
STEAM

1. Introduction

Steam [7732-18-5], gaseous H2O, is the most important industrially used
vapor and, after water, the most common and important fluid used in chemical
technology. Steam can be generated by evaporation of water at subcritical
pressures, by heating water above the critical pressure, and by sublimation
of ice. Steam is used in electric power generation; for driving mechanical
devices; for distribution of heat; as a reaction medium; as a solvent; as a clean-
ing, blanketing, or smothering agent; and as a distillation aid. It is so widely
used because water is generally available and steam is easy to generate and
distribute. It has high latent heat, moderate density, and, except for thermal
characteristics, nonpolluting properties. Steam provides easy control of tem-
perature in processes and heating applications because the temperature is a
function of pressure, which is easy to control.

Steam is generated from water by boiling, flash evaporation, and throttling
from high-to-low pressure. The phase change occurs along the saturation line
such that the specific volume of steam is larger than that of the boiling water.
Thermal energy, ie, the heat of evaporation, is absorbed during the process. At
the critical and supercritical pressures, the water–steam distinction disappears,
and the fluid can go from water- to steam-like properties without an abrupt
change in density or enthalpy. The heat of evaporation under these conditions
becomes zero.

Properties of steam can be divided into thermodynamic, transport, physi-
cal, and chemical properties. In addition, the molecular structure and chemical
composition of steam are of interest. It was at the start of industrialization,
�1763, that thermodynamic relationships were first measured by Watt. A
century later, in 1859, Rankine published his Manual of the Steam Engine,
which gave a practical thermodynamic basis for the design and performance
of steam engines.

The thermodynamic and physical properties of pure steam are well
established over the range of pressures and temperatures used. The chemical
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properties of steam and of substances in steam, their molecular structures, and
interactions with the solid surfaces need to be more fully explored.

2. Physical Properties

2.1. Official Properties. The physical properties of steam have long
had considerable commercial importance. The expected efficiency of steam
turbines depends on them. The first steam tables for practical use were based
on Regnault’s data (1) and began to appear toward the end of the nineteenth
century. A thermodynamically consistent set of equations for fitting data was
devised in 1900 by H. L. Callendar and was adopted by Mollier and others.
The library of the United States National Institute of Standards and Tech-
nology (NIST) contains six different steam tables published between 1897
and 1915. The necessity of international property formulations was recognized
as early as 1929, when the First International Steam Table Conference was
held in London. As of this writing (2006), 14 international conferences on
the properties of steam have been held. In 1972, the International Association
for the Properties of Steam (IAPS) was formed. At the 12th International
Conference on Properties of Water and Steam (ICPWS), IAPS changed its
name to the International Association for Properties of Water and Steam
(IAPWS), an association of national committees that maintains the official
standard properties of steam and water for power cycle use. In the United States,
the national committee is sponsored by the American Society of Mechanical
Engineers (ASME).

IAPWS maintains two formulations of the properties of water and steam.
The first is an industrial formulation, the official properties for the calculation
of steam power plant cycles (2). This formulation is appropriate from 0 to
100 MPa (0 to 14504 psia) and from 0 to 8008C (32 to 14728F). In addition,
there is a region from 800 to 20008C (1472 to 36328F) and 0 to 10 MPa
(0 to 1450 psia), which is appropriate for use in combustion turbines. Because
there is considerable industrial cost in changing from one set of properties to
another, this formulation is revised every 25–30 years. This formulation is
used in the design of steam turbines and power cycles and in computerized
fluid dynamics. Millions of calls to the steam properties routines based on
this formulation may be made in a single design calculation, thus the compu-
tational speed of the industrial formulation remains a significant issue. The
IAPWS maintains a second formulation of the properties of water and
steam for scientific and general use from 0 MPa (extrapolating to ideal gas)
at 08C (0 psia at 328F) to the highest temperatures and pressures for which
reliable information is available. This latter formulation is revised as new
data become available. Because the normal use of this formulation is for
modest numbers of calculations, computational speed is not an issue. This
second formulation agrees with the industrial formulation within the toler-
ance of the industrial formulation. The general and scientific formulation is
made available in the United States by NIST (3). The IAPWS conducts a con-
ference every 4 years, and the official properties formulations and releases
as well as guidelines on other properties of steam and water have been
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published in the conference proceedings (4), but are now maintained on their
website (5).

2.2. Thermodynamic Properties. Ordinary water contains three
isotopes of hydrogen [1333-74-0], ie, 1H, 2H, and 3H, and three of oxygen
[7782-44-7], ie, 16O, 17O, and 18O. The bulk of water is composed of 1H and
16O. Tritium [15086-10-9], 3H, is present only in extremely minute concentra-
tions. The concentrations of deuterium [16873-17-9], 2H, 17O, and 18O in water
and steam are 0.015574(5), 0.03790(9), and 0.20004(5) atom percent, respectively
(6). The thermodynamic properties of heavy water (water with all hydrogens
replaced by deuterium, D2O) are subtly different from those of ordinary water.
The IAPWS has special formulations for heavy water. The properties given
herein are for ordinary water having the usual mix of isotopes.

Vapor Pressure. Vapor pressure is one of the most fundamental proper-
ties of steam. Figure 1 shows the vapor pressure as a function of temperature for
temperatures between the melting point of water and the critical point. This line
is called the saturation line. Liquid at the saturation line is called saturated
liquid; liquid below the saturation line is called subcooled. Similarly, steam at
the saturation line is saturated steam; steam at higher temperature is super-
heated. The properties of the liquid and vapor converge at the critical point,
such that at temperatures above the critical point, there is only one fluid.
Along the saturation line, the fraction of the fluid that is vapor is defined by
its quality, which ranges from 0 to 100% steam. When both steam and water
are present, the liquid phase in the steam is generally called ‘‘moisture’’ and
the steam ‘‘wet steam’’.

Density. The density of saturated water and steam is shown in Figure 2
as a function of temperature on the saturation line. As the temperature
approaches the critical point, the densities of the liquid and vapor phase
approach each other. This fact is crucial to boiler construction and steam purity
because the efficiency of separation of water from steam depends on the density
difference.
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Fig. 1. Vapor pressure of ordinary water, where (—) represents linear and (– – –) loga-
rithmic scale. To convert MPa to psi, multiply by 145.
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Internal Energy, Enthalpy, and Entropy. The enthalpies and internal
energies of steam and water on the saturation line are shown in Figure 3. Like
the density, these converge at the critical point. The entropy along the saturation
line is shown in Figure 4. Many plots of enthalpy, internal energy, and entropy
are possible, but the Mollier chart (Fig. 4) combines these in a useful way. Before
the advent of computer programs to generate values of properties, Mollier charts
printed in very large sizes allowed accurate reading of values for equipment
design. The heat capacity at constant pressure, Cp, defined as the derivative of
enthalpy with respect to temperature, is shown in Figure 5. The value of Cp

becomes very large in the vicinity of the critical point. The variation is much
smaller for the heat capacity at constant volume, Cv, also given in Figure 5.

Speed of Sound. The speed of sound (Fig. 6) is important to choking
phenomena, where the flow of steam is no longer simply related to the difference
in pressure.

2.3. Transport Properties. Viscosity, thermal conductivity, the speed
of sound, and various combinations of these with other properties are called
transport properties, which are important in engineering calculations. Thermal
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Fig. 2. Density on saturation line of (—) water and (– – –) steam, where (.) represents
the critical point.
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Fig. 3. Enthalpy (bolded line) and internal energy of (– – –) water and (—) steam. To
convert kJ to kcal, divide by 4.184.
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conductivity (Fig. 7) is important to the design of heat-transfer apparatus. The
viscosity, which is the resistance to flow under pressure, is shown in Figure 8.
The sharp declines evident in each of these properties occur at the transition
from liquid to gas phase, ie, from water to steam. When new formulations of
the transport properties, in process at the time of writing are available, they
may be found on the IAPWS website (5).

