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Comparison of Correlations for Predicting
Thermodynamic Properties of
Ammonia—Water Mixtures
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Tillner-Roth and Friend have presented a new correlation for the thermody-
namic properties of ammonia—water mixtures. In this study, the new correlation
has been compared to other correlations used in simulations of power cycles
using ammonia-water mixtures as working fluids. The saturation properties for
mixtures, calculated with the different correlations, have been examined at
different temperatures and pressures. Available experimental data have been
included in the comparison. The variation of the enthalpy with temperature at
different pressures for a mixture has also been compared. The correlations have
been examined for use in power cycle simulations as well. The comparison
reveals that the new correlation shows a more reasonable behavior when the
critical point of the mixture is approached. At lower temperatures and pressures,
the compared correlations give very similar results. The differences in the results
from the cycle simulations, using different correlations, are small but they tend
to increase with increasing maximum pressure in the cycle.

KEY WORDS: ammonia-water mixture; Kalina cycle; power cycle; thermo-
dynamic properties.

1. INTRODUCTION

In conventional steam power cycles, water is used as the working fluid.
One way to improve the thermal efficiency is to replace the one-component
fluid with a binary fluid. Binary fluids boil and condense at increasing and
decreasing temperatures, respectively. While heat exchanging, this makes it
possible to keep the temperature profile of the working fluid closer to a
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heat source of decreasing temperature and a heat sink of increasing tempera-
ture. The most well-known power cycle with a binary working fluid (an
ammonia—water mixture) is the Kalina cycle. This cycle has been shown to be
more efficient than conventional power cycles for several applications [ 1-3].

For theoretical performance simulations of ammonia-water power
cycles, thermodynamic properties are necessary. A previous study [4]
shows that there are several correlations available for the mixture, but very
few have been developed for the high pressures and temperatures appearing
in power cycles.

In 1998, a new correlation for the ammonia-water mixture was
presented by Tillner-Roth and Friend [5]. In the present study, this
correlation is compared to two other correlations previously used in power
cycle simulations. The predicted saturation properties for the mixture have
been compared at three different temperatures and pressures. The variation
of the enhalpy with temperature at different pressures for a mixture with
the mass fraction of ammonia 0.7 has also been examined using the dif-
ferent correlations. Finally, power cycle simulations have been performed
to show the sensitivity of thermal efficiencies to the choice of correlation.

2. THERMODYNAMIC PROPERTIES CORRELATIONS

In previous studies of power cycles presented by the present author
[2,6], a correlation for the thermodynamic properties of the ammonia—
water mixture developed by Stecco and Desideri [7] was used. Their
correlation is based on work presented by Ziegler and Trepp [8] and
El-Sayed and Tribus [9]. Expressions for the Gibbs free energy, for which
pressure, temperature, and mole fraction of ammonia are independent
variables, are used as the fundamental function. Different equations are
used for the vapor and liquid phases. The vapor is assumed to be an ideal
mixture of real gases, while the properties of the liquid phase are corrected
by a term calculated from the Gibbs excess energy. Equations (1) and (2)
illustrate the formulations of the equations for the vapor phase and liquid
phase, respectively. Here, g is the molar Gibbs energy, x the mole fraction
of ammonia, 7' the temperature, p the pressure, and R the universal gas
constant. The superscripts / and v indicate liquid phase and vapor phase,
respectively, and g, is the Gibbs excess energy.

gU(T, p, x)=(1-x) gu,o (T, p) + xgru,(T, p)
+RT[(1—x)In(1 —x)+xInx] +gg(T, p, x) (1)
g(T, p, x)=(1—x) giy,o(T, p) + xgkm,(T, p)
+RT[(1—x)In(1—x)+xInx] (2)
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The functions presented by Ziegler and Trepp have been correlated to
experimental data for the mixture up to 210°C (483 K) and 3.5 MPa, while
El-Sayed and Tribus have taken into account data up to 316°C (589 K)
and 20 MPa. The maximum pressure for the correlations from Stecco and
Desideri has been set at 11.5 MPa, which is slightly above the critical
pressure of ammonia. The same correlations as suggested by Stecco and
Desideri have also been presented and used by Xu and Goswami [10].

Another correlation, also used in power cycle simulations, is the one
presented by Ibrahim and Klein [11]. They use the same equations as
Ziegler and Trepp [8]. The constants in the function for the Gibbs excess
energy have, however, been recalculated with experimental data at higher
pressures and temperatures [up to 20 MPa and 316°C (589 K)]. In the
previous study of the present author [4], two other correlations [9, 12],
used in power cycle calculations, were compared to the correlations
presented by Stecco and Desideri and Ibrahim and Klein.

