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Analysis of Different Applications and the Influence of Thermophysical Properties
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Royal Institute of Technology, Stockholm, Sweden

Abstract

It is of great interest to improve the efficiency of power generating processes, i.e.
to convert more of the energy in the heat source to power. This is favorable from an
environmental point of view and can also be an economic advantage. To use an
ammonia-water mixture instead of water as working fluid is a possible way to
improve the efficiency of steam turbine processes.

This thesis includes studies of power cycles with ammonia-water mixtures as
working fluid utilizing different kinds of heat sources for power and heat generation.
The thermophysical properties of the mixture are also studied. They play an
important role in the calculations of the process performance and for the design of its
components, such as heat exchangers. The studies concern thermodynamic simula-
tions of processes in applications suitable for Swedish conditions. Available correla-
tions for the thermophysical properties are compared and their influence on simula-
tions and heat exchanger area predictions is investigated. Measurements of ammonia-
water mixture viscosities using a vibrating wire viscometer are also described.

The studies performed show that power cycles with ammonia-water mixtures as
the working fluid are well suited for utilization of waste heat from industry and from
gas engines. The ammonia-water power cycles can give up to 32 % more power in
the industrial waste heat application and up to 54 % more power in the gas engine
bottoming cycle application compared to a conventional Rankine steam cycle.
However, ammonia-water power cycles in small direct-fired biomass-fueled cogene-
ration plants do not show better performance than a conventional Rankine steam
cycle.

When different correlations for the thermodynamic properties are used in
simulations of a simple ammonia-water power cycle the difference in efficiency is
not larger than 4 %, corresponding to about 1.3 percentage points. The differences in
saturation properties between the correlations are, however, considerable at high
pressures, high temperatures and high mass fractions of ammonia. The use of
different correlations for the thermodynamic and transport properties causes a
noticeable difference in the predicted heat exchanger areas required for different
processes.

Language: English
Keywords: ammonia-water mixture, cogeneration, correlation, direct-fired power
cycle, gas engine, Kalina cycle, power cycle, thermophysical properties, waste heat
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1 Introduction

The energy demand in the world is expected to increase continuously.  In order
to minimize the negative environmental impact from utilizing energy resources, more
efficient energy conversion processes are necessary. The electrical power demand is
also expected to increase. It is therefore of great interest to improve the efficiency of
power generating processes, i.e. converting more of the energy in the heat source to
power. This can also be favorable from an economic point of view. There are many
possible ways in which these improvements can be achieved.

The work presented in this thesis is a part of the program “New Processes for
Thermal Power Generation” at the Department of Chemical Engineering and Tech-
nology/Energy Processes, Royal Institute of Technology. The objective of this
program is to contribute to the development of more energy-effective and more
environmentally friendly energy processes. The program includes studies of both gas
turbine processes and steam turbine processes. The part of the program covered in
this thesis is the study of ammonia-water power cycles where the binary mixture of
ammonia and water is used as working fluid instead of a one-component fluid in a
steam turbine process.

1.1 Background
About 60 % of the world’s electrical power is generated in thermal power

processes [International Energy Agency, 2000]. The corresponding value for Sweden
is only about 7 % [Energimyndigheten, 1999].  Here, hydropower and nuclear power
contribute mainly to the electrical power generation. However, the Swedish
parliament has decided to phase out the use of nuclear power and this part of the
electrical power generation must therefore be replaced with other power generating
processes.

There are several possible thermal power processes for generation of electrical
power from fuels. Internal combustion engines are used in cars but can also be used
for electrical power generation. Liquid or gas fuels can be burned in a combustion
chamber, producing hot gases for a gas turbine, which is used in gas turbine electrical
power plants. Solid fuels are usually burned in a furnace to a boiler where a
circulating working fluid, usually water, is vaporized and the power is generated in a
steam turbine. Waste heat from industry and the heat in exhaust gases from gas
turbines or gas or diesel engines can also be used as heat sources for a steam turbine
process.

The power process generating power from a heat source by boiling water to
produce steam for a steam turbine constitutes the Rankine steam cycle. One way to
increase the efficiency of the Rankine steam cycle is to improve its ability to utilize
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the heat in the heat source by better temperature matching in the boiler. This can be
achieved by replacing the one-component working fluid with a mixture.

The ammonia-water mixture is a mixture working fluid suitable for use in power
cycles. It has previously been used in absorption refrigeration cycles and absorption
heat pump cycles (a glossary can be found in Chapter 11). The interest in ammonia-
water mixtures for these applications has increased after the decisions to phase out
the use of chlorofluorocarbons (CFCs) because of the ozone depletion in the
stratosphere. For the refrigeration and heat pump applications other types of fluids,
such as hydrocarbon mixtures, are also possible.  However, in power cycles the
temperatures and pressures are often too high for those mixtures.

In 1983, Dr. Alexander Kalina presented a power cycle with an ammonia-water
mixture as its working fluid [Kalina, 1983]. Besides using a binary fluid, the cycle
includes the ability to use different compositions of the working fluid in different
parts of the cycle. The first Kalina cycles were designed for using the hot exhaust gas
from diesel engines and gas turbines as heat sources, the so-called bottoming cycle
application, [Kalina, 1983; Kalina 1984]. Cycle configurations for other applications,
such as geothermal and direct-fired power plants, have also been developed [Kalina
and Leibowitz, 1989; Kalina, 1989]. Exergy Inc., a company started by Dr. Kalina,
has patented several designs of the Kalina cycle. Since 1993, General Electric
Industrial & Power Systems has had a licensing agreement for the gas turbine
bottoming cycle application. Since then Ansaldo has licensed the geothermal
application and Ebara Corporation has entered a licensing agreement for waste
incineration power plants. No commercial power plant using the Kalina technology is
yet in operation, but some plants are underway. In Japan a waste incineration plant
with a Rankine steam cycle and a Kalina bottoming cycle is being built and in
Iceland a geothermal power plant using the Kalina cycle is planned to be built in the
near future. Exergy Inc. had a demonstration plant running at Department of
Energy’s (DOE) Energy Technology Engineering Center (ETEC) near Canoga Park
in California, USA. When DOE shut down other activities at the center, the Kalina
demonstration plant also had to be shut down.  Before that the plant was in operation
for over 7000 hours. The demonstration plant was a 3 MW bottoming cycle with the
maximum pressure and temperature of 11 MPa and 515 °C, respectively. The tests
performed have confirmed the basic principles of the Kalina cycle technology
[Leibowitz, 1993, Kalina and Pellitier, 1999].

In the United States, where many of the studies of ammonia-water power cycles
have been performed, power plants generating 200 MW power or more are of
interest. Applications with smaller power plants generating up to 100 MW power are
of greater interest in Sweden. Thereto, cogeneration plants are also of interest in
Sweden with the heat being used for district heating. In a previous study [Olsson et.
al., 1991], a combined cycle for cogeneration with a gas turbine topping cycle and
the Kalina cycle as bottoming cycle was investigated. It was shown that in this
application the Kalina cycle is able to generate considerably more power and heat
than a Rankine steam cycle. Furthermore, biomass is a very interesting fuel for
thermal power generation in Sweden. Biomass does not contribute to the global sum
of carbon dioxide. Large areas in Sweden are covered with forests, which can
provide the fuel.
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1.2 Scope of this work
This thesis includes studies of power cycles with ammonia-water mixtures as

working fluid utilizing different kinds of heat sources for power and heat generation.
The thermophysical properties of the mixture are also studied. They play an
important role in the calculations of the process performance and for the design of its
components, such as heat exchangers.

In Papers I, II and III different applications for power cycles using ammonia-
water mixtures as working fluid are investigated. The objective of the studies was to
investigate if the ammonia-water mixture process could be a more efficient power
cycle than the conventional Rankine steam process for these applications. The studies
concern applications suitable for Swedish conditions. In Paper I, utilization of waste
heat from one of the energy-intensive industries in Sweden, the iron and steel
industry, is studied. Biomass-fueled, direct-fired cogeneration plants are investigated
in Paper II. The possibility to increase the power output from a small-scale gas
engine power plant with an ammonia-water power process is studied in Paper III.

The thermophysical properties of the ammonia-water mixture are discussed in
Papers IV, V, VI and VI. The objectives of these studies were to investigate what
correlations and experimental data are available and used today and how they
influence the simulations of the process. In Paper IV and VI correlations for
predictions of thermodynamic properties are compared and the influence on the
power cycle performance calculations is investigated. The influence on heat
exchanger area predictions is concerned in Paper VI, where different correlations for
transport properties are included in the study as well. In Paper V, a first calibration of
a viscometer for measuring the viscosity of ammonia-water mixtures is described.

Part of the work presented in this thesis has previously been presented in a
licentiate treatise, Ammonia-Water Mixtures as Working Fluid in Power Cycles,
Department of Chemical Engineering and Technology/Energy Processes, Royal
Institute of Technology, TRITA-KET R83, ISSN 1104-3466, 1998
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2 Ammonia-Water Power Cycle
Principle

The purpose of using a binary mixture as working fluid in a power cycle is to
decrease the irreversibilities due to disadvantageous temperature matching in the heat
exchange processes. Binary fluids boil and condense at increasing and decreasing
temperatures respectively, while one-component fluids boil and condense at constant
temperatures.

The mixture of ammonia and water is non-azeotropic. The characteristic for non-
azeotropic mixtures is that the composition and temperature change during boiling
for all possible compositions of the mixture. The boiling process for an ammonia-
water mixture is illustrated in Figure 2.1. When the mixture boils, a separation of the
components takes place. The vapor is richer with ammonia than the liquid. The
starting point for the boiling is called the bubble point and the end point is called the
dew point. The bubble point temperature for a mixture with a mass fraction of
ammonia of 0.5 at a pressure of 11 MPa is 204 °C, point a in Figure 2.1. During the
boiling the temperature increases. When the temperature of the boiling mixture has
reached 230°C, point b, the mass fraction of ammonia in the liquid phase is 0.37,
point c, while it is 0.70, point d, in the vapor phase. As can be seen, the difference in
mass fraction of ammonia between the coexisting liquid and vapor is large. At the
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dew point, point e, the mixture is completely vaporized and the mass fraction of
ammonia in the vapor is 0.5.

The change in temperature during boiling and condensation of a mixture makes
it possible to keep the temperature profile of a binary working fluid closer to a heat
source of decreasing temperature or a heat sink of increasing temperature. This is
illustrated in Figure 2.2 where the temperature profile in the vapor generator is
shown for one of the Kalina cycles and the Rankine cycle, as compared in Paper I.  It
can be seen in the figure that the Kalina cycle is able to utilize more of the energy in
the heat source than the Rankine cycle. With the Kalina cycle 6.8 MW is transferred
to the working fluid while the Rankine cycle can only use 5.4 MW.

