l"Dl(T, - 1:'.,)
D D
+"2—2(1;2-Y‘r2,a) +"3—J‘(1?-Tr3.o)
-D,TIn(T,/T, )-D,T(T,-T,,)
D
- ‘ES‘ Tr(Trz - I;zo) )
+ Tr ln(Pr/Pr,o) + Cl (Pr - Pr.n)
+C(PIT] -4P /T +3 P . TIT.,)
+G(PIT ~12P, 1T, +11 P TITY)

C
+.3_‘(P,’/T," -12P} /T, + 11 P2, TIT2)

where the reduced thermodynamic properties are defined as

I, = TT,,

P, = PIP,,

G, = GIRT,,

h, = BRIRT,,

s, = s/R, and

v, = VP/RT,. ®

The reference values for the reduced properties are R =
8.314 kI/kmole-K, T; = 100K, and P, = 10 bar.

The molar specific enthalpy, entropy, and volume are
related to Gibbs free energy by

o]0 )
. rz[ﬁ(cm]l, |
‘= -[3__6] (10)
3T |, -
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TABLE 1

Coefficients for Equations 6 and 7
for Pure Water and Pure Ammonia
{from Ziegler and Trepp [1984])

Coefficient - Ammonia Water
Aj 3.971423 102 | 2.748796 10-2
Ay -1.790557 10-5 | -1.016665 10-5
A3 -1.308905 102 | -4.452025 10-3
A4 3.752836 103 | 8.389246 104
B; 1.634519 10*! | 1.214557 10+!
B, -6.508119 -1.898065
B3 1.448937 2.911966 10-!1
Ci -1.049377102 | 2.136131 10-2
C; -8.288224 -3.169291 10+
Cs -6.647257 102 | 4.634611 10+
Cy4 -3.045352 1043 | 0.0
Dy 3.673647 4,019170

Dy 9.989629 102 | -5.175550 10-2

D3 3.617622 102 | 1.951939 10-2
b, 4878573 21.821141°
h, 26.468873 60.965058
sty 1.644773 5.733498
sfo 8.339026 13.453430
Tro 3.2252 . 5.0705
Pro 2.0000 3.0000

P | ,

In terms of reduced variables,

(11

Equations 9 through 11

become
h = -RT,T*| 8 (12)
r P’
G
= —r : (13)
s R [BT}

r P’
v = BT |86, 14

Py, 1 9P .

Ammonia-Water Liquid Mixtures

The Gibbs excess energy for liquid mixtures allows for
deviation from ideal solution behavior. The Gibbs excess
energy of the liquid mixture is expressed by the relation
proposed by Redlich and Kister (Reid and Prausnitz 1987;
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TABLE 2
Coefficients for Gibbs Excess Energy Function

E; -41.733398 Ey 0.387983
Ep 0.02414 Eio -0.004772

Es 6.702285 En -4.648107

E4 -0.011475 E;p | 0.836376

Es 63.608967 Ei3 -3.553627

Eg -62.490768 | Es 0.000904

Ey 1.761064 E;s |  24.361723

Eg 0.008626 Eig | -20.736547

Ziegler and Trepp 1984), which is limited to three terms
and is given by

GF = {F, +F,(2x-1) (15)
+F,(2x - 1)*} X (1 -x)
where .
F, =E +E,P +(E,+E,P)T, . (16)
+EJT, +EJT
F2 = E7 +E8 Pr + (E9 EIO Pr) Tr (17)
+E,IT,+E,IT} .
F,=E, +E, P, +EIT,+EIT;. (18),

The objective is to extend Ziegler and Trepp correla-
tions to include the experimental data reported by Gillespie
et al (1987). All of the experimental data reported in
Gillespie et al. were used to determine the activity coeffi-
cients and excess volume. Ziegler and Trepp correlations
were used to generate approximately 4,000 points of

_activity coefficients, excess volume, and excess enthalpy in
the range of their accuracy. Based on these data, a weighted
least-squares linear regression was employed to best fit
coefficients E, through E,; appearing in the relations shown
below for excess volume, excess enthalpy, and activity
coefficients.