2.4. Miscellaneous Properties. Surface Tension. The surface ten-
sion between water and steam is shown in Figure 9.

Dielectric Constant. The dielectric constant, a physical property having
great importance to the chemical properties of hot water and steam, is shown
as a function of temperature in Figure 10. Along the saturation line, the steam
and water values converge at the critical point. The ability of water to dissolve
salts results from the high dielectric constant. The precipitous drop in water
dielectric constant in the region of the critical point is very important to the solu-
bility of salts in water near the critical temperature. Many salts exhibit declining
solubilities as the critical temperature is approached, and then exceeded. The
drop in dielectric constant is largely a result of the decline in density. The dielec-
tric constant on the 1-kg/dm3 isochore, ie, the density at 258C, declines with the
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increase in temperature, but not as much as does the dielectric constant on the
saturation line. The isochore does not show the sharp drop at the critical
temperature.

Ion Product. The ion product of water is the product of the molality of the
hydrogen and hydroxide ions, Kw ¼ mHþmOH� . Its temperature variation is
shown in Figure 11. The ion product increases with temperature to 2508C, and
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Fig. 7. Thermal conductivity of water and steam as a function of temperature. Values
given correspond to pressures in MPa. To convert MPa to psi, multiply by 145.
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then declines. The initial increase is the temperature effect, and the later
decline is due to the decline in the dielectric constant of water. This variation
means that neutral pH, which is the square root of the ion product, varies
with temperature.

3. Chemical Properties

3.1. Molecular Nature of Steam. The molecular structure of steam is
not as well known as that of ice or water. During the water–steam phase change,
rotation of molecules and vibration of atoms within the water molecules do not
change considerably, but translational movement increases, accounting for the
volume increase when water is evaporated at subcritical pressures. There are
indications that even in the steam phase some H2O molecules are associated
in small clusters of two or more molecules (7). Values for the dimerization
enthalpy and entropy of water have been determined from measurements of
the pressure dependence of the thermal conductivity of water vapor at 358–
386 K (85–1138C, 185–2358F) and 13.3–133.3 kPa (100–1000 Torr, 1.9–19.3
psia). These measurements yield the estimated upper limits of equilibrium con-
stants, Kn, for cluster formation in steam, where n is the number of molecules
in a cluster.

3.2. Solvent. The solvent properties of water and steam are a conse-
quence of the dielectric constant. At 258C, the dielectric constant of water is
78.4, which enables ready dissolution of salts. As the temperature increases,
the dielectric constant decreases. At the critical point, the dielectric constant is
only 5.4, which is similar to the dielectric constants of many organic compounds
at 258C. The solubility of many salts declines at high temperatures. As a conse-
quence, steam is a poor solvent for salts. However, at the critical point and above,
water is a good solvent for organic molecules.

Solubility of Salts in Steam. Although the solubility of salts in steam is
small, it has great significance to corrosion of steam system components, parti-
cularly steam turbines. Much of this information, also of interest to geochemists
and cosmochemists, is published in geochemistry journals, such as Geochimica
et Cosmochimica Acta. Most of the available work has been collected by Harvey
and Bellows (8). In recent years, there has been considerable investigation of the
equilibrium distribution of salts across the vapor–liquid phase boundary (9–12).
Historically, this work was entirely for single solute systems. For many solutes,
the distribution ratio in dilute solutions can be described by equation 1:

log D ¼ m logðrv=rlÞ ð1Þ

n Kn, kPa�(n�1)

3 1.9� 10�8

4 5.8� 10�11

5 3.8� 10�12

6 2.8� 10�15
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where D ¼ cv=cl, the ratio of the concentration of solute in the vapor phase, cv, to
the concentration of solute in the liquid phase, cl; rv is the density of the vapor;
rl, the density of the liquid; and m, a coefficient, which has been related to a coor-
dination number (13). In careful work, the change in the critical point pressure
and temperature with concentration of dissolved species must be considered.
The Ray diagram (Fig. 12) shows the distribution of solutes as a function of
density ratio for various metal oxides, salts, and silica (13,14). The slopes in
Figure 12 are the m values for the distribution equation (eq. 1). At the critical
point, the distribution ratio is 1. As the density ratio declines, the distribution
ratio declines. The data were collected at relatively high concentrations and
for pure materials only. Dissociation and common ion effects in the liquid
phase are not included in this treatment, so the reliability of Figure 12 at values
of rl/rv > 10 is questionable. When the system contains more than one solute, the

c v
 /c

l

10–0

10–1

10–2

10–3

10–4

10–5

10–6

10–7

12

32
00

31
00

30
00

28
00

26
00

24
00

22
00

20
00

16
00

14
00

12
00

10
00

60
0

40
0

20
0

10080604030201086432

346810
Drum pressure, MPa

Drum pressure, psi

�e  �v

1216202122

Fe3O4

NiO

CoO

CuO
SiO

2

BeO

M
gO

LiCl
N

aO
HN

a
3 P

O
4

N
a

2 H
P

O
4

C
aC

l2

Na
2SO

4 

C
aS

O
4

N
aC

l

B
2O

3

Al2O
3

Fig. 12. Ray diagram of distribution coefficients of salts and metal oxide impurities in
steam (14). To convert MPa to psi, multiply by 145.

210 STEAM Vol. 23



distribution cannot be represented so simply, as common ion effects occur. Only a
few such systems have been studied.

Ammonium Chloride. Work on the distribution of ammonium chloride
[12125-02-9] between the vapor and liquid phases (15) suggests that the Ray dia-
gram is sometimes an oversimplification. In most steam systems, there is much
more ammonia than any other impurity. In particular, there is more ammonia
than hydrogen chloride. The volatility of ammonium chloride is therefore
expressed by the following chemical equation:

NHþ
4 ðaqÞ þ Cl�ðaqÞ!NH4Cl ðgÞ K ¼ a ðNH4ClÞ=a ðNHþ

4 Þa ðCl�Þ

where a is the activity of the species in the parentheses. The distribution coeffi-
cient for ammonium chloride is shown in Figure 13 for equation 2:

log K ¼ �20:24 þ 18207=T � 10:48 logðrl=rvÞ ð2Þ

where T is in K and the densities are of pure water or steam. Investigations of
sodium salts at low concentrations suggest that similar treatments may be
required for most species (10,15,16).
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Metal Oxides and Hydroxides. The metal oxides tend to have very low
solubilities at the critical point, evidenced by the small slope in Figure 12. For
the most part, these oxides may be considered as solid suspensions. Copper oxi-
des and alumina under some conditions are exceptions to this rule. Solubilities of
the metal oxides are available (17,18). Cupric hydroxide has a distribution ratio
near unity from the critical point to at least 1.62 MPa or 2028C (234 psia or
3968F) (10). Although its solublity in liquid water is not particularly high, it is
believed to be the primary species by which copper is transported from the boiler
to the steam turbine.

Sodium Chloride. Sodium chloride, a corrodent of many materials, is
the archetype contaminant and has been studied more than other salts. The solu-
bility of sodium chloride in superheated steam is shown at the conditions of a
typical steam turbine expansion in Figure 14. The solubilities were measured
in the region of higher solubility. As the steam expands, sodium chloride becomes
considerably less soluble. The solubility, Xs, as mole fraction can be represented
by equation 3 (8).

ln ðXsÞ ¼ �7:928 � 4852:47=T þ ð4:49961 � 0:0013=TÞ ln r� ln P ð3Þ

where r is the molar density of steam in mol/L, T is the temperature in K, and P
is the pressure in MPa. There is a combined effect of decreasing density and
decreasing temperature.

Silica. Silica is not actually a corrodent of turbines. However, it can
deposit on and cause blocking of turbine passages, thus reducing turbine
capacity and efficiency. As little as 76 mm (3 mils) of deposit can cause mea-
surable loss in turbine efficiency. Severe deposition can also cause imbalance
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of the turbine and vibration. The solubility in steam and water is shown in
Figure 15, as is a typical steam turbine expansion. Silica is rarely a problem except
in low pressure turbines unless the concentrations are extraordinarily high.
However, if a turbine is frequently started, and the silica in the steam is high at
startup, deposits can develop at the low pressure end of the high pressure turbine.