By changing the composition of the working fluid throughout the cycle a more
efficient internal heat exchange can be achieved. Introducing one or more separators
in the cycle accomplishes this. The new aspect in the cycle design presented by Dr
Kalina in 1983 was this ability to change the composition of the working fluid in
order to achieve better internal heat exchange. In this thesis the term Kalina cycle is
used for ammonia-water power cycles presented by Dr. Kalina. Figure 2.3 shows the
configuration of the simplest possible Kalina cycle. The working fluid is vaporized
and superheated in the vapor generator and then expanded through the turbine. The
stream from the turbine is cooled in the reheater and the heat is used to partly
vaporize the stream to the separator. After the reheater the working mixture is mixed
with the ammonia lean liquid from the separator. The resulting stream, called the
basic mixture, is condensed in the absorber. By lowering the mass fraction of
ammonia of the working fluid before the absorber the turbine can be expanded to a
lower pressure. This results from the fact that a mixture with low mass fraction of
ammonia has a lower condensing pressure than a mixture with high mass fraction of
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ammonia at the same temperature. After the absorber the basic mixture is pressurized
and then split into two streams. One of the streams is heated before it enters the
separator. There, the partly vaporized stream is separated into a vapor enriched in
ammonia and a liquid lean in ammonia. The enriched vapor is mixed with the other
stream from the splitter after the absorber and the mass fraction of ammonia of the
working mixture is restored. The working mixture is then condensed and pressurized
before it enters the vapor generator.
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3 Applications of Ammonia-Water
Power Cycles

An interesting application for ammonia-water power cycles is power generation
from industrial waste heat. Even if much has been done to improve energy effective-
ness in the process industry there is still waste heat that could be used to produce
power. For example, in the iron and steel industry many examples can be found of
heat flows of rather high temperature that are wasted today and would be suitable for
power generation. Another interesting application, from a Swedish point of view, is
small direct-fired biomass-fueled cogeneration plants. Today, the new power plants
being built in Sweden are direct-fired biomass-fueled steam turbine cycles for
cogeneration. For small-scale industrial and utility power plants, another area of
special interest in Sweden, gas engines and diesel engines, can be used for power
generation. The waste heat from the engines can be recovered in a bottoming cycle in
order to increase the power output of the process.

In Papers I, II and III studies have been performed of these, especially from a
Swedish perspective, interesting applications for power cycles using ammonia-water
mixtures as working fluid. Different configurations of the mixture power cycle have
been simulated. The simulations have been performed with FORTRAN programs and
with the simulation program IPSEpro  by Simtech. The processes have been
optimized for power output. In all studies the main ammonia mass fraction, that of
the so-called working mixture, has been varied.  The ammonia mass fraction of the
stream from the low pressure condenser/absorber, the so-called basic mixture, has
been varied as well in the optimizations of the bottoming cycles in Paper I and III. In
Paper II, where a direct-fired application has been studied, the temperature in the
separator, the exhaust pressure from the high pressure turbine and the mass flow rate
to the low pressure turbine have been parameters for the optimization besides the
main ammonia fraction mentioned above. Table 3.1 shows the assumptions and fixed
parameters, concerning the ammonia-water power cycles, in the three studies. The
configuration of the processes was fixed in Paper I, while it was changed in order to
find the most efficient process in Paper II and III. For comparison, Rankine steam
cycles have been simulated as well.

3.1 Power Generation from Industrial Waste Heat
A possible application of ammonia-water power cycles in Sweden is utilization

of industrial waste heat at moderate temperatures for power generation. One major
industry in Sweden is the pulp and paper industry. Isaksson et al. [Isaksson et al.,
1999] have studied power generation from waste heat in a pulp mill. A Rankine
steam cycle, an organic Rankine cycle and a Kalina cycle were simulated for
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Table 3.1. Va es of ass pt o s a d f xed pa a ete s  t e st d es
p ese ted  ape  ,  a d 

Parameter Paper I
Industrial
waste heat

Paper II
Biomass
fueled

cogeneration

Paper III
Gas engine
waste heat

Efficiencies
boiler - 0.91 -
turbine, isentropic 0.85 0.88 0.80
pump, isentropic 0.80 0.80 0.80
mechanical and generator 0.96 0.98 0.95

Maximum pressure 11.5 MPa 15.75 MPa 11.5 MPa
Pressure losses

boiler 4 % 5 % 4%
reheater - 3 % -
condenser - 3 % -
between turbine outlet
and pump

5, 10 kPa 3 % over first
heat exchanger

1 % over each
heat exchanger

Maximum temperature 500 °C 540 °C -
Heat source temperatures
   hot /exhaust gas
                  inlet 600 - 300 °C - 410, 418 °C
                  outlet, minimum 175, 130, 80 °C 139 °C (fixed) no restrictions
  charge air

            inlet
            outlet

   jacket water
                   inlet
                   outlet
   lubricating oil
                    inlet
                    outlet

-
-

-
-

-
-

-
-

-
-

-
-

139, 149 °C
45 °C

96, 91 °C
89, 87 °C

85, 74 °C
74, 63 °C

Heat sink water temperatures
inlet 10 °C 10, 50 °C 15 °C
outlet 25 °C 25, 90, 100,

110 °C
25 °C

Minimum temperature
difference

vapor - vapor
vapor - liquid

30 °C
15 °C

30 °C
15 °C

30 °C
15 °C

liquid - liquid
boiling - condensation

5 °C
5 °C

5 °C
5 °C

5 °C
5 °C

charge air-liquid - - 10 °C
Minimum vapor quality of
turbine exhaust

0.90 0.90 0.90
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power generation from the waste heat in the recovery boiler and lime kiln exhausts.
The temperatures of these heat sources are only 160 and 170 °C. The power
efficiency is 17.0 % for the Kalina cycle, 15.9 % for the organic Rankine cycle and
only 7.8 % for the Rankine steam cycle. The power generation is 2.6 MW for the
Kalina cycle.

Another industry in Sweden with waste heat sources is the iron and steel
industry. This industry sector has one of the highest amounts of energy utilization
among the Swedish industries. Thus, it was chosen for the investigation presented in
Paper I. Here the use of some configurations of the Kalina cycle to generate power
from waste heat from the iron and steel industry was studied. The cases chosen for
the study include heat sources that may be left over after preheating of process
streams has been optimized. Two different kinds of applications were studied.

3.1.1 The First Application
In the first application, a hot process gas at either one of two moderate

temperatures, 300 °C or 400 °C, is used as the heat source for a cycle of the Kalina
bottoming cycle type. The minimum outlet temperature of the gas was varied
between 80 °C and 175 °C. These moderate temperatures are too low for the normal
Rankine steam cycle while they are too high for organic Rankine cycles using
organic substances as working fluid. One example of a gas at about 400 °C in the
iron and steel industry is the flue gas from the last part of the sinter plant process. An
outlet temperature of 80 °C is probably too low for the streams in the iron and steel
industry due to the acid dew point, but it could be interesting for other kinds of waste
heat sources.

Four configurations of the Kalina bottoming cycle were studied. Configuration I
is the simplest possible Kalina cycle, see Figure 2.3, while Configuration II is
Configuration I with a feed water heater, exchanging heat from the enriched vapor to
the working mixture entering the vapor generator. Figure 3.1 shows Configuration III
that was originally presented by El-Sayed and Tribus [El-Sayed and Tribus, 1985b].
Configuration IV is a modified version of Configuration III, where stream 7 is used
for heating stream 13 instead of reheating stream 24. A simple Rankine steam cycle
was also studied for comparison.

Table 3.2 shows the first and second law efficiencies (ηI and ηII respectively) for
the different Kalina cycle configurations and the Rankine steam cycle. The
efficiencies are calculated as shown in equation 3.1 and 3.2.

maxin,Q

outputpower Net 
I

=η (3.1)

ax

I

mI,
=II η

η
η (3.2)

Qin,max is the available heat from the heat source, i.e. the heat transferred in the
vapor generator when the gas outlet temperature is the lowest acceptable (tgas,min).
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ηI,max is the maximum possible first law efficiency for any cycle between the heat
source and the heat sink. This second law efficiency is, therefore, a measure of how
close the cycle in question is to an ideal cycle (with no irreversibilities).

For all but one case (300 –175 °C), at least one Kalina cycle configuration shows
higher efficiencies than the Rankine steam cycle. The largest differences occur for

Table 3.2. es ts fo  t e f st app cat o .

t
gas,in

t
gas,min

Conf. I Conf. II Conf.III Conf. IV    Rankine

(°°°°C) (°°°°C)
ηηηη

I

(%)

ηηηη
II

(%)

ηηηη
I

(%)

ηηηη
II

(%)

ηηηη
I

(%)

ηηηη
II

(%)

ηηηη
I

(%)

ηηηη
II

(%)

ηηηη
I

(%)

ηηηη
II

(%)

400 175 26.8 56.4 28.3 59.6 28.2 59.5 29.1 61.3 28.6 60.7

400 130 26.8 59.7 28.3 63.1 28.2 63.0 29.1 64.8 24.7 54.6

400 80 25.4 61.4 25.6 61.7 26.1 63.1 25.9 62.6 20.9 46.2

300 175 23.2 54.1 23.1 53.9 21.7 50.6 22.3 52.2 25.3 59.6

300 130 23.2 58.1 23.1 57.9 21.7 54.3 22.3 56.1 21.2 53.8

300 80 21.7 60.1 21.7 60.1 21.4 59.4 20.3 56.4 16.5 41.9

             Working mixture
Basic mixture
Enriched vapor
Lean liquid
Cooling water
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the cases with a large heat source temperature drop. The first law efficiency is in
these cases 5.2 percentage points higher for the best Kalina cycle configuration
compared to the efficiency for the Rankine steam cycle. It is also noteworthy that for
the cases with the lower gas inlet temperature the simpler Kalina cycle configurations
achieve higher efficiencies than the more complicated configurations. This is
probably due to temperature limits in the complex distillation, condensation sub
system of configurations III and IV hampering the cycles in these special cases. It
should be remembered that configurations III and IV were developed as bottoming
cycles to a gas turbine and, therefore, for a considerably higher inlet temperature of
the heat source than is the case here. The inappropriateness of these configurations
are also seen from the fact that the feed water heater in configuration III and one of
the feed water heaters in configuration IV are eliminated for the cases with the gas
inlet temperature of  300°C.

The variations in the second law efficiency are smaller for the Kalina cycles than
for the Rankine steam cycle. This results from the Kalina cycle’s ability to be better
adjusted to different heat source conditions. The power generation is 0.6-1.8 MW for
a flue gas stream of 20 kg/s.