The excess enthalpy, entropy, and volume for the liquid
mixtures are given as

e = -rT, 72| 2 (GFIT) (19)
Nl |
a E
sE= R [ a(z;: } 20)
rlex
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The enthalpy, entropy, and volume of a liquid mixture are
computed by Equations 22 through 25. ‘

hE =xhE+(1-x)hE+hE, (22)

sk =xs,L+(1—;)sf+sE+s““, (23)
s = —R{xLn(x) +(1-x)La(l -x)}, @9
Vi = xvF+(1=x)vE+vE, (25)

Ammonia-Water Vapor Mixtures

Ammonia-water vapor mixtures are assumed to be ideal
solutions. The enthalpy, entropy, and volume of the vapor
mixture are computed by Equations 26, 27, and 28:

26
ha = yhE+(1-y)hg, . 26)
L .
S’i = ys5, +(1 ‘)’)Sﬁ-ﬁ-s"‘"‘, @7
vEi=yvE+(1-y)vi. (28)

Pressure-Temperature-Composition Behavior

At equilibrium, binary mixtures must have the same
temperature and pressure. Moreover, the partial fugacity of
each component in the liquid and gas mixtures must be
equal. These conditions of phase equilibrium of mixtures
can be written as four equations:

TL = Tt = T, (29)
PL =pt =p, (30)
FE=f €2V
peegn o

where P and T are the equilibrium pressure and temperature
of the mixture, and fis the fugacity of each component in
the mixture at equilibrium.
The fugacities of ammonia and water in liquid mixtures
are given by Walas (1985):

Foo= L%, (33)
Fi=vfo-0s,, (34
where
vy = activity coefficient,
Ff = standard state fugacity of pure liquid component

corrected to zero pressure,
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liquid mole fraction,
Poynting correction factor from zero pressure to
saturation pressure of mixture.

M
[

Assuming an ideal mixture in the vapor phase, the
fugacities of the pure components in the vapor mixtures are
given by

Jf =9 Py, (35)
fo=e.P1-y), (36)
where
¢ = fugacity coefficient,
Yy = vapor mole fraction,
P = saturation pressure of mixture.

The standard state fugacities of pure liquid ammonia
and water are

£ = ¢ P, G0
f3=¢7 P, (38)

where P is the saturation pressure of the pure component
at the temperature of the system. ¢ and & are the
fugacity coefficient and the Poynting factor for each pure
component’s saturation pressure. Gillespie et al. (1987)
derived an equation for the pure ammonia fugacity that
extends beyond the critical point of ammonia.

Jf2 =10.7215 - 4.9319(1000/T) (39)
+1.4992(1000/T)? -0.236202(1000/T)*.

The activity coefficients are related to the total excess Gibbs
free energy and are given by Reid et al. (1987):
T.In(v,) = (F, +3F,+5F,)(1 -x)

(40)
~4(F, +4F,)(1 -x) +12F,(1 -x)*,

Tln(y,) = (F, -3F,+5F,)x? (41)
+4(F, =4F,)x? + 12F,x* + 12F,(1 -x)".

The fugacity coefficient is calculated from the following
equations:

Pc

%, = Fep{(G,-GLIT), (2
6= Dem((6, -Gty @D

where P° is a low pressure at which the ideal gas assump-
tion is valid. ¢, = ¢, = 1 for an ideal gas.

The Poynting factor, which is important at high

pressure (greater than 30 bar), is given by

8, = exp{(VFP-VEP™)IRT}, (44)
8, = exp{(VEP -V:PI)IRT}, (45)
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where V- is the partial molar volume. At moderate pressure
(less than 30 bar), the Poynting factor is very close to
unity,

- Comparison with Literature Data

Figure 1 shows comparisons of calculated and experi-
mental activity coefficients of different isotherms of
ammonia and water, respectively. In general, the results
show good agreement with the experimental data. Below
temperatures of 406 K, the model is almost perfect. At
temperatures higher than 406 K, the calculated values show
an average deviation of less than 5%.