Moderately Volatile Materials. For moderately volatile materials, such as
the amines commonly used in feedwater and boiler water chemical treatment,
the distribution ratios vary from 0.1 to 30; for gases, the ratios are much higher.
The distribution ratios of amines and organic acids are generally temperature
dependent. The distribution ratios for ammonia [7664-41-7], morpholine [110-
91-8], and acetic acid [64-19-7] are shown in Figure 16 as examples.

Gases. At low temperatures and pressures, most gases are relatively
insoluble in water and tend to appear in the steam phase. Only those gases
that ionize to some extent violate this rule. However, as the temperature
approaches the critical point of water, the solubility of gases increases. The
IAPWS maintains a Guideline on the Henry’s Constant and Vapor–Liquid Dis-
tribution for some common gases (5).

3.3. Reactant. Steam can behave as an oxidant. The partial pressure of
oxygen generated by the dissociation of steam into hydrogen and oxygen is
shown in Figure 17.

Steam reacts with salts so that the salts dissociate into the respective
hydroxide and acid. For sodium salts, the sodium hydroxide is largely in a
liquid solution and the acid is volatile. Figure 18 shows the concentration of
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hydrochloric acid [7647-01-0], HCl, in steam due to hydrolysis of sodium
chloride. Although the amount is not large, it can be measured.

4. Generation

4.1. Equipment. Simplified Cycle. A simplified conventional fossil
steam cycle appears in Figure 19. Here, ‘‘conventional’’ is used to denote a boiler
and turbine cycle, as opposed to, eg, a combined cycle, which is also fossil fueled.
The water accumulates in the bottom of the condenser, called the hotwell. It goes
through a feed pump to pressurize it. The pressurized water passes through
one or more feedwater heaters, which raise the temperature. The water
then enters the boiler where heat from the fuel converts it to steam. The
steam expands through the engine, usually a turbine, which extracts work. In
the middle of the turbine, some of the steam is extracted to supply heat to the
feedwater heater. The remainder expands through the turbine and is condensed.
The rejected heat is carried away by the condenser coolant, which is usually
water, but sometimes air. The condensed steam then returns to the hotwell to
repeat the cycle.

Steam Generators or Boilers. Steam is produced in a boiler or steam gen-
erator. The term steam generator is used when the heat source is nuclear power
and is often used for fossil-fired boilers, particularly supercritical once-through
units, where the fluid changes gradually from liquid- to vapor-like properties
without a distinct change of phase. Boilers using hot gas as a heat source are
generally called heat recovery steam generators (HRSGs). The design (21,22)
of steam generators and boilers is complicated and is treated herein in an
overview.
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Fig. 19. Schematic of a simplified steam (S) cycle (21).
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In fossil-fuel-fired boilers, there are two regions defined by the mode
of heat transfer. Fuel is burned in the furnace or radiant section of the
boiler. The walls of this section of the boiler are constructed of vertical, or
near vertical, tubes in which water is boiled. Heat is transferred radiatively
from the fire to the waterwall of the boiler. When the hot gas leaves the
radiant section of the boiler, it goes to the convective section. In the convective
section, heat is transferred to tubes in the gas path. Superheating and
reheating are in the convective section of the boiler. The economizer, which
can be considered as a gas-heated feedwater heater, is the last element in the
convective zone of the boiler.

Recirculating or Drum Boilers. There are two basic types of boilers:
recirculating and once-through. The difference between the boiler types is the
manner in which heat is absorbed from the fuel to generate steam. In a recircu-
lating boiler, shown schematically in Figure 20, water enters the boiler at the
bottom of the waterwall. Approximately 25–33% of the water boils by the time
it reaches the top of the waterwall. In the steam drum, the steam is separated
from the remaining water. The mixture of steam and water passes through
steam-separating devices, eg, baffles, cyclones, or corrugated plates, where the
direction of flow changes rapidly. Steam follows the change in direction but
water hits the metal and is drained away. The efficiency of this process depends
on the density difference between the steam and the water. With increasing
pressure, the density difference decreases, and the efficiency of the separation
also decreases. The steam goes to the superheater, and then to the turbine or
process. The water separated from the steam is recirculated to the bottom of the
boiler. The water flow in a recirculating boiler may be either convective or
forced. Convective flow relies on the difference in the average densities of the
water in the downcomer and the water and steam in the waterwall. In forced
circulation, the natural circulation is aided by a pump. Because the steam is
separated from the water, nonvolatile impurities, usually solids, concentrate
in the water. A small portion of the water, usually 2% or less, is removed

Superheater

Drum

Down-
comer

Water-
wall

Fig. 20. Schematic of a simplified fossil-fuel-fired recirculating steam generator.
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(blown down) to reduce these impurities. Blowdown is a dilution process because
the concentration of the impurities in the makeup water is lower than in the
boiler water.

Once-Through Steam Generators. In a once-through system the feed-
water enters the steam generator at the bottom of the waterwall and passes
out of the boiler through the superheater. Most once-through steam generators
are supercritical [>23 MPa (3300 psia)]. Once-through steam generators require
extremely pure feedwater, because no purification of the water occurs in the
boiler. Subcritical once-through boilers require the same high-purity feedwater,
but do not provide as high efficiency as the supercritical unit.

Nuclear Steam Generators. There are three basic types of nuclear heat
sources. Most common are pressurized water reactors having steam generators
(Fig. 21). In this system, the nuclear reactor heats water in a high pressure loop,
typically 14.1–17.2 MPa (2045–2495 psia). The water is circulated through tubes
in a steam generator. On the outside of the tubes, water is boiled to steam, which
goes to the steam turbine. In recirculating steam generators, the steam is satu-
rated. In once-through steam generators, the steam has �288C (508F) superheat.
In boiling-water reactors, the second type, the nuclear heat is used to boil the
feedwater directly. In gas-cooled reactors, the third type, the gas takes the
same role as the pressurized water in a pressurized-water reactor (PWR) and
transfers the heat to the steam generator. Typical nuclear turbine inlet condi-
tions range from 5.0 to 7.3 MPa (725–1059 psia) at saturation temperatures of
264–2898C (507–5528F) and �0.25% moisture.

Steam generator

Feedwater

Pressurizer

Reactor coolant pump

Reactor

Inconel
tubing

Main steam

Fig. 21. Schematic of a pressurized-water-loop reactor coolant system.
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Heat Recovery Steam Generators. Heat recovery steam generators
(HRSGs), a special class of boilers where essentially all heat transfer takes
place convectively, are used to extract energy from hot gas streams. One of
the principal uses is extraction of heat from the exhaust gases of a combustion
turbine. Turbine exhaust gas typically exceeds 5408C (10048F) and may be as
high as 6218C (11508F). Careful design of the HRSG allows the gas leaving
the HRSG to approach the feedwater temperature within 288C (508F). High
heat-transfer rates in modern HRSGs are assisted by finned tubing. The
HRSGs may have horizontal gas path with vertical tubing or vertical gas
path with horizontal tubing. The horizontal gas path design requires more
land area, but the vertical gas path design is more prone to problems with
liquid and vapor distribution in the tubes leading to corrosion, poor heat trans-
fer, and leaks. Most HRSGs are recirculating boilers, but some once-through
HRSGs have been built.