3.1.2 The Second Application
In the second application, a waste heat source of high temperature that is

partially needed for process stream heating is used for power generation. A hot gas
stream is used as the heat source for the power cycle that provides heat for another
gas stream. A coke plant with dry cooling of the coke described by Bussman et al.
[Bussman et al., 1985] has been chosen as an example for this application. The
baseline configuration of the plant is shown in Figure 3.2. The coke is cooled with an
inert gas, which is then used for power generation in a Rankine steam cycle and for
coal preheating. The air and fuel gas, into the coke plant, is preheated with the hot
flue gas leaving the plant.

Figure 3.2  ase e case fo  t e seco d app cat o .

HXC 1

6.4 MW available heat
for power generation

Coal
preheating

HXC 2

inert gas
700 °C

flue gas = hot gas, 800 °C

air and fuel gas  = cold gas, 20 °C

 175 °C

 653 °C

 482 °C



12

Power Cycles with Ammonia-Water Mixtures as Working Fluid

Figure 3.3. A o a wate  powe  cyc e sed  t e seco d app cat o

In Figure 3.3, an ammonia-water power cycle with a working fluid of constant
ammonia mass fraction, a so-called mixture Rankine cycle, has been integrated into
the plant. Heat from the hot flue gas is used to vaporize the working fluid, which is
then expanded in the turbine for power generation. The working fluid is thereafter
condensed at two different pressures, providing heat to the cold air and fuel gas. By
letting the condensation take place at two pressures the interval at which heat is given
to the cold gas is increased. The air and fuel gas is not preheated as much as in the
baseline case and therefore some extra heat must be added.

In Table 3.3, the results for integrating the ammonia-water power cycle in the
coke plant are presented. Two different maximum pressures in the power cycle have
been studied. The first law efficiency is calculated in the same way as for the first
application. Qin,max is the available heat from the heat source obtained between the
temperature of the gas entering the vapor generator and the lowest acceptable
temperature of the gas, which is set to 175 °C. The first law efficiency is rather low
and it decreases with decreasing maximum pressure in the cycle.

Table 3.3. es ts fo  t e seco d app cat o

p
max

(MPa)

tgh2

(°°°°C)
tgh3

(°°°°C)
tgc4

(°°°°C)
Net power

(MW)
ηηηη

I

(%)

ηηηη
heq

(%)
11.5 414 175 626 0.58 10.7 96
  5.0 392 175 636 0.38 7.7 96

air and fuel
gas  = cold gas,
20 °C

inert gas
700 °C

HXC 1

6.4 MW available heat
for power generation

Coal
preheating

HXC 2

flue gas = hot gas, 800 °C gh3

 gc4

 482 °C

VAP
 gh2

HXC 3

HXC 4

 gc2

 gc3
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A more interesting efficiency is the so-called heat equivalent efficiency defined
in equation 3.3.

gas cold  theheat to extra

outputpower Net 
heq =η (3.3)

The extra heat (fuel) that is needed to preheat the air and fuel gas stream (gc4) to
the same temperature as in the baseline case, is converted to electrical power with an
efficiency of 96 % for both pressures. The only losses are the mechanical and electri-
cal losses.

Integrating a modified Kalina cycle into the plant and using the inert gas for air
and fuel gas preheating was also tested. However, this configuration did not achieve
any higher power output than the baseline case.

3.2 Power and Heat Generation from Biomass
In Paper III, ammonia-water power cycles in small direct-fired biomass-fueled

(80 MWfuel) cogeneration plants were studied. The ammonia-water power cycle was
compared to a Rankine steam cycle designed as a biomass-fueled cogeneration plant
in Enköping, Sweden. Configurations for normal power generation without district
heating were also studied for comparison. The maximum temperature in the cycles is
540 °C and the maximum pressure is 15.75 MPa in the ammonia-water power cycles,
while it is 10.5 MPa in the Rankine cycles.

Two configurations of ammonia-water power cycles were simulated. The first
configuration, shown in Figure 3.4, has a reheater (RHT) between the high and low-
pressure turbines. In the second configuration, the reheater has been removed. The
ammonia-water power cycle without district heating simulated for comparison has no
reheater and no external superheater (SH 3) after the low pressure turbine (LT).

The design of the Rankine steam cycle is presented in Figure 3.5. For this cycle
two configurations, one with and one without reheat, have also been studied.
Furthermore, a configuration without district heating has been simulated. This cycle
has no reheater (RHT) and the last extraction stream passes through a preheater
instead of the second district heating heat exchanger (CND 2). Thus the configuration
of the Rankine steam cycle without district heating has one condenser, three
preheaters and one deaerator.

The results of the simulations are presented in Table 3.4. For the district heating
configurations, three cases were studied with different district heating network
supply temperatures. The Rankine steam cycles show the highest net power output in
all three cases. Increasing the supply temperature to the district heating network
decreases the Rankine steam cycle power output since the pressure in the streams to
the condensers increases. However, this has no influence on the ammonia-water
cycle. Even with 90°C supply temperature, the condensing temperature is high
enough to heat the supply temperature to 110°C.

For the case with 110 °C supply temperature, the ammonia-water power cycles
generate almost the same gross power as the Rankine steam cycle. Due to a higher
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mass flow rate and therefore higher pump work the net power generation is, however,
much lower in the ammonia-water power cycle. The reheat configurations give a
slightly larger difference in net power output than the configurations without the
reheat.

For the configurations without district heating, the ammonia-water power cycle
shows a slightly higher net power generation than the Rankine steam cycle.
Compared to the cogeneration case with cooling water temperature 50 to 90 °C, the
net power output has increased 4.6 MW for the ammonia-water power cycle. The
Rankine steam cycle net power output increases by only 1.6 MW. The big difference
in net power output between the ammonia-water power cycle configurations with and
without district heating is caused by the exhaust pressure from the low pressure
turbine. The final condensing temperature, that is, 55 °C for the cogeneration
configurations and 15 °C for the configurations without district heating, fixes this
pressure. The exhaust pressure is about 1.5 MPa for the ammonia-water power cycle
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configurations with district heating and about 0.5 MPa for the configurations without
district heating. For the Rankine steam cycles corresponding pressures are about 0.06
and 0.03 MPa.

Dejfors and Svedberg [Dejfors and Svedberg, 1999] performed an exergy
analysis, that is, a second law analysis of the cycles presented in Paper II. It shows
that the exergy losses for the ammonia-water power cycles are higher both in the

Table 3.4. esu ts fo  t e d ffe e t cyc e co f g at o s

Cooling Ammonia-Water Power Cycle Rankine Steam Cycle

water No Reheat Reheat No Reheat Reheat
tin

(°C)
tout

(°C)
Pel 

1

(MW)
QDH 2

(MW)
Pel

(MW)
QDH

(MW)
Pel

(MW)
QDH

(MW)
Pel

(MW)
QDH

(MW)

50 90 22.7 51.0 23.5 50.2 25.2 48.5 26.4 47.4

50 100 22.7 51.0 23.5 50.2 24.5 49.3 25.6 48.1

50 110 22.7 51.0 23.5 50.2 23.6 50.1 24.9 48.9

10 25 27.3 - not
calculated

- 26.8 - not
calculated

-

1 Pel is net power = Pout - Ppump
2 QDH is heat to the district heating network
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boiler and in the internal heat exchange but lower in the condenser compared to the
Rankine steam cycles. Therefore a more efficient heat exchange in the boiler and in
the internal heat exchange would be necessary to improve the ammonia-water power
cycles. For improving the internal heat exchange a more complicated heat exchange
network is necessary and to improve the heat exchange in the boiler a higher
maximum pressure is probably needed. [Dejfors and Svedberg, 1999]

3.3 Power Generation from Gas Engine Waste
Heat

Gas and diesel engines can be used for power generation in small-scale industrial
and utility power plants. A bottoming cycle recovering heat from the exhaust gas,
charge air, jacket water and lubricating oil can increase the power output of a gas or
diesel engine power plant. In Paper III, ammonia-water power cycles as bottoming
cycles to natural gas fired gas engines were studied. The engines used in the
calculations were 16V25SG and 18V34SG from Wärtsilä NSD. The calculations
were based on five gas engine modules together with one bottoming cycle module.
The total power generated by the five 16V25SG engine modules is 15.6 MW and for
the 18V34SG engine the corresponding figure is 27.5 MW. The results for the
ammonia-water power cycles were compared to the performance of a conventional
Rankine steam cycle. The power generated by the bottoming cycles ranges from 2.0
to 5.0 MW.

3.3.1 Thermodynamic Analysis
Three different ammonia-water bottoming cycles for gas turbines and diesel

engines found in literature were chosen as initial systems for the study in Paper III.
Configuration Ia is the simplest possible Kalina cycle, see Figure 2.3, and
Configuration IIa is the more advanced bottoming cycle also studied in Paper I, see
Figure 3.1, and first presented by El-Sayed and Tribus [El-Sayed and Tribus, 1985b].
In the study reported in Paper III the feed water heater (FWH) is, however, excluded
since it is unnecessary when the exhaust gas outlet temperature is unrestricted.

There are four different heat sources available from the gas engines, i.e. exhaust
gas, charge air, jacket water and lubricating oil. The layout of the cycle
configurations has been modified in order to use the heat sources efficiently. In
Configuration Ib the charge air, jacket water and lubricating oil streams have been
used to heat the stream to the separator in Configuration Ia and in Configuration IIb
the same changes have been made for Configuration Ib. The optimal heat exchanger
configurations are different for the two engines studied. The optimal configuration
also changes when the mass fraction of ammonia for the working and basic mixtures
is varied. In Figure 3.6 the optimal Configuration Ib and IIb for the engine 16V25SG
is shown.

The third configuration included in Paper III is a configuration presented by Dr
Kalina [Kalina, 1983] as a bottoming cycle for a diesel engine. This configuration
has two separators, which results in one more main mass fraction level, intermediate
to the mass fraction of ammonia of the working mixture and the basic mixture.
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(a)

 (b)

Figure 3.6. Two of t e opt a  co f g at o s of t e a o a wate  xt e
botto g cyc e s u ated fo  e g e 6V25SG  (a) Co f g at o   ( )
Co f gu at o  b

The Rankine steam cycle, simulated for comparison, is a simple one-pressure
cycle where waste heat from the engine is used for preheating, boiling and
superheating the water working fluid. It is of the type used as bottoming cycles in
diesel and gas engine power plants today.

Working mixture
 Basic mixture
 Enriched vapor
 Lean liquid
 Exhaust gas
 Charge air
 Jacket water
 Lubricating oil
 Cooling water
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Table 3.5 shows the results of the study. All ammonia-water power cycle
configurations give higher power outputs than the Rankine cycle. The percentage
increase in power output from the ammonia-water mixture bottoming cycle,
compared to the Rankine steam cycle, ranges from 17 to 54 %. The ammonia-water
power cycles can use the low temperature heat of the waste heat streams from the
engines to a greater extent than the Rankine steam cycle. Configuration IIb is the
configuration of the ammonia-water mixture bottoming cycles giving the highest
power output. Here, the best match of the temperature profiles in the heat exchangers
is possible.