The new correlation presented by Tillner-Roth and Friend is based on
a fundamental equation of state for the Helmholtz free energy using the
equation of state for water by Pruss and Wagner [ 13] and a fundamental
equation of state for ammonia by Tillner-Roth et al. [14]. In the new
correlation, the entire thermodynamic space of the mixture is described by
one single equation, and the independent variables are volume, tempera-
ture, and mole fraction of ammonia. The formulation of the equation is
illustrated by Eq. (3), where « is the molar Helmholtz free energy and v is
the molar volume. The superscript r stands for residual.

a(T, v, x) = (1 = x) au,o( T, v) + xaxu,(T, v)

+RT[(1—x)In(1 —=x)+xInx]+4a"(T, v, x) (3)

The functions for the pure components, ay,o and axy,, consist of a function
for ideal-gas properties and a residual part correcting to the real-component
behavior. The term for the departure from nonideal mixture behavior,
Aa’(T, v, x), is correlated with the most reliable, available experimental
data for the ammonia—water mixture and also with data for the critical
region from a modified Leung—Griffiths model which is known to be able
to describe vapor-liquid equilibria for mixtures in the critical region [5].
It should be pointed out that dimensionless forms of the temperature and
volume are used in the equations for the pure components presented by
Pruss and Wagner and Tillner-Roth et al. Reduced properties are used in
the correlations for the ammonia—water mixture as well.

For a mixture liquid and vapor phase in equilibrium, the chemical
potential of each component is the same in both the liquid and the vapor
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phase. By setting up equations for this equality and solving them
iteratively, the saturation properties for the mixture can be calculated. In
the correlations both by Ibrahim and Klein and by Tillner-Roth and
Friend, this procedure for calculating the saturation properties is used.
Stecco and Desideri instead use empirical functions from El-Sayed and
Tribus [ 9] for calculation of the bubble-point and dew-point temperatures.

Finally, it should be noted that in the correlation by Tillner-Roth
and Friend, a different reference state for ammonia is used than in the
other correlations. Therefore enthalpies and entropies calculated from the
different correlations cannot be directly compared.

3. COMPARISON OF PROPERTY PREDICTIONS

The correlations described above have been employed to calculate
saturation pressures and enthalpies, as well as enthalpy, for ammonia—
water mixtures. These predictions of the properties by the different correla-
tions have then been compared. Experimental data have also been included
in the comparison when available. To carry out the comparison, the
reference state for ammonia has been changed in the Tillner-Roth and
Friend correlation, so that it is the same as the state used in the correla-
tions presented by Stecco and Desideri [ 7] and Ibrahim and Klein [11].

The variation of the saturation pressure and enthalpy with mass frac-
tion of ammonia has been examined at three temperatures: 177°C (450 K),
247°C (520 K), and 337°C (610 K). Experimental data from Refs. 15-19
have also been included. Predictions of saturation enthalpies at three
pressures (10.82, 15, and 18 MPa), the maximum pressures used in the
simulation of the power cycle, have also been compared, as has the varia-
tion of the enthalpy with temperature at four pressures (10.82, 15, 18, and
20 MPa) for a mixture with 70 % ammonia, by weight.

4. COMPARISON OF CORRELATIONS IN POWER CYCLE
SIMULATION

The thermal efficiencies for a power cycle simulated with the different
correlations for the working fluid properties have been compared at three
maximum pressures (10.82, 15, and 18 MPa). The power cycle simulated is
a Kalina cycle (Fig. 1) originally presented by El-Sayed and Tribus [20],
which is the same cycle used in the previous study by the author [4]. The
same input data (Table I) as in the previous study have been used in the
present study with one minor exception: in this study all minimum tem-
perature differences in the heat exchangers have been set at 3°C instead of
3°C for some heat exchangers and 5°C for others, as was done earlier.
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Fig. 1. The Kalina cycle simulated in the comparison of the correlations. The
configuration was originally presented by El-Sayed and Tribus [20].

Another difference in this study, compared to the previous study, is
that an optimization of the thermal efficiency has been performed for each
simulation by varying the mass fraction of ammonia for the working and
basic mixtures. In the previous work, the simulations were performed with
the same mass fraction of ammonia for the working mixture, for all correla-
tions of the working fluid properties.

The calculations were performed using the simulation programs
IPSEpro by Simtech and EES (Engineering Equation Solver) by F-Chart
Software.

Table 1. Parameters Used in the Simulations of a Simple Kalina Cycle (Fig. 1)

Description

Value

Maximum temperature of the gas
Minimum temperature of the gas
Heat capacity of gas
Temperature of

Incoming cooling water

Outgoing cooling water
Minimum temperature difference

Boiler outlet

Boiler pinch point

Heat exchangers

538°C (811 K)
70.54°C (343.69 K)
1.058kJ - kg~ !-K~!