Feedwater Heaters. Feedwater heaters use steam from the turbine to
preheat the feedwater before it reaches the boiler. Feedwater heaters increase
efficiency of steam cycles because heat comes from a source having a lower
temperature than the fire in the boiler. Although feedwater heaters may be
either shell and tube or direct contact, most are of shell-and-tube construction.
Water flows through the inside of the tubes. Steam is admitted to the shell
where it condenses, warming the water inside the tubes. The steam entering
the feedwater heater first passes over the tubes containing the water that is
about to leave the heater, then to tubes containing the cooler water entering
the heater. The condensed steam is collected in a drain, which is either cas-
caded to a lower temperature feedwater heater or collected and pumped for-
ward into the main feedwater stream. In a direct-contact or deaerating
heater, the water is sprayed through a steam space and flows down trays in
thin layers. Steam is admitted at the bottom and flows upward countercurrent
to the water. Dissolved gases are removed from the water in direct-contact hea-
ters and must be vented.

Condenser. Water-cooled condensers are constructed of tubes between
tubesheets (Fig. 22). Cooling water is pumped from the source into the inlet
waterbox, through the tubes, and through the outlet waterbox. Tight joints
between the tubes and tubesheet are necessary to prevent ingress of the cooling
water. Total cooling water leakage as small as 4 L/day of fresh water can produce
unacceptable impurity concentrations in feedwater for nuclear steam generators.
Careful selection of condenser materials is required for long-term reliability.
Double tubesheets having condensate between the two sheets are a method of
reducing the likelihood of cooling water leaks. The cooling water may be
drawn from lakes or rivers or may be recirculated from cooling towers. Cooling
water chemistry is complex due to precipitation and microbiological considera-
tions. It is treated in handbooks by water treatment chemical vendors (23–25).

Air-cooled condensers are used more frequently as cooling water sources
are being exhausted. Air-cooled condensers consist of large numbers of finned
tubes. Air is forced past the outside of the tubes and the steam condenses on
the inside. Cooling water leakage is not a problem when air-cooled condensers
are used, but air in-leakage can be a bigger problem than for water-cooled
condensers.
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4.2. Water Chemistry in Steam-Generating Systems. Specifications.
Steam Purity. The usual function of steam purity limits is to protect
the turbine or other steam user from deposition and subsequent corrosion. In
systems where the steam is used for chemical processes, the specific process
may create additional requirements for steam purity. For example, in food pro-
cessing, regulations may limit or prohibit hydrazine in the steam, so ascorbic
acid or sodium sulfite must be used as an oxygen scavenger. When steam is
sent to processes and returned as condensate, it may be necessary to add pH
control agents to the steam to control corrosion at various points in the process
and condensate return system. Table 1 gives typical steam purity recommen-
dations for steam turbine protection. In addition to the normal limits, most
vendors have time-limited excursion ranges, which provide tolerance for
upset conditions and the higher impurity concentrations commonly found on

Vaned steam dome

Manway

Waterbox

Bolted-on tubesheets
with serrated tube holes

Modular
construction

Rolled tube ends
with flared inlets

Sliding support feet

Antivortex baffles on
condensate outlets

Cascading
air cooler

ASTM A285 GrC shell

Rubber-belt steam inlet
expansion joints

Fig. 22. Schematic of a condenser.

Table 1. Steam Purity Recommendations

Parameter Normal operation Typical shutdown limit

conductivity, mS/cm

hydrogen cation exchanged �0.2 1.0
sodium, mg/kg 1–10 50
silica, mg/kg 10–20 50
iron, mg/kg 20
copper, mg/kg 2
chloride 3–10
sulfate 3–6
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the startup of a boiler system. The recommendations are derived from a blend
of theoretical considerations of solubility of salts in steam, practical limits on
water purity, and experience with what has proved successful. It has recently
been shown that the rate of deposition of impurities from steam is an important
aspect of the process (26). The development of steam purity limits is available
(27,28).

Boiler Water. The steam purity limits define boiler-water limits because
the steam cannot be purified once it leaves the boiler. For a once-through boiler,
the boiler water must have the same specifications as the steam. A recirculating
boiler is a still, and there can be considerable purification of the steam as it
boils and is separated from the water in the steam drum. The process of separa-
tion is not perfect, however, and some water is entrained in the steam. This
water, called mechanical carryover, contains impurities in the same propor-
tions as the boiler water, and its contribution to steam impurity is in those
proportions. Typical mechanical carryover is <0.25% and often <0.1%, but
operating conditions in the boiler can affect the mechanical carryover. In addi-
tion to mechanical carryover, chemicals can be carried into the steam due to
solubility. This is called vaporous carryover. Total carryover is the sum of
mechanical and vaporous carryover. The boiler-water specification must be
such that the total carryover conforms to the steam purity requirements. For
salts, eg, sodium phosphate and sodium chloride, vaporous carryover is not a
significant problem below �15 MPa (150 bar, 2176 psia). As boiler pressures
approach the critical point, vaporous carryover increases rapidly. Above 15
MPa, boiler solids concentrations must be carefully controlled to minimize
vaporous carryover. Most boilers operating over 18 MPa (180 bar, 2611 psia)
use all volatile treatment to prevent deposition of salts in turbines. Boiler-
water limits for utility boilers are listed in Table 2. Recommendations from
American Boiler Manufacturers’ Association (ABMA) for boiler-water limits
for drum-type boilers and associated steam purity for watertube boilers are
listed in Table 3.

In addition to the requirement to conform to steam purity needs, there are
concerns that the boiler water neither corrode the boiler tubes nor produce
deposits, known as scale, on these tubes. The boiler water pH is an important
parameter, both in the bulk water and under deposits, where the pH adjacent
to the metal may be considerably different from the bulk water pH. If deposits
and contaminants are reasonably well controlled, then the bulk water pH is a

Table 2. Boiler-Water Limits for Utility Boilera,b

Elements, ppm
All-volatile
treatment Phosphate

sodium 0.7 1.7
chloride 0.28 0.9
sulfate 0.28 1.6
silica 13 13
phosphate 2.2

aAt 17.2 MPa (2500 psi).
bRef. 27.
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good estimate of the pH of the water adjacent to the metal. Three important
components of boiler tube scale are iron oxides, copper oxides, and calcium
salts, particularly calcium carbonate [471-34-1]. Calcium carbonate in the feed-
water tends to produce a hard, tenacious deposit. Sodium phosphate is often
added to the water of recirculating boilers to change the precipitate from calcium
carbonate to calcium phosphate and control the pH.

Feedwater. The feedwater for a steam cycle must be purified. The degree
of purity depends on the pressure of the boiler. Higher pressure boilers require
higher feedwater purity. There is some trade-off between feedwater purity and
boiler blowdown rate. However, increasing blowdown rate to compensate for
lower feedwater purity is expensive, because blowdown water has been heated
to the saturation temperature. Typical feedwater specifications for utility
boilers are given in Table 4. To some extent turbine steam purity requirements
determine the feedwater purity requirements. The boiler-water silica required
to maintain adequate steam purity for higher pressure steam turbines is con-
siderably less than the boiler could tolerate if deposition in the boiler were the
only issue.

Makeup. Makeup water is the water supplied to replenish the steam sys-
tem for any losses. In most systems, it is introduced into the condenser or the
feed pump suction. In steam systems where the makeup is a small fraction of
the total feedwater, its purity may be somewhat lower than the feedwater
requirement because it is diluted by condensate. In systems where there is little
condensate return, such as heating steam supplies, the makeup purity must be
essentially the same as the feedwater.