Jonsson and Yan  [Jonsson and Yan, 2000a] have performed analysis of
bottoming cycles to gas diesel engines. Two systems, one generating about 20 MW
power and the other generating about 50 MW power, are presented. The same con-
figurations for the ammonia-water bottoming cycles used as starting point in the gas
engine study were used in the diesel engine study as well. Besides a one-pressure
Rankine steam cycle, a two-pressure Rankine steam cycle was also studied for com-
parison. The best ammonia-water power cycle configuration gave 43-47 % more
power than the one-pressure Rankine steam cycle and 20-24 % more power than the
two-pressure Rankine steam cycle.

The difference in produced power between the ammonia-water power cycles and
the Rankine steam cycle is larger for the gas engine application than for the gas
diesel application. This is because the gas diesel engine exhaust gas temperature is
restricted to 130 °C while the gas engine exhaust gas has no temperature restriction.
The low temperature heat is better utilized by the ammonia-water power cycles than
by the Rankine steam cycle. [Jonsson and Yan, 2000b]

3.3.2 Some Economic Aspects
An estimation of the ammonia-water bottoming processes’ economic competi-

tiveness can be made by comparing their investment costs with the investment cost of
the conventional Rankine steam bottoming processes. Since the ammonia-water
bottoming processes generate more power than the Rankine steam process a higher
investment cost is possible to allow for the same pay-off time.

Since more heat is exchanged in the ammonia-water processes the investment
cost for heat exchangers will probably be higher than for the Rankine process.

Table. 3.5. es ts fo  t e d ffe e t cyc e co f g at o s

16V25SG 18V34SG
Pnet, bottoming cycle

[MW]
ηel, tot

[%]
Pnet, bottoming cycle

[MW]
ηel, tot

[%]
Conf. Ia 2.35 46.6 4.12 48.3
Conf. Ib 2.85 47.9 4.93 49.5
Conf. IIa 2.41 46.8 4.23 48.5
Conf. IIb 3.07 48.5 5.05 49.7
Conf. III 2.70 47.5 4.68 49.2
Rankine 1.99 45.7 3.51 47.4
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Estimating the extra cost for heat exchanging processes can therefore be a way to
perform a first estimate of the economic competitiveness of the ammonia-water
processes compared to the Rankine steam process. In Paper III an estimation of this
extra cost was performed for the gas engine bottoming cycles. Table 3.6 shows the
extra cost for heat exchange in the different configurations of the ammonia-water
processes compared to the conventional Rankine steam process simulated for the
same gas engine. The costs for the heat exchangers are assumed to be the same per
kW for both processes. The allowable extra investment cost to achieve the same pay-
off time as for the Rankine steam process is also shown. To achieve the same pay-off
time for the ammonia-water processes as for the conventional Rankine steam process
the income from the extra-generated power per year must be the same as the extra
investment cost divided by the pay-off time. The investment cost for a conventional
Rankine steam cycle as bottoming cycle to the gas engines is assumed to be
3400 $/kW, calculated from data for small steam turbine processes supplied by
Wärtsilä NSD.

Configurations Ib, IIb and III of the ammonia-water process give an extra cost
for the heat exchangers corresponding to about 10 % of the extra investment cost that
is allowable to achieve the same pay-off time as for the Rankine steam process for
both engines. For Configuration Ia and IIa, the corresponding figure is about 15 %.
This indicates that the ammonia-water process could be competitive with the
conventional Rankine steam process from an economic point of view.

A major part of the investment cost, both in the ammonia-water process and the
conventional Rankine steam process, is the steam turbine. For the ammonia-water
processes the turbine exhaust pressure is above atmospheric pressure and therefore
no vacuum systems are needed. This reduces the costs for the turbine. Even if the
mass flow through the turbine is larger (about 55-82 % larger in the study, presented
in Paper III) for the ammonia-water process, the volume flow in the low-pressure
part of the turbine is considerably smaller (about 94-97 % smaller in the study,
presented in Paper III) compared to the Rankine steam process. This indicates that
the vapor turbine could be cheaper for the ammonia-water process.

Table 3.6. T e ext a cost fo  eat exc a ge s  t e a o a wate
p ocesses co pa ed to t e a e stea  p ocess a d t e ext a vest e t
costs t at a e a owab e  o de  to ac eve t e sa e pay off t e as fo  t e

a e stea  p ocess.

16V25SG 18V34SG
Conf. Extra heat

exchanger cost
(M$)

Allowable extra
investment cost

(M$)

Extra heat
exchanger cost

(M$)

Allowable extra
investment cost

(M$)
Ia 0.21 1.21 0.36 2.08
IIa 0.23 1.43 0.38 2.47
Ib 0.27 2.92 0.47 4.83
IIb 0.28 3.67 0.47 5.26
III 0.22 2.42 0.37 4.00
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To make a more thorough economic evaluation, the equipment of the processes
has to be designed in detail. The costs of the heat exchangers are, of course,
dependent on the heat transfer areas. The heat transfer areas are dependent on the
heat duty but also on temperature differences, the mass flows and the transport
properties of the fluid.
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4 Thermophysical Properties of
Ammonia-Water Mixtures

Ammonia and water are both strongly polar substances of about the same
molecular structure and mass. Both substances also show hydrogen bonding, even
though it is stronger in water than in ammonia. Despite many similarities they have
considerably different normal boiling points and critical points. In Table 4.1 some
properties of ammonia and water are presented.

When calculating the performance of an ammonia-water power cycle and
designing the equipment such as heat exchangers, turbines and boilers, thermo-
physical properties of the ammonia-water mixture need to be known. The thermo-
physical properties are usually obtained from equations of state and other general
equations. For mixtures it is common to combine equations for the pure substances
that the mixture consists of. However, the mixture of ammonia and water is non-
ideal. The mixing effect is substantial, especially for the liquid. The liquid volume
decreases in the order of up to 20 % when ammonia and water are mixed. The
enthalpy of mixing can be as great as -4 kJ/mol [Tillner-Roth and Friend, 1998a].
This makes it difficult to predict the properties of the mixture from properties of the
pure substances. Experimental data are therefore necessary for the development of
correlations for describing the properties.

4.1 Correlations

4.1.1 Thermodynamic Properties
Thermodynamic properties are the characteristics of the fluid that can be used to

describe its thermodynamic state, i.e. thermal equilibrium state. Some examples are
temperature, pressure, volume, enthalpy and entropy.

Figure 4.1 presents correlations for thermodynamic properties of ammonia-water
mixtures found in literature. The figure is an updated version of Figure 1 in Paper IV.
Most of the correlations have been developed for pressures and temperatures lower
than commonly applied in power cycles. For some applications of ammonia-water

Table 4.1  ope t es of a o a a d wate  [ e d et a , 98 ]

Property Ammonia Water
Molar weight, (g/mol) 17.031 18.015
Boiling point (0.101 MPa), (°C) -33.4 100.0
Critical temperature, (°C) 132.3 374.1
Critical pressure, (MPa) 11.35 22.12
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cycles, like the direct-fired cycle presented in Paper II, the pressure and temperature
can be as high as 20 MPa and 650 °C, respectively. The ammonia-water mixture will
then be in the vicinity of, or maybe even above, the critical point.

Figure 4.1 also shows the theoretical background of the different correlations.
The basis of the correlations can be divided into nine groups: cubic equations of
state, virial equations of state, Gibbs excess energy, corresponding states method,
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perturbation theory, group contribution theory, Leung-Griffiths model, Helmoltz free
energy and polynomial functions.

Different correlations for the thermodynamic properties of ammonia-water
mixtures have been used in studies of ammonia-water power cycles presented in
literature. For the studies presented in Paper I, II and III the properties were obtained
using a library of subroutines developed by Sergio Stecco and Umberto Desideri
[Stecco and Desideri, 1989]. Their correlations are based on work presented by
Ziegler and Trepp [Ziegler and Trepp, 1984] and El-Sayed and Tribus [El-Sayed and
Tribus, 1985a]. Different equations are used for the vapor and liquid phases. The
vapor is supposed 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. The
functions presented by Ziegler and Trepp have been correlated to experimental data
for the mixture up to 240 °C and 5.2 MPa while El-Sayed and Tribus have taken into
account data up to 316 °C and 21 MPa. The maximum pressure for the correlations
from Stecco and Desideri have been set to 11.5 MPa, which is slightly above the
critical pressure of ammonia. The critical pressure and temperature of the mixture
change with the mass fraction of ammonia. Rainwater and Tillner-Roth [Rainwater
and Tillner-Roth, 1999] presented a model based on the so-called Leung-Griffiths
model for the ammonia-water mixture critical region vapor-liquid equilibrium. They
conclude that their model is a reasonable representation of the high-pressure phase
boundary for the ammonia-water mixture but that more experimental data would be
valuable to confirm the model. Furthermore, they mention that there are inconsist-
encies among the experimental data available today for the ammonia-water mixture
in the critical region.

In Paper I and III, the maximum pressure in the cycles is 11.5 MPa, while a
maximum pressure of 15.8 MPa is necessary for the direct-fired power cycle
application in Paper II. The maximum temperature is also higher in Paper II, 540 °C
compared to 370 °C, 500 °C and 388 °C for the first and second application in
Paper I and for the processes studied in Paper III, respectively. To be able to use the
correlations from Stecco and Desideri for the direct-fired power cycle application in
Paper II the functions were extrapolated to higher pressures.

Besides the correlations of Stecco and Desideri, the correlations of El-Sayed and
Tribus, Park [Park, 1988], Kouremenos and Rogdakis [Kouremenos and Rogdakis,
1990], Ibrahim and Klein [Ibrahim and Klein, 1993], Nag and Gupta [Nag and
Gupta, 1998] , Enick et al. [Enick et al., 1997] and Xu and Goswami [Xu and
Goswami, 1999] have been used in studies of ammonia-water power cycles. The
correlations presented and used by Xu and Goswami [Xu and Goswami, 1999] are
the same as the correlations of Stecco and Desideri. All but Park and Enick et al. use
different equations for the liquid and vapor phases. Just as for the correlations of
Stecco and Desideri the vapor is supposed to be an ideal mixture of real gases and the
properties for the liquid phase are corrected by a term calculated from the Gibbs
excess energy for the correlations by El-Sayed and Tribus, Kouremenous and
Rogdakis and Ibrahim and Klein. Ibrahim and Klein use the equations presented by
Ziegler and Trepp. However, the constants in the functions for the Gibbs excess
energy have been recalculated with experimental data at higher temperatures and
pressures (up to 21 MPa and 316 °C). Ziegler and Trepp have modified the
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correlations presented by Schulz [Schulz, 1973]. By these modifications the
correlations are extended from a maximum pressure of 2.5 MPa to 5.0 MPa.
Kouremenos and Rogdakis also use the equations of Ziegler and Trepp. For pressures
higher than 5.0 MPa they use an expression for the heat capacity given by El-Sayed
and Tribus to calculate enthalpies and entropies. Nag and Gupta use the Peng-
Robinson equation for the vapor-liquid equilibrium and the Gibbs free energy
equations presented by Zielger and Trepp for the vapor and liquid phase properties.