Calculated bubble and dew-point temperatures at
constant pressures are compared to the IGT experimental
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Activity coefficients of water as a function of
liquid ammonia mass fraction.

Figure la
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o
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monia Mass Fraction

Figure 1b Activity coefficients of ammonia as a function
of liquid ammonia mass fraction.
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-~ This work
q Ziegler & Trepp v
500 data. The Ziegler and Trepp correlation and the correlation
of this work agree very well with the IGT experimental
450 data, with a difference of less than 2%, as shown in Figure
q 2. .
. Pressure-concentration relationships for four isotherms
%400 are compared with the Wiltec experimental data, as shown
% g in Figure 3. For temperatures less than 406 K, the Ziegler
8 and Trepp correlation and this work predict values that
Eas0 P P
& compare to the experimental data with an average deviation
of less than 3%. At higher temperatures, the results from
300 the Ziegler and Trepp correlation start to deviate, with a
difference of more than 15%. The revised correlation
250 presented here shows much less deviation. At pressures of
less than 110 bar, the maximum deviation is about 5%.
In Figure 4, the specific volume of saturated liquid is
200 | 1 1 : plotted as a function of the ammonia mass fraction for
0 0.2 \ ofm MassoFﬁ ion 0.8 ! different isotherms. The curves show reasonable agreement
Figure 2  Bubble and dew points of onia water ~ With the Wiltec data. The deviations between the calculated
g mixtures , © - and the experimental data are within the experimental error.
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Figure 3a  Saturation pressure of ammonia-water mix-
tures at a temperature of 333.15 K.

0 - 02 0.4 0.6 08 1
Amrmonia Mass Fraction

Saturation pressure of ammonia-water
mixtures at a temperature of 449.85 K.

Figure 3¢
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Figure 3b  Saturation pressure of ammonia-water mix-
tures at a temperature of 405.95 K.
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Figure 3d  Saturation pressure of ammonia-water mix-

tures ar a temperature of 519.26 K.
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Figure 4  Specific volume of liguid ammonia-water

mixtures at different isotherms.

The enthalpy of saturated liquid of this work is com-
pared with IGT tables, as shown in Figure 5. At a pressure
of 34.34 bar, the model predicts values that are about 2%
high. At lower pressures, the predicted values agree with
the IGT data with a deviation of less than 2%.

Figure 6 shows the enthalpy of saturated vapor ammo-
nia-water mixtures at constant pressures. At pressures of
1.4 and 6.9 bar, the calculated enthalpy of saturated vapor
is in fair agreement with IGT data. However, the calculated
enthalpy tends to be consistently high as the pressure
increases. The difference increases as the pressure increas-
es. At a pressure of 34.34 bar (500 psia),.the maximum
difference is about 5%.

In Figures 7 through 11, the results of this study are
compared with the generalized correlation proposed by Park
and Sonntag (1991). Figure 7 shows the bubble and dew-
point temperatures of ammonia-water mixtures for constant
pressures of 50 and 100 bar. The bubble-point temperature

(from Park and Sonntag) is consistently lower compared to
that in this work. However, the differences are less than
5%.

The enthalpy and entropy of saturated vapor are
compared with the Park and Sonntag tables in Figures 8 and

- 9. The enthalpy of saturated vapor of this study is in good
agreement with the Park and Sonntag tables for pressures
of 50 and 100 bar. Figure 9 shows a maximum difference
of 10% between the entropy of saturated vapor in this study
and the Park and Sonntag tables. The enthalpy and entropy
of saturated liquid at 50 and 100 bar are compared with the
Park and Sonntag tables in Figures 10 and 11. The compar-
ison shows a difference of more than 25% at these high
pressures. Park and Sonntag's data can be significantly in
error at pressures higher than the critical pressure of the
ammonia, where nonexistent equilibrium data are tabulated
for pure ammonia without paying attention to the critical
properties of the mixtures.

1500

1200
100CF This work
q © IGTData

Enthalpy of Saturated Liquid (kJ/kg)

-400
0 0.2 0.4 0.6 0.8 1
Ammonia Mass Fraction

Figure 5 Enthalpy of saturated liquid ammonia-water
mixtures at constant pressures.
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2
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- 0 0.2 0.4 0.6 0.8 1
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Figure 6  Enthalpy of saturated vapor ammonia-water

mixtures at constant pressures.