Table 3. ABMA Recommended Boiler-Water Limitsa

Boiler-water limits, ppm Steam limits, ppm

Drum
pressure, MPab

Total dissolved
solidsc

Total
alkalinity

Suspended
solidsc

Expected total
dissolved solidsc,d

Drum boilers

0.1–2.2 700–3500 140–170 15 0.2–1.0
2.2–3.2 600–3000 120–600 10 0.2–1.0
3.2–4.2 500–2500 100–500 8 0.2–1.0
4.2–5.3 400–2000 80–400 6 0.2–1.0
5.3–6.3 300–1500 60–300 4 0.2–1.0
6.3–7.0 250–1250 50–250 2 0.2–1.0
7.0–12.5 100 e 1 0.1
12.5–16.3 50 f 0.1
16.3–18 25 f 0.05
18.0–20.1 15 f 0.05

Once-through boilers

�9.8 0.05 f f 0.05

aRef. 29.
bTo convert MPa to psi, multiply by 145.
cValues are maximum.
dValues are exclusive of silica.
eDictated by boiler-water treatment.
fNot applicable.
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Water Treatment. Water and steam chemistry must be rigorously con-
trolled to prevent deposition of impurities and corrosion of the steam cycle.
Deposition on boiler tubing walls reduces heat transfer and can lead to overheat-
ing, creep, and eventual failure. Additionally, corrosion can develop under the
deposits and lead to failure. If steam is used for chemical processes or as a
heat-transfer medium for food and pharmaceutical preparation, there are limita-
tions on the additives that may be used. Steam purity requirements set the
allowable impurity concentrations for the rest of most cycles. Once contaminants
enter the steam, there is no practical way to remove them. Thus all purification
must be carried out in the boiler or preboiler part of the cycle. The principal
exception is in the case of nuclear steam generators, which require very pure
water. These tend to provide steam that is considerably lower in most impurities
than the turbine requires. A variety of water treatments are summarized in
Table 5. Although the subtleties of water treatment in steam systems are beyond
the scope of this article, uses of various additives may be summarized as in
Table 6.

Reducing Chemistry. Most steam systems are maintained in a reducing
state to avoid oxidation of the steel piping and other components. Oxidation is
further suppressed by raising the pH, which is commonly controlled by using
ammonia, although amines, eg, morpholine, cyclohexylamine, ethanolamine,
and dimethylamine, are also used. Amines are not generally employed for sys-
tems having superheat temperatures �5388C (10008F) because these tend to
decompose to organic acids, which can be corrosive. Most feedwater is treated
with hydrazine to reduce the oxygen concentration to the 1–5 mg/kg (ppb)
range. Carbohydrazide, hydroquinone, and methylethylketoxime are also used
as oxygen scavengers. In plants where the steam may be in contact with food,
sodium sulfite, ascorbic acid, or erythorbic acid is commonly used as an oxygen
scavenger due to lower or minimal toxicity.

Feedwater treatment is designed to protect the feedwater system and, to
some extent, the boiler. Most systems contain carbon steel piping. Carbon steel
corrosion (Fig. 23a) is considerably slower at a pH between 9.0 and 11.0. In all-
ferrous feedwater systems, the preferred pH range is therefore 9.2–9.6, although

Table 4. Utility Feedwater Specifications for Normal Operationa

Reducing chemistry Oxidizing chemistry

Parameter
Recirculating

boiler
Once-through

boiler
Once-through

boiler

pH

all-ferrous metallurgy 9.0–9.6 9.0–9.6 8.0–8.5
mixed Fe�Cu
metallurgy

8.8–9.3 8.8–9.3

cation-exchanged �0.2 �0.2 �0.15
conductivity, mS/cm

iron, ppb �10 �10 �5
copper, ppb �2 �2
oxygen, ppb �5 �5 50–150

aRefs. 27 and 30.
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Table 5. Water Treatment Schemes

Characteristics

Program Favorable Unfavorable

phosphate
conventional,
Na3PO4 (þNaOH)

hardness salts converted
to a form readily
removed by bottom
blowdown; relatively
high levels of
suspended solids
successfully controlled;
acids neutralized;
surface passivation by
PO3�

4

high pressure boilers cannot
tolerate intentional
formation of boiler sludge;
required alkalinity levels are
too high for operation >10.4
MPa (1500 psig); oil or
organic contamination
produces highly adherent
deposit; possible
under-deposit corrosion by
NaOH

coordinated, [Na] :
[PO4]< 3

caustic corrosion may be
eliminated; deposit
form makes for easy
removal; produces low
solids levels and high
steam purity; acids
neutralized; surface
passivation by PO3�

4

in boilers containing deposits,
chemical interaction of iron
and phosphate can lead to
caustic corrosion; at very low
[Na]:[PO4] molar ratios
(<2.l), corrosion by
phosphoric acid possible

congruent, 2.6<
[Na] : [PO4] < 2.8

caustic and acid
corrosion eliminated;
deposit form makes for
easy removal; produces
low solids levels and
high steam purity;
acids neutralized;
surface passivation
by PO3�

4

control of the [Na]:[PO4] molar
ratio may be difficult;
continuous feed and
blowdown may be required

NaOH or LiOH acid neutralization can cause rapid corrosion when
concentrated in high quality
regions or under deposits;
vaporous carryover in steam
at higher pressures; difficult
to analyze

chelates, ethylenedia-
minetetraacetic
acid (EDTA),
nitrilotriacetic
acid (NTA)

optimum heat-transfer
and boiler efficiency
obtained under good
feedwater-quality
conditions; elimination
of boiler sludge prevents
formation of adherent
deposits involving oil/
organics

inability to analyze free
chelant residual accurately
can lead to overfeed and s
ubsequent corrosion,a does
not complex iron or copper
under normal boiler-water
pH conditions; presence of
oxygen in boiler water can
cause dechelation and
excessive corrosion;
limited to lower pressure
boilers (see text)
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Table 5. (Continued)

Characteristics

Program Favorable Unfavorable

all-volatileb near-zero solids in boiler
water and high purity
steam realized under
ideal feedwater
conditions; having
some corrosion
protection; no
carryover of solids; no
surface concentration;
condenser leakage
detection by sodium
measurement; boiler
deposition of corrosion
products easy to
remove by chemical
cleaning

feedwater contamination may
exceed inhibiting ability of
volatile fed, leading to boiler
corrosion; introduction of
contaminants into
feedwater produces deposits
they may be hard to remove;
marginal acid neutralization,
particularly when using
ammonia in wet steam
regions; interference with
condensate polishing;
corrosion of copper alloys by
ammonia and oxygen;
organic acid decomposition
products of organic amines

oxygenated treatment no interference of
additives with
condensate polishing;
low corrosion rates of
ferritic steels

requires extremely low
concentrations of impurities
in feedwater; no corrosion
protection in case of an
upset; corrosion of copper
alloys; precise control required

aCondition is heightened when treatment is applied to deposit-bearing boiler.
bSuch as, ammonia, morpholine, cyclohexylamine, and ethanolamine (ETA).

Table 6. Water Treatment Additives

Additive Effect

sodium orthophosphate pH control; hardness precipitation
sodium hydroxide, lithium hydroxide pH control (acid neutralization)
neutralizing volatile amines (ammonia,

morpholine, cyclohexylamine,
diethanolamine, ethanolamine, etc)

pH control of feedwater and boiler water,
possibly steam condensate

hydrazine oxygen scavenging
sodium sulfite oxygen scavenging
sludge conditioners dispersion of sludge for easy removal by

blowdown in drum boilers, inhibiting of
scale formation

synthetic sulfonated polymer, <6.9 MPa (1000 psi)
synthetic carboxylated polymer,
polyacrylic acid
carboxymethyl cellulose,
organophosphonate

<4.1 MPa (600 psi)

lignin <2.1 MPa (300 psi)
oxygen or hydrogen peroxide improve surface passivation in all-ferrous

high purity water systems
filming amines (octadecylamine and some

of its salts)
surface protection against condensate

corrosion
antifoams (polyglycols, polyamides) reduce foaming and carryover in boilers
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some systems are operated at a pH as high as 10. In systems where copper alloys
are present, high concentrations of ammonia accelerate corrosion of the copper
alloys. In those systems, the preferred pH is 8.8–9.2. There is a trend away
from copper and copper alloys in the design of new steam generating systems.

For once-through boilers, the treatment must be without solid residues, so
all-volatile treatment [AVT or AVT(R), where R indicates reducing] is used. The
AVT, which is also used in some drum boiler systems, relies on the feedwater
chemical additives, ammonia and hydrazine, to provide water appropriate to
the boiler. Because the additives are volatile, they do not accumulate in the boiler
and provide only minimal protection during contaminant ingress. Most plants
using AVT have some form of condensate polisher to remove impurities from
the condensate.