12.8°C (285.95 K)
23.9°C (297.05 K)

28°C
13°C
3°C
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Fig. 2. Pressures for bubble points and dew points versus ammonia mass fraction and
temperature.

5. RESULTS

The comparison of the predicted saturation properties is shown in
Figs. 2 to 6. As shown, for the lowest temperature, the correlations give
very similar saturation properties. The correlation from Tillner-Roth and
Friend shows a slightly better agreement with the experimental data
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Fig. 3. Enthalpy for bubble points and dew points versus ammonia mass fraction and
temperature.
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Fig. 4. Enthalpy for bubble points and dew points at pressure 10.82 MPa.

(Fig. 2). At higher temperatures, the correlations still show good agreement
in saturation pressure, except for the correlation from Ibrahim and Klein
at 337°C (610 K). The bubble-point pressures from this correlation are
much higher and also show some fluctuations. At 610 K, dew properties
cannot be calculated with the calculation routine, for the correlation from
Ibrahim and Klein, in EES and can therefore not be found in the figures.
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Fig. 5. Enthalpy for bubble points and dew points at pressure 15 MPa.
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Fig. 6. Enthalpy for bubble points and dew points at pressure 18 MPa.

For the saturation enthalpies (Fig.3), the two-phase envelope is
smaller for the correlation from Tillner-Roth and Friend than for the other
correlations. At the highest temperature, the difference in predicted satura-
tion enthalpy is at most about 12%. At constant pressure, the differences
in the enthalpy increase with pressure. Again, the two-phase envelopes are
smaller for the correlation by Tillner-Roth and Friend. The largest dif-
ference in predicted enthalpy is about 8% at the lowest pressure (Fig. 4),
increasing to about 25 % at the highest pressure (Fig. 6). It should be pointed
out that some fluctuations in the enthalpies can occur for high mass fractions
of ammonia (higher than 0.65) at the highest pressure when the calculation
routine for the correlation by Tillner-Roth and Friend is used. Here an
increase in the ammonia mass fraction in small steps gives jumps in the
enthalpy instead of a smooth decrease.

The results for the comparison of the properties for a mixture with a
mass fraction of ammonia of 0.7 are shown in Fig. 7. At the lowest
pressure, the correlations show very similar behavior. At higher pressures,
which, according to the measured critical pressures presented by Sassen et
al. [19], should be in the critical region, the correlations show different
behavior. While the correlation by Stecco and Desideri shows a steep
change in the enthalpy, the correlation by Tillner-Roth and Friend shows
a smoother change. The correlation by Ibrahim and Klein gives a smoother
change in the enthalpy than the correlation by Stecco and Desideri, but it
is steeper than the change shown by the correlation by Tillner-Roth and
Friend. Since there are no phase changes above the critical point, the
smooth change in the properties seems to be more reasonable.
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Fig. 8. The variation of the first law efficiency with mass fraction of ammonia for the working
mixture when the configuration of the Kalina cycle, shown in Fig. 1, is simulated with different
correlations for the thermodynamic properties.

The results of the comparison in the cycle simulations are shown in
Fig. 8. The differences in the optimized efficiencies are small (at most about
1%) and the correlation from Tillner-Roth and Friend gives the highest
efficiencies. The differences increase with a higher maximum pressure in the
cycle. The differences in the mass fraction of ammonia for the working
mixture, giving the maximum thermal efficiency, also increase with maximum
pressure in the cycle. Here the difference in the mass fraction of ammonia is
as large as 0.10 for the highest pressure. The correlation of Tillner-Roth and
Friend gives a maximum thermal efficiency at a lower mass fraction of
ammonia than the other correlations.

For a specified mass fraction of ammonia in the working mixture, the
difference in efficiency can be higher than for the optimized efficiencies. Still,
the difference seems not to be higher than about 4%. The difference in
efficiency for simulations with high mass fractions of ammonia for the work-
ing mixture is similar for the three pressures. For low mass fractions of
ammonia for the working mixture, the difference in efficiency increases with
pressure.

In Table II, some results from simulations with the same ammonia mass
fraction of the working mixture are listed, and in Table III, all state points of
the cycle are listed for the simulations with an ammonia mass fraction of the
working mixture of 0.65. For each correlation, the ammonia mass fraction of
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the basic mixture has been varied to achieve the optimal power output.
However, the maximum thermal efficiency is achieved with about the same
ammonia mass fraction of the basic mixture, and the pressure after the tur-
bine is also very similar. The enthalpy of the working fluid after the turbine
is always lower for the correlations developed by Tillner-Roth and Friend
and the difference is about the same for all three pressures. The same is valid
for the enthalpy for the working fluid before the turbine, but here the dif-
ference increases slightly with a higher maximum pressure in the cycle. The
enthalpies before and after the turbine are very similar for the correlations by
Stecco and Desideri and Ibrahim and Klein.