Park uses a generalized equation of state based on the law of corresponding
states to calculate the thermodynamic properties of the mixture. Corrections for non-
ideal (non-polar) and polar behavior are included. Enick et al. use a cubic equation of
state, the Schwartzentruber-Renon equation of state, with binary interaction para-
meters estimated from a group contribution model and Gibbs excess energy equa-
tions.

 In 1998, Tillner-Roth and Friend  [Tillner-Roth and Friend, 1998b] presented a
new correlation for the ammonia-water mixture thermodynamic properties. It is
based on a fundamental equation of state for the Helmholtz free energy and, like the
correlation by Park, the entire thermodynamic space of the mixture is described by
one single equation. This is formed by the fundamental equations of state of the pure
components and a mixing rule for the independent variables, reduced temperature
and reduced density. The term for the departure from non-ideal mixture behavior is
fitted to the most reliable, available experimental data for the ammonia-water
mixture and also to data for the critical region from the modified Leung-Griffiths
model presented by Rainwater and Tillner-Roth.

 In Paper IV, a comparison of pressures and enthalpies for bubble points and dew
points is presented, for the correlations of Stecco and Desideri, Ibrahim and Klein
and Park at temperatures from 177 to 337 °C. Additionally, the saturation pressures
and enthalpies predicted with the correlations by Stecco and Desideri and Ibrahim
and Klein were compared to the values calculated with the correlation by Tillner-
Roth and Friend at three different temperatures (177, 247  and 337 °C), in Paper VI.
The comparisons of the saturation pressures at 177 and 337 °C are presented in
Figure 4.2. The data for the correlation of Park were taken from tables in [Park and
Sonntag, 1990]. Available experimental data were also included in the comparisons.

For the lowest temperature, the correlations give very similar saturation
properties. The largest differences appear at high mass fractions of ammonia. The
correlation from Tillner-Roth and Friend shows a slightly better agreement with the
experimental data. At the higher temperature, the correlations still show good
agreement in saturation pressure, except for the correlation by Ibrahim and Klein.
The bubble point pressures from this correlation are much higher and also show some
fluctuations. Also the correlation by Park shows deviations from the other
correlations for the dew point pressures. At 337 °C, dew properties can not be
calculated with the routines in the software EES , for the correlation by Ibrahim and
Klein. Therefore the dew points at 337 °C for this correlation have been omitted in
Figure 4.2.

For the enthalpy, the differences between the correlations are in the same order
of magnitude in the two studies. They reach about 15 % and 12 % at the most, in
Paper IV and Paper VI, respectively.
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In both studies the predicted bubble and dew point enthalpies were compared at
constant pressures as well.  In Paper IV, the comparison was performed at 11 and 20
MPa, while the pressures in Paper VI were 10.82, 15 and 18 MPa. The differences in
enthalpy increase with pressure. The largest difference in predicted enthalpy is about
8 % at the lowest pressure increasing to about 25 % at the highest pressure in Paper
VI, while it is about 30 % at the lowest pressure and as high as 100 % for the highest
pressure in Paper IV. The comparisons at the highest pressures are shown in
Figure 4.3.

Enick et al. [Enick et al, 1998] have performed a comparison of a modified Peng-
Robinson cubic equation of state for predicting the thermodynamic properties of the
ammonia-water mixture and the correlations presented by El-Sayed and Tribus. They
conclude that the correlations by El-Sayed and Tribus give more accurate results than
the cubic equation of state.

4.1.2 Transport Properties
The transport properties are the viscosity, the thermal conductivity and the

diffusion coefficient. Related to the transport of momentum, heat and mass in the
fluid, respectively. The viscosity and thermal conductivity of the fluids are always
needed when heat transfer processes between two flowing fluids are described. Mass
transfer processes can be of importance when the condensation and evaporation of
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mixtures are involved, since the vapor and liquid phases during these processes have
different compositions.

Even though several studies can be found where heat transfer processes with
ammonia-water mixtures are described, the method for calculating the transport
properties is very seldom mentioned. Some authors refer to Reid et al [Reid et al.,
1987].  They describe several correlations for predicting mixture transport proper-
ties, none especially developed for the ammonia-water mixture. In Figure 4.4 equa-
tions used or presented for predictions of the viscosity and thermal conductivity of
ammonia-water mixtures in literature are shown. The methods described by Stecco
and Desideri [Stecco and Desideri, 1991] and El-Sayed [El-Sayed, 1988] have
previously been used in calculations of heat exchanging areas in power cycles with
ammonia-water mixtures as the working fluid.

Stecco and Desideri calculate the mixture viscosities with corresponding states
correlations. The vapor viscosity is calculated with Chung’s method as described in
Reid et al. [Reid et al., 1987]. This is a non-interpolative method, which means the
viscosity for the pure substances does not have to be known. However, for the liquid

 Corresponding states
          methods

      Empirical
     correlations

Singh, 1973
vapor phase

Luikov et al., 1968
vapor phase

Frank et al., 1996
liquid phase

Stecco and
Desideri,
1991
vapor phase

El-Sayed, 1988
vapor phase

          Interpolative
             methods

Theory for kinetics
and molecular forces

Jamieson ,
presented  by
Reid et al.
1987, used by
Stecco and
Desideri,
1991
 liquid phase

El-Sayed,
1988
liquid phase

El-Sayed, 1988
vapor phase

Stecco and
Desideri, 1991
liquid phase

El-Sayed, 1988
liquid phase

Teja and Rice
presented by
Reid et al., 1987
liquid phase

El-Sayed,
1988
liquid phase

Wilke
presented by
Reid et al.,
1987

Chung et al. ,
presented by
Reid et al.,
1987, used by
Stecco and
Desideri , 1991
vapor phase

Viscosity Thermal Conductivity

Figure 4.4.  Co e at o s fo d  te at e p ese ted o  sed fo  t e
a o a wate  xtu e t a spo t p ope t es
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mixture viscosity, Stecco and Desideri have suggested equations based on a method
by Teja and Rice, as presented by Reid et al., where the pure components are used as
reference fluids.

For the mixture thermal conductivity, Stecco and Desideri use interpolative
methods. The thermal conductivity of the vapor is calculated with the Wilke
correlation for viscosity calculations. For the liquid mixtures’ thermal conductivity, a
correlation by Jamieson et al. is used. Both methods are described in [Reid et al.,
1987].

El-Sayed uses the Wilke method as presented by Reid et al. for both the vapor
viscosity and thermal conductivity. For the liquid properties, interpolative correla-
tions based on corresponding states theory are used. It should be noted that the
equations presented in [El-Sayed, 1988] are misprinted. The correct formulation of
the equations is presented in the appendix to Paper VII.

4.1.3 The Influence on Power Cycle Performance
Predictions

In Paper IV, the correlations of Stecco and Desideri, El-Sayed and Tribus,
Ibrahim and Klein and Park were compared in simulations of a Kalina cycle. The
cycle is Configuration III in Paper I, see figure 3.1, using the exhaust from a gas
turbine as the heat source. The results of the comparison are shown in Table 4.2.
With a maximum pressure of 10.8 MPa in the cycle, the differences in thermal
efficiencies are in the range from 0.6 to 3.3 %. The correlation of Park gives the
highest and the correlation of Stecco and Desideri the lowest efficiency. The cycle
efficiencies are very close for the three correlations based on almost the same theory.
With higher maximum pressure in the cycle the difference between the correlations is
still small, even though it increases. The fit of the function for Gibbs excess energy to
experimental data at higher temperatures and pressures, performed by Ibrahim and
Klein, seems not to affect the efficiency of the cycle to any great extent.

In Paper VI, the correlations of Stecco and Desideri, Ibrahim and Klein and
Tillner-Roth and Friend were compared in simulations of the same Kalina cycle as
simulated in the comparison in Paper IV. The same input data were used in both
studies with one minor exception: in Paper VI all minimum temperature differences
in the heat exchangers were set to 3 °C instead of 3 °C for some heat exchangers and
5 °C for others, as was done in Paper IV. Another difference between the two studies
is that an optimization of the thermal efficiency was performed for each simulation,

Table 4.2  T e eff c e cy ( et powe  ge e at o / eat ext acted f o  t e eat
sou ce) of a s p e a a cyc e s ated w t  d ffe e t co e at o s o  t e
p ope t es of t e a o a wate  xt e.

Maximum
pressure
(MPa)

Stecco and
Desideri

Ibrahim and
Klein

El-Sayed and
Tribus

Park

10.8 0.329 0.331 0.331 0.340
15.0 0.345 0.348 not calculated not calculated
20.0 0.360 0.368 not calculated not calculated
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by varying the mass fraction of ammonia for the working and basic mixtures, in
Paper VI. In Paper IV, the simulations were performed with the same mass fraction
of ammonia for the working mixture, for all correlations of the working fluid
properties.

The variation of the cycle performance with mass fraction of ammonia of the
working mixture for the different correlations compared in Paper VI is shown in
Figure 4.5. The cycle was simulated with three different maximum pressures, 10.82,
15 and 18 MPa. The differences in the optimized efficiencies are small (at the most
about 1 %) and the correlation from Tillner-Roth and Friend gives the highest
efficiencies. The differences increase with higher maximum pressure in the cycle.
The same increase is observed for the mass fraction of ammonia of the working
mixture, giving the maximum thermal efficiency. Here the difference is as large as
0.10 in mass fraction of ammonia for the highest pressure. With the correlation of
Tillner-Roth and Friend the maximum thermal efficiency occurs at a lower mass
fraction of ammonia compared to 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 variation
seems not to be higher than about 4 %, corresponding to about 1.3 percentage points.
The largest differences in efficiency can be found for low mass fractions of ammonia
of the working mixture and high maximum pressure in the power cycle. This results
from the fact that the differences in enthalpy between the correlations are larger for
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liquid at the boiling point than for subcooled liquid and that the difference in the
predicted saturated liquid enthalpy increases with pressure. For low mass fractions of
ammonia in the working mixture, the pinch point in the boiler is located at the
working fluid boiling point. The temperature and enthalpy of the working fluid
bubble point then influence the thermal efficiency, since they influence the gas
flow/working fluid-ratio calculations. However, for higher mass fraction of ammonia
of the working mixture, the mass flow ratio is dependent on the enthalpy of the
working fluid before the boiler since the pinch point is then located there. In this
point the working fluid is subcooled.