Boiler tubes are susceptible to corrosion due to contaminant ingress. Con-
trolling the pH of the boiler water by judicious addition of low volatility pH con-
trol agents (eg, trisodium phosphate) can reduce corrosion. Figure 23b shows the
rate of carbon steel corrosion as a function of pH at boiler conditions. If feedwater
impurities or faulty chemical additions cause the boiler pH to move outside the
acceptable range, corrosion can be rapid and boiler tube failure may occur in a
matter of hours. If the boiler does not fail immediately, it can also be damaged
by hydrogen embrittlement, which makes it subject to failures during thermal
transients, eg, startup.

In drum boilers, sodium hydroxide (caustic), sodium phosphate, or both may
be added for pH and scale control. Sodium hydroxide is used more in Europe than
in the United States, where sodium phosphate treatment is usually preferred. In
boilers operating >4 MPa (580 psia), caustic concentrations must be carefully
controlled to prevent highly corrosive deposits from forming. In the lowest pres-
sure boilers, phosphate treatment may be used to compensate for lower purity
feedwater. As the boiler pressure increases, the allowable phosphate concentra-
tion decreases, and at 16.5 MPa (2400 psia) or above, equilibrium phosphate
treatment may be used. In this treatment, caustic is added to a low phosphate
concentration in the boiler to maintain the proper pH (33).

In lower pressure boilers, a variety of additional treatments may be appro-
priate, particularly if the steam is used in chemical process or other nonturbine
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Fig. 23. Corrosion rates of carbon steel as a function of pH of (a) the feedwater (31) and
(b) boiler conditions (32).
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application. Chelants and sludge conditioners are employed to condition scale
and enable the use of feedwater with a higher impurity content. When the
drum pressure is less than 7 MPa (1015 psia), sodium sulfite may be added
directly to the boiler water as an oxygen scavenger. It has minimal effect on
the oxygen concentration in the system before the boiler.

The selection of boiler-water treatment is also dependent on the type of cool-
ing water. When cooling water reaches the boiler, various compounds precipitate
before others. For example, seawater contains considerable magnesium chloride.
When the magnesium precipitates as the hydroxide, hydrochloric acid remains.
In some lake waters, calcium carbonate is a significant impurity. When it reaches
the boiler, carbon dioxide is driven off in the steam and calcium hydroxide is
formed. If the cooling water tends to form acid in the boiler, either caustic or
phosphate may be added to counteract the effect. When the cooling water
tends to form base, only phosphate treatment is appropriate. Many drum boilers
that are operated on AVT have provision for phosphate or caustic treatment dur-
ing condenser leaks because the amines used in AVT have neither significant
buffering capacity nor precipitate conditioning properties in the boiler.

Oxidizing Chemistry. In high pressure boilers systems having the ability
to maintain hydrogen cation-exchanged conductivity near or <0.1 mS/cm, the
feedwater may be treated with oxygen. The process is called Oxygen Treatment,
OT. Oxygen is added either as gaseous oxygen or as hydrogen peroxide. The pH
may be neutral or elevated with ammonia. The goal of this treatment is to main-
tain all iron alloy surfaces in a passivated state. The rate of carbon steel corro-
sion as a function of oxygen is shown in Figure 24. At the low (0.1 mS/cm) cation
conductivity, the corrosion rate drops over an order of magnitude as the oxygen
concentration is increased from 0.02 to 0.2 mg/kg (ppm). When higher anion con-
centrations inhibit passivation, the increased oxygen causes faster corrosion.
Oxygenated water treatment has been used in Germany since the 1970s and
has become widespread throughout the world since 1990. This treatment regime
requires systems having no copper alloys. This practice is most advantageous for
once-through boiler systems. In recirculating boiler systems, it is very difficult to
maintain the hydrogen cation-exchanged conductivity low enough in the boiler
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Fig. 24. Corrosion rates of carbon steel as a function of oxygen concentration at cation
conductivity values of (—) 0.1, (� � � �) 7, (–�–) 87, and (– – –) 850 mS/cm (34).
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water. Thus the oxygen must be flashed in the drum to prevent boiler corrosion.
Nonetheless, some recirculating systems have been successfully operated on oxy-
genated water treatment.

Another oxidizing treatment is All Volatile Treatement (Oxidizing),
AVT(O). As in the case of the OT, cation exchanged conductivity must be main-
tained <0.15. Instead of injecting oxygen, however, the reducing agent (oxygen
scavenger) feed is simply stopped. The oxygen concentration in the feedwater is
allowed to float at the value set by the condenser deaeration, commonly <25 mg/
kg. The goal is to maintain the iron in the passive state. The AVT(O) is fre-
quently used in systems with recirculating steam generators.

Other Water Treatment Issues. Attemporation. Maintaining steam
temperatures at correct values may require a process called attemporation,
where water is sprayed into the inlet, midpoint, or outlet of the superheater or
reheater to lower the temperature of the exiting steam. Attemporation bypasses
the drum of a recirculating boiler. Any impurities in the feedwater are sent
directly to the turbine. Copper fouling of turbines is commonly associated with
high rates of attemporation. Attemporation can also allow salts from a condenser
leak to bypass the boiler and deposit on the turbine.

Condensate Polishing. In order to maintain the feedwater purity
required for once-through boilers, but also as an aid to maintaining feedwater
purity for drum boilers and nuclear steam generators, condensate polishers
are used. Condensate polishers are large ion-exchange systems designed to
pass high flows. These reduce contamination, but do not protect a system against
large contaminant ingress. When there is massive contaminant ingress, conden-
sate polishers provide time for an orderly shutdown.

Makeup. Makeup treatment depends extensively on the source water.
Some steam systems use municipal water as a source. These systems may
require dechlorination followed by reverse osmosis and ion exchange. Other sys-
tems use wellwater. In hard water areas, these systems include softening before
further purification. Surface waters may require removal of suspended solids by
sedimentation, coagulation, flocculation, and filtration. Calcium may be reduced
by precipitation softening or lime softening. Organic contaminants can be
removed by absorption on activated carbon. Details of makeup water treatment
may be found in many handbooks (23–25), as well as in technical literature from
water treatment chemical suppliers.

Water and Steam Purity Monitoring. To maintain appropriate steam and
water purity requires analysis at the concentrations of interest. Details of mon-
itoring systems, including the need for special nozzles to sample steam can be
found in Supplement 19.11 to the ASME Power Test Code (35). Feedwater and
steam purity for most boiler systems approaches the detection limit of on-line
monitoring instruments. One of the most reliable monitoring devices is electrical
conductivity. Pure water has a resistivity of 18 MO�cm or a conductivity of
0.055 mS/cm (1 S¼ 1/O). Ammonia or an amine added to raise the pH also raises
the conductivity. The agreement between the pH predicted from measured con-
ductivity and the measured values of pH is one measure of water purity. By pas-
sing the sample stream through a cation resin in the hydrogen form, the
ammonia or amine is removed and all the other cations are converted to hydro-
gen. The conductivity of the resulting stream (hydrogen–cation-exchanged
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conductivity, commonly called cation conductivity) is a measure of the total
anions in the solution. Carbon dioxide may contribute a large fraction of this con-
ductivity. Degassing the stream after the cation exchange removes the carbon
dioxide and other volatile species. The resulting conductivity is essentially a
measure of the dissolved solids. Conductivities <1mS/cm should be measured
on continuous streams with on-line instrumentation. The measurement of pH
in high purity water is difficult and pH between 8 and 11 may often be more reli-
ably calculated from the specific and cation conductivity using equation 4:

pH ¼ log10ðs � a cÞ þ 8:57 ð4Þ

were s is the specific conductivity, c is the cation exhanged conductivity, and a is
a constant, near 0.3, that depends slightly on the ions causing the cation
exchange conductivity.