CONCLUSIONS

A new correlation of the equilibrium properties of
ammonia-water mixtures is presented that extends the
applicable range of pressure and temperature. The new
correlations are useful for designing and analyzing power
absorption cycles. The correlation covers vapor-liquid
equilibrium pressures of 0.2 to 110 bar and temperatures of
230 to 600 K. Comparisons with reported experimental data
show good agreement, with an average deviation of less
than 5%. The correlation can be used to pressures of 150
bar with 8 maximum deviation of around 10%.
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Figure 9  Entropy of saturated vapor.
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Figure 11  Entropy of saturated liquid.
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Figure 8  Enthalpy of saturated vapor.
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Figure 10  Enthalpy of saturated liquid.

NOMENCLATURE

a b, c, d = coefficients
A B, C, D EF dimensionless coefficients

Cp == heat capacity at constant pres- .
sure, kJ/kmole K

G = Gibbs free energy, kl/kmole

h = molar enthalpy, kJ/kmole

S = fugacity, bar '

f = fugacity of each component in
the mixture at equilibrium, bar

2 == pressure, bar

R = gas constant 8.314, kJ/kmole K

5 = molar entropy, kJ/kmole K

T = temperature, K

molar volume, m*/kmole

~
|
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partial molar volume
ammonia mole fraction

w R <l
[

= water mole fraction

Greek Symbols

v = activity coefficient
é = fugacity coefficient
5 = Poynting factor
Subscripts

a = ammonia

o = reference state

r = reduced, dimensionless
w = water
Superscripts

g = gas phase

L = liquid phase

0 = ideal gas state

sat = saturation
REFERENCES

El-Sayed, Y.M., and M. Tribus. 1986. Thermodynamic
properties of water-ammonia mixtures: Theoretical
implementation for use in power cycle analysis. ASME
Special Publication.

Gillespie, P.C., W.V. Wilding, and G.M. Wilson. 1987.
Vapor-liquid equilibrium measurements on the ammo-

1502

nia-water system from 313 K to 589 K. AICHE Sympo-
sium Series 83(256).

Herold, K.E.,, K. Han, and M.J. Moran, 1988.
AMMWAT: A computer program for calculating the
thermodynamic properties of ammonia and water
mixtures using a Gibbs free energy formulation. ASME
Proceedings 4: 65-75.

Kalina, A.I. 1983. Combined cycle and waste heat recovery

' power systems based on a novel thermodynamic energy
cycle utilizing low temperature heat for power genera-
tion. ASME Paper 83-JPGC-GT-3.

Kalina, A., M. Tribus, and Y. El-Sayed. 1986. A theoreti-
cal approach to the thermophysical properties of two-
miscible-component mixtures for the purpose of power-
cycle analysis. ASME Winter Annual Meeting, Ana-
heim, California, December 7-12.

Macriss, R.A., B.E. Eakine, R.T. Ellingtqn, and J. Hueb-
ler. 1964. Physical and thermodynamic properties of
ammonia-water mixtures. Institute of Gas Technology,
Chicago, Research Bulletin No. 34,

Park, Y.M., and R.E. Sonntag. 1991. Thermodynamic
properties of ammonia-water mixtures: A generalized
equation of state approach. ASHRAE Transactions 97.

Reid, R., and B.P. Prausnitz. 1987. The properties of gases
and liquids, 4th ed. New York: McGraw-Hill.

Schulz, S.C.G. 1972. Equations of state for the system
ammonia-water for use with computers. International
Congress of Refrigeration Proceedings 2: 431.

Walas, S.M. 1985. Phase equilibria in chemical engi-
neering. Stoneham, MD: Butterworth Publishers.
Ziegler, B., and C. Trepp. 1984. Equation of state for

ammonia-water mixtures. Int. J. Refrig. 7(2): 101-106.

ASHRAE Transactions: Symposia