4.1.4 The Influence on Heat Transfer Area Predictions
In heat transfer area predictions, both the correlations used for the thermo-

dynamic and transport properties of the mixture influence the results. These
influences were studied in Paper VII. There, the areas of the heat exchangers for the
power cycle simulated in Paper VI were estimated using different correlations for the
thermodynamic and transport properties. Those input data were used that gave the
highest cycle efficiency for the case of 10.82 MPa maximum pressure in the cycle.
The areas predicted with the correlations for the thermophysical properties used by
Stecco and Desideri [Stecco and Desideri, 1989 and 1991] was the basic case for the
study. Comparisons were then made with the predicted areas resulting from using the
correlation for the thermodynamic properties by Tillner-Roth and Friend [Tillner-
Roth and Friend, 1998b] and using the correlations for the transport properties
presented by El-Sayed [El-Sayed, 1988]. The heat exchanger areas in the basic case
were also compared to the areas predicted when only one of the equations for the
liquid thermal conductivity, liquid viscosity and vapor viscosity was replaced with
the equation suggested by El-Sayed.

Today it is not clear how the mass transfer resistance in the evaporation and
condensing processes should be taken into account. Therefore, equations valid for
pure substances, with the properties of the mixture, were used in Paper VII. This
probably results in an underestimation of the heat transfer areas for these processes
since the possible degradation of the heat transfer coefficients due to mass transfer
resistance is neglected.

The use of different correlations for the thermodynamic properties, in the
simulation of the power cycle, gives a difference in the total heat exchanger area of
7 % but for individual heat exchangers the difference is up to 24 %, as can be seen in
Figure 4.6.

The different equations used for liquid thermal conductivity give a difference in
predicted heat exchanger area of up to 10 % while the different correlations used for
viscosities result in a difference of up to 11 % for individual heat exchangers in the
power cycle. The influence on the total heat exchanger area is not larger than 3 %.

Economic evaluations of ammonia-water bottoming cycles to gas turbines found
in literature, [Cohn, 1986; Gajewski et al., 1989; Kalina et al., 1991a], suggest that
the total heat exchanger cost is about 30 to 70 % of the total equipment cost. The
higher figure concerns processes with more complex boiler configurations than for



31

Thermophysical Properties of Ammonia-Water Mixtures

31

������
������
������

�������
�������

����
����
����
����
����
����
����

�����
�����
�����
�����

������
������
������
������
������
������
������
������

�������
�������
�������

�������
�������
�������
�������
�������
�������
�������

����
����
����
����

�����
�����
�����
�����
����� ������ �������

�������
�������

�����
�����
�����

-15.00

-10.00

-5.00

0.00

5.00

10.00

15.00

20.00

25.00

30.00

51
b

-5
2,

13
-1

3b

51
d

-5
1b

,1
3b

-1
3d

51
-5

1d
,1

3d
-1

4

su
m

15
-1

5d
,2

d
-2

15
d

-1
6,

1-
2d

16
-1

7,
24

-1

17
-1

8,
21

-2
2

3-
4,

24
-1

4-
5,

21
-2

2

7-
8,

24
-1

9-
10

,1
2-

13

su
m

19
-2

0,
43

-4
5

10
-1

1,
42

-4
4

su
m

to
ta

l

Heat exchanger inlet and outlet streams 

D
if

fe
re

n
ce

 in
 a

re
a,

 % Boiler

Internal heat exchanger

Absorber/Condenser

Figure 4.6. T e d ffe e ces  p ed cted eat exc a ge  a eas w e  d ffe e t
co e at o s fo  t e xtu e t e ody a c p ope t es a e sed  t e
s u at o  of t e powe  cyc e s ow   g 3 d a d  ea  t e dew po t
a d bo g po t, espect ve y, fo  o e of t e st ea s  t e eat exc a ge
T e ze o eve  ep ese ts t e bas c case w e e t e powe  cyc e s s ated
w t  t e co e at o s suggested by Stecco a d es de  [Stecco a d es de ,
989 a d 99 ]  T e ba s s ow t e d ffe e ces  p ed cted a ea (

pe ce tage of t e a ea ca c ated  t e bas c case) w e  t e co e at o s
p ese ted by T e ot  a d e d [T e ot  a d e d, 998] a e sed
fo  t e t e ody a c p ope t es

the process studied in Paper VII. Assuming the total heat exchanger cost to be 30 %
of the total equipment cost and that the cost of the heat exchangers is proportional to
the heat exchanger area, an increase of the total area of 7 % would correspond to an
increase in the total equipment cost of about 2 %. A lower increase in the cost could
be expected since the additional cost of the heat exchangers will probably not be
proportional to the extra heat exchanger area.

4.2 Experimental Data

4.2.1 Thermodynamic Properties
Measurements of properties for evaluation of the thermodynamic properties of

ammonia-water mixtures have been reported since the beginning of the 20th century.
Most of them have been performed at low temperatures and low pressures and vapor-
liquid equilibria measurements are most common. Table 4.3 shows studies performed
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Table 4.3. xpe e ta  data at te pe at es a d p ess es g e  t a  t e
c t ca  te pe at e a d p ess e of a o a

Author Year Data Temperature
(°°°°C)

Pressure
(MPa)

Mass
fraction

of
ammonia

Postma 1920 bubble points and dew
points

-77-235 0-18 0.1-1.0

Tsiklis et al. 1965 vapor-liquid equilibria 97-350 0-22 0.0-1.0

Rizvi 1985 vapor-liquid equilibria 33-345 0-22 0.0-1.0

Iseli 1985 vapor-liquid equilibria 81-220 4-16 0.5-0.9

Gillespie et
al.

1987 vapor-liquid equilibria 40-316 0-21 0.0-1.0

Sassen et al. 1990 bubble points
dew points

116-340
100-180

1-22
0-10

0.2-0.8
0.2-0.9

Harms-
Watzenberg

1995 vapor-liquid equilibria
liquid density
vapor molar volume

35-225
-30-140
100-200

0-17
1-38
0-5

0.1-1.0
0.1-0.9
0.2-0.7

Baranov et
al.
(in [Friend
and Haynes,
1997])

1997 vapor specific volume
liquid specific volume
heat of mixing
heat capacity at
constant volume

350-600
25-150
60-150
20-290

3–25
0-60

-
-

0.0-1.0
0.1-0.9
0.0-1.0
0.0-0.9

Magee and
Kagawa

1998 vapor and liquid
densities and heat
capacity at constant
volume

27-247 3-20 0.7-0.9

at temperatures and pressures higher than the critical temperature and pressure of
ammonia. It is an updated version of Table I in Paper IV.

4.2.2 Transport Properties
Measurements of transport properties are even scarcer than experimental data for

the thermodynamic properties. Studies presenting measured data for the viscosity and
thermal conductivity, found in literature, are presented in Table 4.4.

At the National Institute of Standards and Technology (NIST), Boulder, Colorado,
USA, a vibrating-wire viscometer has been designed for measurements on ammonia-
water mixtures. In Paper V, the initial calibration of this instrument is described. In
vibrating wire viscometry the natural frequency and damping of a thin wire immersed
in the fluid is measured. This method is suitable for measurements on ammonia-water
mixtures since it can be used at combined high pressures and temperatures and is
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Table 4.4. xpe e ta  data of t a spo t p ope t es fo  a o a wate
xtu es

Author Year Data Temperature
(°°°°C)

Mass
fraction of
ammonia

Pinevic 1948 saturated liquid
viscosity

10- 150 0.10-0.90

Frank et al. 1996 liquid viscosity 20 – 40 0.02-0.20

Riedel
(from data by Lees,
1898)

1951 liquid thermal
conductivity

20  0.15-0.30

Riedel [8]
(calculated from data
by Braune, 1937)

1951 liquid thermal
conductivity

20 0.05-0.10

Baranov et al.
(in [Friend and
Haynes, 1997])

1997 liquid thermal
conductivity

30-187 0.00-1.00

suitable for measurements in the critical region. The viscometers can also be very
compact and therefore only a small volume of the fluid is needed in the measure-
ments, decreasing the health hazards associated with work on ammonia-water
mixtures.

The instrument at NIST has been designed for measurements at temperatures and
pressures up to 427 °C and 70 MPa, respectively. For limited experimental times
measurements can be performed up to temperatures of 577 °C, but then only for
pressures up to 50 MPa. To date no viscosity measurements have been made on
ammonia-water mixtures at such high temperatures and pressures.

Before the measurements on ammonia-water mixtures can start, the instrument
has to be calibrated. The internal damping of the system and the radius and density of
the wire must be determined. The internal damping is estimated from measurements in
vacuum while the radius and density of the wire can be determined from measure-
ments in fluids of well-known viscosity. During the initial calibration, described in
Paper V, measurements in vacuum and water were made. Measurements on water
were made at three different temperatures, 20, 50 and 70 °C. With viscosity data for
water at 70 °C the density and wire radius were calculated. The viscosity for water at
20 and 50 °C were then determined from the calculated density and radius and the
results of the measurements.

In Table 4.5, the measured viscosities are compared to the literature values. The
results of the measurements show that the set-up of the vibrating wire is not suitable
for measurements in liquids of high viscosity like water. The damping is very fast
and only a few oscillation cycles can be evaluated. This results in high uncertainties
of the measurements. With increasing temperature the viscosity of the water
decreases and therefore the damping of the wire oscillation decreases as well. This
results in a lower uncertainty of the calibration. Using a thicker wire can solve this
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Table 4.5. Co pa so  of eas ed a d te at e va es of wate  v scos ty

Temperature

(°°°°C)

106⋅⋅⋅⋅µµµµ, measured

(Ns/m2)

106⋅⋅⋅⋅µµµµ, literature value
[Marsh, 1987]

(Ns/m2)

Difference

(%)
20 930.5 1002 -7.2
50 533.3 546.9 -2.5

problem. It is desirable to be able to determine the viscosity with an uncertainty not
higher than 1 %.

After the study described in Paper V was finished it was discovered that the
electronic set-up of the instrument was not operating as it should have been. The
amplification factor of the electronic signal from the vibrating wire was much lower
than stated. This leads to amplitudes of the vibration of the wire about 100 times
larger than calculated in Paper V. In the solution of the fluid flow problem for this
instrument, simplifying assumptions have been made that limit the range of validity of
the working equations to small amplitudes. The non-linear behavior of the fluid flow
around the wire can then be neglected and the boundary conditions can be approxi-
mated to conditions of the mean position of the wire movement.