Sodium and chloride may be measured using ion-selective electrodes. On-
line monitors exist for these ions. Silica and phosphate may be monitored
colorimetrically. Iron is usually monitored by analysis of filters that have had
a measured amount of water flow through them. Chloride, sulfate, phosphate,
and other anions may be monitored by ion chromatography using chemical sup-
pression. On-line ion chromatography is used at many nuclear power plants.

Deposition of Contaminants from Steam in Turbines. Impurities in
steam may deposit whenever the concentration exceeds the solubility limit. Con-
siderable work has been done on the nucleation of steam droplets on impurities,
leading to concentrated solutions. The time available for the nuclei to combine to
form macroscopic droplets is limited, and one expects that most of the nuclei will
reach the condenser before they collide with another impurity bearing nucleus.
However, the author believes that the limiting mechanism is mass transfer from
the bulk steam to the surface. Papers on both subjects can be found (16).

5. Uses

5.1. Power Production. Steam cycles for generation of electric power
use various types of boilers, steam generators, and nuclear reactors; operate at
subcritical or supercritical pressures; and use makeup and often also condensate
water purification systems, as well as chemical additives for feedwater and
boiler-water treatment. These cycles are designed to maximize cycle efficiency
and reliability. The fuel distribution of steam power sources installed in the
United States, both conventional and combined heat and power, from 2000 to
2003 are as follows: coal, 56.6%; oil, 3.1%; natural gas, 16.5%; nuclear, 22.6%;
miscellaneous (including wood, waste, solar, and geothermal), 1.6%. The 2004
summer peak generation in the United States was 730 GW (36). The predomi-
nant use of natural gas for power production is in combined cycle plants.

Modern power cycles have turbine throttle pressures of 16.5 MPa (2400
psig) or 24.1 MPa (3500 psig) with the throttle and reheat temperatures in the
range 537–5668C (1000–10508F). The lower pressure is used for subcritical recir-
culating boilers, the higher pressure for supercritical once-through boilers.
Ultrasupercritical boilers use higher temperatures and pressures and research
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is in progress to extend the throttle conditions to 35 MPa (5076 psia) and 7608C
(14008F). A cycle schematic for a typical 16.5 MPa (2400 psig) plant is shown in
Figure 25. The number of feedwater heaters, which may vary between five and
seven and is occasionally eight, is a compromise between efficiency and capital
cost. The cycle schematic shows P, T, and flows at multiple locations. Fossil tur-
bines generally operate at 3600 rpm (60 Hz) or 3000 rpm (50 Hz) using two-pole
generators. Nuclear turbines, and some older large fossil low pressure turbines,
generally operate at 1800 (60 Hz) or 1500 (50 Hz) using four-pole generators,
which produce double the frequency of two-pole generators for a given speed.

Turbines. The structure of steam turbines varies with the size. Very large
(>500 MW) utility turbine systems have several individual turbines, usually
classified as high pressure (HP), from throttle pressure to typically 4.8 MPa
(696 psia); intermediate pressure (IP), typically from 4.8 MPa (696 psia) to
1.0 MPa (145 psia); and low pressure (LP), typically from 1.0 MPa (145 psia)
to condenser pressure of 5.0 kPa (38 Torr, 1.5 in. Hg). On smaller turbines, typi-
cally in the range of 100–420 MW, a combined HP–IP turbine is joined with an
LP turbine. Still smaller turbines, typically <125 MW, have a total combination
of HP–IP–LP in a single cylinder or case.

Turbine Construction. Large steam turbines are generally designed as a
rotor inside one or two cylinders or casings. The low pressure nuclear turbine
having a partial integral rotor (Fig. 26) illustrates many of the features of both
older and newer turbines. The rotor carries multiple rows of blades (or buckets);
the cylinder carries the same number of diaphragms of stationary blades and
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acts as a pressure vessel. The stationary blades may also be called vanes or noz-
zles. A row of stationary blades followed by a row of rotating blades is called a
stage. A typical turbine has 20–25 stages varying in height from �2 cm at the
inlet to >130 cm at the exhaust. The low pressure stages may be multiplied in
a double, quadruple, or sextuple flow. Each blade row, stationary and rotating,
contains from 80 to 150 blades. This amounts to thousands of blades, each of
which is a precision airfoil. The stationary blades direct the expanding steam
in the proper directions so that the rotating blades efficiently convert the energy
into torque. The difference between the rotating and stationary blades is signifi-
cant. The rotating blades experience centrifugal stress, whereas the stationary
blades do not. Because a principal source of operating stress in the rotating
parts is usually the rotation, stress corrosion cracking thus occurs more in rotat-
ing parts than in stationary ones.

Modern utility turbines are generally rather massive devices. The longest
turbine systems may exceed 30 m. Turbine cylinders are pressure vessels. The
high pressure cylinder of a fossil unit must withstand 16.5–24.1 MPa (2400–
3500 psig) at 5388C (10008F), at which temperatures and pressures creep
becomes significant during the design life, even for the thick metal walls. To
reduce the pressure and temperature differentials, either the exhaust or the
extraction steam from the HP turbine is used to pressurize and cool the cavity
between the inner and outer cylinders. In spite of the various cooling and pres-
sure distribution features, the high pressure inner and outer cylinders are still
massive castings and do not tolerate rapid temperature changes without experi-
encing low cycle fatigue and cracking. Because the cylinders cannot be operated
above rated temperature for extended times without significantly reducing the
creep life of the parts, careful control of steam temperature is necessary.
High and intermediate pressure cylinders are usually made from chromium–
molybdenum, CrMo, steel. To allow the opening of the turbine for maintenance,
cylinders are cast in upper and lower halves and bolted together for operation.

Rotor shaft
Shrunk-on disk Last stationary blade Exhaust flow guide

Partial integral section Last rotating blade

Outer cylinder Inner cylinder Blade ring

Fig. 26. Schematic of a nuclear low pressure turbine having a partial integral rotor.
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The bolts are high strength, high temperature materials that are susceptible to
stress corrosion cracking if a liquid phase is present. The intermediate pressure
inner and outer cylinders are also cast. Low pressure turbines have an inner
cylinder that contains pressure and an outer shell that contains a vacuum.
Low pressure inner and outer shells are usually fabricated structures. The rotary
seals between the turbine shaft and cylinders are steam glands. In a gland,
steam is leaked through a labyrinth to a low (subatmospheric) pressure point
(37). Air also goes to the low pressure point, which is the gland condenser.

Rotor bodies are generally made from low alloy steels. A nuclear low pres-
sure rotor weighs >90 metric tons. High pressure and intermediate pressure
rotor bodies, made from 0.9 to 1.5% Cr, from 0.7 to 1.5% Mo, from 0.2 to 0.35%
V steels in single forgings (37), are machined to accept blade attachments of var-
ious types. Low pressure rotor bodies are generally made from 3.25 to 4.0% Ni,
from 1.25–2.0% Cr, from 0.25–0.6% Mo, from 0.05–0.15% V steel (37). When
first designed, low pressure rotor bodies (everything except the blades) have
often been larger than the largest available forgings. The early bodies of a
given design are built up, whereas the later bodies of a design are single forgings.
One method of buildup is to weld disks together; the other is to shrink disks on a
shaft. The first method has all the problems associated with welding; the second
creates crevices in high stress regions. The partial integral rotor (Fig. 26) shows
the intermediate stage where the center part is a single forging but the last
several disks are shrunk-on. As of the 1990s, forging technology permits mono-
block rotors in all applications. To reduce weight, low pressure rotor bodies are
forged with a disk on shaft shape. The outer rims of the disks are machined to
accept the blades.