The differences in enthalpy for the subcooled liquid before the boiler
from the three correlations are very small. For the bubble-point enthalpies,
the differences are larger. As can be seen in Figs. 4-6, the correlation giving
the highest and lowest bubble-point enthalpy varies with the mass fraction of
ammonia.

6. DISCUSSION

One important difference among the correlations studied here is that the
correlation by Tillner-Roth and Friend includes corrections for nonideal
mixture behavior for all phases, while the other two correlations consider the
vapor phase to be an ideal mixture. This may be a reason why the largest
difference in the predictions of the saturation properties is observed for the
dew points at high pressures, where the ideal-mixture assumption should be
the least correct. Another difference that could be expected to influence the
results at high pressures and temperatures is the inclusion of data from the
Leung-Griffith model in the establishment of the correlation by Tillner-Roth
and Friend. The fact that different experimental data have been used in the
formulation of the different correlations could also contribute to the differen-
ces in the predicted properties.

The problems in calculating saturation properties with the Ibrahim and
Klein correlations could be due to the fact that the equations for the vapor—
liquid equilibrium must be solved iteratively. Using the correlations by
Stecco and Desideri also includes iterations when the temperature and mass
fraction of ammonia are known, but since the equations for the bubble-point
and dew-point temperatures are used, the computation routine is simple. The
fluctuations in predicted enthalpy from the correlations by Tillner-Roth and
Friend at constant pressures appear for mass fractions of ammonia in the
critical region. According to measurements of critical pressures presented by
Sassen et al. [ 19], 18 MPa is the critical pressure for a mixture with a mass
fraction of ammonia of about 0.68.
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The thermal efficiency of the simulated cycle is dependent mostly on the
enthalpy of the working fluid before and after the boiler and before and after
the turbine, as well as on the mass flow ratio of the heat source gas and the
working fluid. Before and after the boiler (the point after the boiler is the
same point as the one before the turbine), the working fluid has the maximum
pressure in the cycle and the differences between the correlations at high
pressures could be expected to be of importance here.

If the pinch point in the boiler is located at the working fluid boiling
point, the temperature and enthalpy of the working fluid bubble point
influence the thermal efficiency, since they influence the gas flow/working
fluid-ratio calculations. For low mass fractions of ammonia in the working
mixture, the pinch point in the boiler is located at the working fluid boiling
point. However, for higher mass fractions of ammonia for the working
mixture, the mass flow ratio is dependent on the enthalpy of the working fluid
before the boiler, since the pinch point in the boiler is then located here. Since
the difference between the correlations is higher in the two-phase area, the
difference in thermal efficiency in the cycle simulations is also higher for lower
mass fractions of ammonia in the working mixture than for higher working
mixture ammonia mass fractions.

When the maximum pressure in the power cycle is increased, the dif-
ferences in enthalpy between the correlations are increased. This could be one
reason why the differences in thermal efficiency increase with pressure, at
least for the cases dependent on the bubble-point enthalpies.

7. CONCLUSIONS

The correlations for the properties of ammonia—water mixtures com-
pared in this study give similar saturation properties at low temperature and
pressures. The differences increase with temperature and pressure, and the
largest differences occur for dew-point predictions. The new correlation
presented by Tillner-Roth and Friend shows a slightly better agreement with
experimental data and a more reasonable behavior when the critical point of
the mixture is approached. Important differences between the correlations
are that the correlations by Stecco and Desideri and by Ibrahim and Klein
consider the vapor phase to be an ideal mixture, while the correlation by
Tillner-Roth and Friend includes corrections for nonideal behavior for all
phases. The Tillner-Roth and Friend correlation also includes data from a
model concerning the vapor-liquid equilibrium behavior of mixtures in the
critical region. Some differences in the predicted properties from the different
correlations could also be due to different experimental data being used to
derive the correlation.
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When comparing the correlations in power cycle simulations, the dif-
ference in calculated thermal efficiency increases with the maximum pressure
in the cycle. The cycle simulations performed in this study do not show larger
differences in efficiency than about 4%, corresponding to about 1-1.5 per-
centage points. The difference in the working mixture mass fraction of
ammonia giving the highest power cycle efficiency also increases with the
maximum pressure in the cycle. It is as large as 0.10 for the highest pressure.

Even though the new correlation seems to be more theoretically
reasonable than the correlations previously used in power cycle simulations,
the differences in the final results of the thermal efficiency cycle simulations
are still small. The conclusions made in earlier studies using the older correla-
tions should therefore be reasonable. However, it should be pointed out that
no, or very little, experimental data are available in the critical and supercriti-
cal region of the ammonia-water mixtures and that the behavior of the
mixtures in this region is therefore uncertain.
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