The constraints of the working equations were violated due to the large
amplitudes found in the newer calculations. The error in the amplitude does not
influence the calculations performed in the report directly but the interaction between
the wire and the fluid is not described correctly. Thus, the viscosity cannot be
evaluated from these measurements as precisely as required. Additionally, flow
separation may occur for the highest amplitudes, increasing the uncertainty of the
measurement results. The conclusions concerning the relation between the
uncertainties in the measurements, the temperature and the wire thickness are still
valid. However, the violation of the amplitude constraints may have influenced the
level of the uncertainty.

During 1998 and 1999 the set-up of the viscometer was changed and
measurements on carbon dioxide, helium, nitrogen and toluene were performed
[Aumann, 1999; Lüddecke, 1999]. Still, the uncertainties of the measurements are
too high and the behavior of the instrument with changing temperature and pressure
remains unclear.  This was also reported by Wilhelm in 1998 for an instrument of the
same type at the University of Rostock, Germany [Lüddecke, 1999]. It is obvious
that non-linear phenomena can occur and that the current theory of the instrument
does not describe the fluid flow properly. This should not influence the viscosity
measurements to any larger extent as long as the constraints that result from the
solution of the fluid flow problem are followed. However, it is uncertain if it will be
possible to make measurements with this particular instrument within those
constraints.

It may be possible to avoid the non-linear problems by using wires of higher
densities, for example tantalum or tungsten. Unfortunately, these materials compro-
mise the corrosion resistance required for ammonia-water mixtures. [Lüddecke,
1999]
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5 Other Aspects of Using Ammonia-
Water Mixtures

The use of ammonia-water mixtures as working fluid requires some special
arrangements in design, operation and maintenance from a safety point of view.
Ammonia is a hazardous substance that irritates eyes, skin and nasal passages and is
lethal at high concentrations. However, it has a strong odor, making it easy to detect
well below harmful concentrations. Ammonia vapor at atmospheric pressure is
lighter than air and it is therefore possible to ventilate off. Experience in the safety
issues is available from industry using ammonia, for example ammonia synthesis
plants and ammonia absorption refrigeration systems. There is also experience from
power plants using ammonia to control working fluid pH values and reduce nitrogen
oxide emissions, as well from the demonstration plant in Canoga Park. [Bjorge et al.,
1997; Koren and Pettersen, 1990]

At high temperature decomposition of ammonia into hydrogen and nitrogen is
possible. Materials such as hastelloy, low nickel iron alloys and alloys with cobalt
can catalyze this process. On behalf of Exergy Inc. the M. W. Kellogg Company
performed an experimental study of the decomposition of ammonia in ammonia-
water mixtures [Exergy Inc., 1986]. A mixture of mass fraction of ammonia of about
0.8 was kept in a reactor for 24 hours at a temperature of about 550 °C and a pressure
of about 10 MPa. Three tests were performed and the materials Incoloy 800 and 316
stainless steel were exposed to the mixture. No trace of hydrogen or nitrogen could
be detected after the tests. Pettersen et al. [Pettersen et al., 1992] measured the
decomposition of pure ammonia in a circulating system. The measurements were
performed at temperatures from 250 to 400 °C at the pressures 13 MPa and 20 MPa.
Their tests give a decomposition per 1000 hours of 0.01% to 3.5 %.  It should be
pointed out that they had some problems with leakage in their test set-up. Data from
the demonstration plant in Canoga Park show a very low rate of decomposition of
ammonia, but in a commercial plant higher vapor temperatures and larger mass
fractions of ammonia are expected. Tests to further quantify the behavior of the
mixture are underway at the General Electric Corporate R&D Center [Bjorge et al.,
1997].

Due to the mixtures’ corrosive effect, copper must be avoided when ammonia-
water mixtures are used as working fluid. For the low temperature areas of the
process, conventional carbon steel shell and tube heat exchangers can be used. For
the high temperature areas some precautions must be taken. With ammonia at high
temperatures nitriding of the materials is possible. However, studies made at the
demonstration plant at Canoga Park do not show any problems with the materials. At
this plant a conventional heat recovery steam generator was used for the ammonia-
water bottoming cycle to a gas turbine. [Bjorge et al., 1996; Leibowitz, 1993; Zervos
et al., 1992]
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Since ammonia-water mixtures have lower freezing point than pure water it is
possible to take advantage of the low ambient temperatures in cold climates with an
ammonia-water power cycle. According to Smith et al. [Smith et al., 1996] a gas
turbine combined cycle with a Kalina bottoming cycle can give a 3.9 percentage
point higher combined cycle net efficiency at an ambient temperature of about -17 °C
compared to a 3-pressure Rankine steam cycle as the bottoming cycle. The Kalina
cycle uses an air condenser while the Rankine cycle has a wet cooling tower. The
calculations have been performed for a bottoming cycle to a 330.6 MWel gas turbine.

The use of a mixture as working fluid is also favorable at part load operation of a
power plant. In a Rankine steam cycle the steam is throttled at the turbine nozzle,
which lowers the performance of the turbine at part load. In an ammonia-water
power cycle the mass fraction of ammonia of the working mixture is changed instead
and the pressure and flow at the turbine nozzle can be kept at the design level. This
makes the degradation of the turbine performance less than for the Rankine steam
cycle. [Kalina and Leibowitz, 1986; Smith et al., 1996]

Ammonia and water have very similar molecular weights. This makes it possible
to follow the same practices for the aerodynamic design of the turbine in the
ammonia-water power cycle as for the conventional Rankine steam cycle. [Smith et
al., 1996]
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6 Discussion

The studies presented in this thesis show that ammonia-water power cycles are
most suitable for utilizing heat sources of low and moderate temperatures with large
temperature drops. The ammonia-water working fluid starts to boil at a lower
temperature than water. The low temperature heat in the process gas in the study
presented in Paper I and in the exhaust gas from the gas engine studied in Paper III
can therefore be used to a greater extent in the ammonia-water power cycles. In the
gas engine bottoming cycle application, the ammonia-water power cycles are also
able to use the low temperature heat in the charge air, jacket water and lubricating oil
more efficient than the Rankine cycle.

For power generation from industrial waste heat and from the gas engine exhaust
gas, the simpler configurations of the Kalina cycle also show good performance.
Even though the more complicated configurations show higher efficiencies, the
difference in performance may not be high enough to motivate the more complex and
more expensive design. It should be pointed out that power generation from
industrial waste heat is seldom economically favorable in Sweden today.

For direct-fired applications, more complicated configurations of the ammonia-
water power cycles are necessary to gain in performance compared to the conven-
tional Rankine steam cycles. The rather simple process presented in this thesis gives
less net power output than a normal cogeneration Rankine steam cycle. More
complicated designs have been shown to give higher efficiencies than conventional
steam cycles [Kalina, 1991b; Kalina and Pelletier, 1996]. Such complex configura-
tions are not reasonable for the rather small (80 MWfuel ) direct-fired cogeneration
plant studied in this thesis.

The studies presented in paper IV and VI show that the use of different
correlations for the thermodynamic properties of the mixture does not influence the
calculated overall performance of the process to any greater extent. The differences
in efficiency are not larger than 4 % corresponding to about 1.3-percentage points.
Högberg and Vamling [Högberg and Vamling, 1996] compared different equations
of states for the properties of refrigerants in simulations of heat pumps and they also
came to the conclusion that the use of different correlations has a minor influence on
the performance calculations. Enick et al [Enick et al., 1997] used a cubic equation of
state and the correlation presented by El-Sayed and Tribus [El-Sayed and Tribus,
1985a] for the ammonia-water mixture properties in a study of a direct-fired power
plant. They get an overall plant efficiency that is about 10 %, corresponding to
4 -percentage points, higher when the cubic equation of state is used compared to
when the correlations by El-Sayed and Tribus is used. Besides using different
correlations for the thermodynamic properties they have used slightly different
configurations of the process in the two simulations and it is difficult to estimate how
much this contribute to the difference in efficiency. Their conclusion is that the major
part of the difference is due to the use of different correlations for the properties. It
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should be observed that for all the correlations compared in paper IV and VI some
experimental data of the mixture have been used in the development of the
correlations while this has not been done for the cubic equation of state used by
Enick et al.

The thermodynamic properties are also important for the predictions of the heat
transfer areas in the power cycles. The study performed in Paper VII indicates that
the use of different correlations for the thermodynamic properties has a noticeable,
but not very large influence on the heat transfer area predictions. Stecco and Desideri
[Stecco and Desideri, 1991] compare the heat transfer area needed in a boiler when
an ammonia-water mixture and water is used as working fluid. The difference in area
is here about 50 %, that is, about 7 times higher than the differences of the total heat
exchanger area the use of different property correlations give in the study performed
in Paper VII. However, the difference in transferred heat is about 20 % in the first
study while it is only about 0.7 % in Paper VII.

To be able to accurately design the equipment in the cycle, correlations for the
transport properties of the ammonia-water mixture are also needed. The different
correlations used in the heat exchanger area predictions in Paper VII do not cause
any larger differences in the predicted areas. However, experimental data for the
transport properties are very scarce and therefore more experimental measurements
of these properties are necessary. The needs for thermodynamic and transport proper-
ties have been discussed in a workshop at the National Institute of Standards and
Technology [Friend and Haynes, 1997]. Among the conclusions of this workshop
was that better thermophysical property models are necessary to improve and
optimize the designs for ammonia-water power plants.

Another area of interest is the equations for the heat transfer processes. In many
of the heat exchangers present in power cycles with ammonia-water mixtures as
working fluid the heat source is evaporating mixture liquid and/or the heat sink is
condensing mixture vapor. In those processes the mass transfer can be of importance.
In Paper VII this has not been taken into account and equations for the heat transfer
processes valid for pure substances have been used. The conditions, according to
Dvoiris and Mirolli [Dvoiris and Mirolli, 1998], in which the mass transfer can be
neglected for the condensing process, are present in five of seven condensing heat
exchangers in the study presented in Paper VII. Convective evaporation, for which
Rohlin [Rohlin, 1996] says the degradation of the heat transfer coefficient for
mixtures is small, is present in the internal heat exchangers. The uncertainties for the
equations used to calculate the heat transfer coefficients are, however, said to be
about 20 % for pure substances. The use of different correlations for thermophysical
properties in Paper VII gives a difference in the heat transfer coefficients that, in
most cases, is lower than 10 % but in some cases is as large as 30 %. Therefore,
besides better methods to predict the thermophysical properties, a more thorough
study of the heat exchanger design and its heat transfer processes would be valuable
for more accurate heat exchange area predictions.

To be able to select experimental data for the development of the correlation for
thermodynamic properties for the ammonia-water mixture Tillner-Roth and Friend
made a survey of all the available measurements on the thermodynamic properties of
the mixture [Tillner-Roth and Friend, 1998a]. They conclude that the biggest
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deficiency in data can be found in the single-phase regions, especially for vapor, for
liquid above 147 °C and below –33 °C and for the mixture in the supercritical region.
Magee and Kawaga [Magee and Kawaga, 1998] measured the densities and specific
heat capacity at constant volume for mixtures in this region of deficiency of data for
mixtures with the ammonia mass fraction of about 0.7, 0.8 and 0.9. They compared
their measurements with the correlation by Tillner-Roth and Friend. The densities
show good agreement at temperatures up to 127 °C and in the supercritical region. In
the critical region the deviations are within 8 %. For the heat capacities the deviations
can be as high as 30 % in the critical and supercritical region but not higher than 5 %
at all other state conditions. However, they conclude that the agreement between the
calculations and the experimental data is good, considering that the correlations for
these properties are extrapolating above about 127 °C.

The mass fractions of ammonia of greatest interest for ammonia-water power
cycles are in the range 0.2-0.9. The vapor stream from the separator, however,
usually has a mass fraction of ammonia higher than 0.9. The temperature and
pressure ranges of interest are 10-650 °C and 0.1-20 MPa, respectively. The
properties of the mixture at the highest temperatures and pressures are needed for the
overall performance calculations and for dimensioning calculations of the boiler and
turbine. In most cases the conditions at the heat source side have the largest influence
on the heat transfer area predictions in the boiler. For the internal heat exchangers
and condensers/absorbers the properties of the ammonia-water mixture have a greater
influence on the heat exchanger area predictions. Here the temperatures are usually
below 150 °C for bottoming cycle and waste heat recovery applications, while they
can be up to about 450 °C in direct-fired applications.

Thomsen and Rasmussen [Thomsen and Rasmussen, 1999] present a
thermodynamic model for the ammonia-water mixture where the hydrolysis of
ammonia is taken into account. Their calculations show a maximum in the hydrolysis
at a mass fraction of ammonia near 0.4. They do point out, however, that no
experimental data for the hydrolysis are available to confirm their calculations. In the
temperature range between 40-100 °C, up to 10-15 % of the ammonia is hydrolyzed.
The heat of reaction could therefore have an influence on the enthalpy of mixing for
the ammonia-water mixture. Thomsen and Rasmussen propose that the influence of
the hydrolysis of ammonia can be the reason why other models, which do not take
this into account, have trouble describing experimental data of the caloric properties
for mass fractions of ammonia from about 0.3-0.7. Tillner-Roth and Friend [Tillner-
Roth and Friend, 1998a] do mention that higher systematic deviations occur around
mass fractions of ammonia of 0.4 between their correlation and experimental caloric
data, but they also point out that there is some inconsistency among the available
experimental data.
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7 Conclusions

Power cycles with ammonia-water mixtures as the working fluid are well suited
for utilization of waste heat from industry and from gas engines. The ammonia-water
power cycles can give up to 32 % more power in the industrial waste heat application
and up to 54 % more power in the gas engine bottoming cycle application compared
to a conventional Rankine steam cycle. Also, the simpler configurations of the
ammonia-water power cycles are able to generate considerably more power than the
simple Rankine steam cycle. However, ammonia-water power cycles in small direct-
fired biomass-fueled cogeneration plants do not show any better performance than a
conventional Rankine steam cycle.

A rough economic estimation of the gas engine bottoming cycles show that the
cost of the extra equipment needed for an ammonia-water power cycle may be
justified by the extra amount of power generated.

Most of the correlations for the thermodynamic properties of ammonia-water
mixtures available today have been developed for lower temperatures and lower pres-
sures than common in power cycles. When used in simulations of a simple Kalina
cycle, some correlations previously used in ammonia-water power cycle simulations,
give cycle efficiencies with a difference not larger than 3 %. In the comparison with
the new correlation presented by Tillner-Roth and Friend the difference in efficiency
is, at the most, about 4 %. The differences in saturation properties between the
correlations are, however, considerable at high pressures, high temperatures and high
mass fractions of ammonia. Even though the new correlation seems to be more
theoretically reasonable than the older 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
correlations should therefore be reasonable. However, it should be pointed out that
no, or very little, experimental data is available in the critical and supercritical region
of the ammonia-water mixtures and that the behavior of the mixture in this region is
therefore uncertain.

The use of different correlations for the thermophysical properties in the
simulation of a simple Kalina cycle causes a noticeable difference in the predicted
heat exchanger areas. The difference in the total heat exchanger area is about 7 %
when the calculated areas using the correlations for the thermodynamic properties by
Stecco and Desideri and Tillner-Roth and Friend are compared.  This area difference
would probably cause a difference in total equipment cost of less than 2 %.

The use of different correlations for the mixture transport properties does not
influence the total heat exchanger area more than 3 %.

Experimental data for transport properties for the ammonia-water mixture are
very scarce. More experimental data are necessary to determine the uncertainties of
the correlations for predicting the transport properties. At the National Institute of
Standards and Technology, Colorado, Boulder, USA there is an instrument for
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measurements of the viscosity of ammonia-water mixtures at temperatures and
pressures higher than measured before. Adjustments of the design, more studies of
the behavior of the instrument and maybe also adjustments of the theory behind the
method have to be made in order to accomplish measurements on the ammonia-water
mixture with acceptable accuracy.

The evaporation and condensation processes involving ammonia-water mixtures
is something else that is not fully described.
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10  Nomenclature

P power [MW]
Q heat flow [MW]

p pressure [MPa]
t temperature [°C]

η efficiency [%]
µ viscosity [Ns/m2]

Subscripts

I according to first law of thermodynamics
II according to second law of thermodynamics
DH district heating

el electricity
heq heat equivalent

Abbreviations

ABS absorber
CND condenser
DEA deaerator
ECO economizer
EVA evaporator
FPH feed preheater
FWH feed water heater
G generator
HT high pressure turbine
HXC heat exchanger
LT low pressure turbine
PH preheater
RHT reheater
SEP separator
SH superheater
TBN turbine
VAP vapor generator

b at the boiling point
d at the dew point
gc cold gas
gh hot gas
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11  Glossary

Absorber - The first condenser in the simple Kalina cycles. The stream from the
turbine and the low ammonia mass fraction stream from the separator are, in practice,
both mixed and condensed in the absorber. The ammonia vapor from the turbine is
absorbed into the liquid from the separator- hence the name absorber.

Absorption cycle - A cycle where water is evaporated at low pressure by a low
temperature heat source. The vapor is then absorbed in a binary mixture, giving off
heat of intermediate temperature. The binary mixture is restored by evaporation at
high temperature and pressure and the vapor generated is condensed, producing heat
at intermediate temperature. In refrigeration cycles the cooling effect of evaporation
at low pressure is used, while the heat production at intermediate heat is used in heat
pumps.

Ammonia-water power cycle - A power cycle using an ammonia-water mixture as
its working fluid.

Bottoming cycle - A power cycle using high-temperature energy from another power
cycle as its heat source, for example exhaust gas from a gas turbine.

Charge air - The combustion air charged to an internal combustion engine.

Cogeneration cycle - A cycle producing both power and heat.

Convective evaporation - For convective evaporation, bubble nucleation is fully
suppressed and heat is carried away from the wall by forced convection in the liquid
film to the liquid film -vapor interface where evaporation occurs.

Corresponding states methods – A method to predict properties of a fluid,
assuming that the intermolecular forces are related to the critical properties in a

universal way. If pressure, volume and temperature are related to the corresponding
critical properties, the function relating these parameters becomes the same for all
substances when the law of corresponding states is used.

Critical point - The highest temperature and pressure at which distinct liquid and
vapor phases of a fluid can coexist.

Cubic equation of state - An equation of state that contains volume terms raised to
the first, second or third power. The constants in the equation represent the attractive
and repulsive forces between the molecules.
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Glossary

Deaerator - The tank in which streams of different temperatures are combined to
form saturated water. The stream leaving the deaerator is the feedwater to the boiler.

District heating - Hot water is produced in a plant and pumped out in pipes,
providing heating and hot water to the subscribers. The hot water goes in a closed
circle and exchanges heat in district heating stations.

Drum - A pressure vessel whose primary function is to house equipment necessary
to separate vapor-liquid mixture into saturated vapor and saturated liquid.

Economizer - The last heat exchangers in the boiler where the flue gas exchanges
heat with the working fluid of the cycle. Usually the fluid has not started to boil.

Equation of state - An equation that describes the relationship between temperature,
pressure and volume (or density) for a fluid. For a mixture the composition is also a
variable.

Geothermal cycle - Power cycle that uses geothermal energy as its heat source. The
temperature is moderate.

Generalized equation of state - An equation of state on a form approximately valid
for all or a group of substances.

Gibbs excess energy - The difference in Gibbs free energy between a mixture and an
ideal solution.

Gibbs free energy - A thermodynamic function, defined as G=H-TS, where G is the
Gibbs free energy, H is the enthalpy, T is the temperature and S is the entropy. The
independent variables are the pressure and temperature.

Group contribution theory - A theory where a physical property of a fluid is
assumed to be the sum of contributions made by the functional groups of the
molecule.

Helmholtz free energy - A thermodynamic function defined as A=U-TS, where A is
the Helmoltz free energy, U is the internal energy, T is the temperature and S is the
entropy. The independent variables are the temperature and volume.

Hydrogen bonding - A bond between molecules arising from a hydrogen atom in
one molecule forming a bond to an atom with a lonely electron pair in another
molecule.

Jacket water - The water cooling an internal combustion engine.

Kalina cycle -An ammonia-water power cycle presented by Dr. Kalina.
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Leung-Griffiths model - A model for predicting vapor-liquid equilibrium based on
scaling law theory, a theory used for describing systems in the critical state.

Mixture Rankine cycle - A Rankine cycle that uses a mixture as its working fluid.
The composition of the mixture is constant throughout the cycle.

Nitriding - When nitrogen reacts with substances in the material and hard nitrides
are formed.

Non-azeotropic mixture - A mixture without an azeotropic composition. This means
that there is no composition of the mixture for which the mixture boils without
change in composition and temperature.

Perturbation theory - A theory where the free energy of the system is expressed as
a sum of energy of the intermolecular interactions. The function, called the
intermolecular potential function, is derived from a Taylor series expansion of the
free energy of the system about the known properties of a reference system, for
example the hard-sphere fluid.

Polynomial function – A function of the form, n
n

2
210 xaxa+xaa=f(x) +⋅⋅++ .

Rankine cycle - A steam turbine power cycle using water as its working fluid, one of
the most commonly used power cycles in the world.

Vapor quality – The mass fraction of vapor in a stream.

Virial equation of state - An equation of state where the relation between the
temperature, pressure and volume is expressed as a series. Successive higher terms in
the series represents interactions between successively more molecules.