Low pressure stationary blades are made from 12% Cr steel and their sup-
porting structures are usually made from carbon steel. Stationary blades are
commonly welded into diaphragms. The diaphragms are caulked either into
blade rings that mount in the turbine cylinder, or directly into the cylinder.
Rotating blades are commonly made of 12 or 13% Cr alloy. One manufacturer
uses 17–4 PH (17% Cr and 4% Ni, precipitation hardened with Cu) for long
low pressure blades. Increasingly, titanium is used for stress reduction due to
its light weight, for corrosion resistance, or both. Blades in high pressure, inter-
mediate pressure, and the first stages of low pressure turbines are generally
machined. The airfoils of long (28 cm or longer) blades in the last several stages
of the LP turbine are generally precision-forged and the attachment area
machined to complement the attachment of the rotor body. The attachment area
of rotating blades is a crevice and prone to the problems associated with crevices.
Details of turbine design and the aerodynamics of turbines are available (37).

Rankine Cycle Thermodynamics. Carnot cycles provide the highest
theoretical efficiency possible, but these are entirely gas phase. A drawback to
a Carnot cycle is the need for gas compression. Producing efficient, large-volume
compressors has been such a problem that combustion turbines and jet engines
were not practical until the late 1940s.

The Rankine cycle overcomes the problem of an efficient gas compressor by
compressing the liquid. Efficient pumps are much easier to construct than effi-
cient compressors. Figure 27a shows the Rankine cycle on a pressure–volume
(P–V) diagram; Figure 27b, the cycle on a temperature–entropy (T–S) diagram
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for a cycle between 5 kPa (0.73 psia) and 10 MPa (1450 psia; 1435 psig). This is
near the highest pressure for which a simple Rankine cycle is practical. First the
pressure is increased adiabatically from 5 kPa to 10 MPa. This compression of
the liquid water raises the temperature and enthalpy slightly (0.78C or 2.8 kJ/
kg), but the amounts are so small that the difference cannot be easily distin-
guished on most temperature–entropy or Mollier (enthalpy–entropy) charts
(Fig. 27c) that represent the rest of the cycle. This process is represented as
points A and B in Figure 27. The compressed liquid is heated along the isobar
to the boiling point 3118C (5928F) at point B. The fluid is then boiled isothermally
to point C. The steam is expanded reversibly (isentropically) to D, where the
pressure is 5 kPa and the temperature is 32.98C. The steam is then isothermally
condensed back to point A.

The efficiency of the Rankine cycle, Z¼W/Q, where W is the work produced
and Q is the heat input can be derived (37–39) as follows:

Z ¼ ðhC � hDÞ=ðhC � hAÞ ð5Þ
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where h is the enthalpy at the points A, C, and D. Graphically, in Figure 27b, the
efficiency is the ratio of the area of the region ABCDA to region EABCFE. The
efficiency equation (eq. 5) emphasizes the importance of Mollier charts, where
the ideal work is simply the distance along the vertical axis. On the Mollier
chart, Figure 27c, the reversible work in the cycle is described as the length of
the vertical line CD. The efficiency is the length of CD divided by the length of
Ca, where point a is simply the projection of A to the same entropy as the turbine
expansion.

Superheat and Reheat. One way to increase the area of the work
regions on the T–S diagrams is to superheat the steam (Fig. 28). The pressure
for the cycle defined by ABCC0D0A is again 10 MPa. The primed letters corre-
spond to points in Figure 27b, but the points are not identical. The saturated
steam at point C [3118C (5928F)] is heated to 5368C (9988F) at point C0.
The superheated steam is expanded to point D0. The increase in work is area
CC0D0D. The increase in rejected heat is area DD0F0F. The ratio of these two
areas is greater than the ratio of the areas in the simple Rankine cycle, so the
efficiency of the total cycle is improved. Similar improvement can be achieved
by reheating the steam. After the steam has expanded to �25% of its original
pressure in the high pressure turbine, it can be returned to the boiler and
reheated to approximately the same temperature as the inlet steam. This high
temperature steam can then be expanded through the intermediate and low
pressure turbines to the condenser.

Regenerative Rankine Cycle. A primary inefficiency in the Rankine cycle
is caused by the heat added to the cycle to heat the water from the condensate
temperature to the boiling point. Regenerative heating addresses this loss. In
regenerative heating, some of the steam is removed from the expansion in the
turbine and used to heat the water (39). In essence, regeneration uses some of
the latent heat of the steam vaporization to heat feedwater, rather than rejecting
this heat to the condenser. Figure 29 shows the effect of this process in the theo-
retical limit of an infinite number of regenerative heating steps. The area ABD is
removed from the cycle, the heat rejected as area EADF is eliminated, and the
increase in efficiency is substantial. In practice, a maximum of eight feedwater
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heaters is economical, and line DB is no longer straight. When a cycle includes
regeneration, the amount of work generated by each kilogram of steam at the
turbine inlet is reduced because some of the potentially available work is used
to heat the feedwater. When power capacity is temporarily more important than
efficiency, cycles may be operated with one or more heaters out of service, provided
that total steam flow does not exceed the turbine capacity at any stage.

Real Conventional Fossil Fuel Cycles. Modern fossil fuel cycles start at
16.5 MPa (2415 psia; 2400 psig) or supercritical 24 MPa (3515 psia; 3500 psig).
Usually throttle pressures are given in gauge pressures. In a typical subcritical
fossil fuel cycle (Fig. 25), the boiler feed pump suction comes from the deaerating
heater. The more feedwater heaters, the more efficient is the cycle, but eight is
usually the economically practical limit. Some cycles have as few as three feed-
water heaters. The boiler feed pump turbine for large units is usually driven by
the steam from the low pressure crossover and is thus a low pressure turbine.
However, at low loads, it is driven by high pressure steam. Some cycles have a
motor-driven boiler feed pump, so the boiler feed pump turbine is omitted from
the diagram and the steam normally used to drive it goes into the main turbine.
There is a transition from dry to wet steam. In Figure 25, the last (lowest pres-
sure) extraction is essentially at the saturation line, which is the typical situa-
tion. In some units, there is a small amount of superheat at the last
extraction; in others there may be a small amount of moisture.

Nuclear Steam Cycles. A cycle diagram for a nuclear power plant is
shown in Figure 30. Although most nuclear power plant cycles begin with satu-
rated steam, this diagram is for a unit with a once-through nuclear steam gen-
erator. The throttle steam has 17.28C (318F) of superheat. This steam is
expanded through the high pressure turbine. In the middle of this expansion,
steam is extracted for the highest pressure feedwater heater. After heating the
feedwater, the water in the shell side of the heater is drained to the shell side of
the second highest pressure heater. Because the inlet steam has such low
enthalpy, the steam becomes moist in the high pressure turbine, typically 7–
13% moisture at the HP exhaust. Moisture reduces the efficiency of the turbine
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because the droplets do not follow the steam flow. They impinge on the turbine
and must be accelerated. Typically, 10% efficiency is lost in wet steam. In addi-
tion, the droplets erode the turbine. After the high pressure turbine, the steam is
dried and superheated in a moisture separator reheater (MSR). The moisture
separation is thermodynamically equivalent to isothermal reheating. The two-
phase fluid with a typical enthalpy of 2680 kJ/kg (1153 Btu/lb) is separated
into steam at 2790 kJ/kg (1200 Btu/lb) and water at 846 kJ/kg (364 Btu/lb).
The water goes to the second highest pressure heater, where it is merged
with steam from the outlet of the first-stage reheater. The water from the second
heater shell is then pumped into the feedwater. This arrangement creates a high
pressure recirculating loop. The heat source for reheating is the main steam or
a combination of the main steam and steam extracted from the high pressure
turbine. The superheat is typically 288C (508F), which usually keeps three to
five stages of the low pressure turbine dry.

Nuclear Cycle Water Treatment Issues. Relatively volatile compo-
nents, such as amines and organic acids, can appear at rather high concen-
trations in the high pressure loop of nuclear power steam cycles. Because of
the variation in distribution between water and steam phases with temperature
and the generation of significant moisture, the chemical relationships can be
quite complex. A full model of the equilibria occurring in the turbine is required
to understand the chemical effects (40). Feedwater pH is not a good indicator of
the pH of the liquid phase in the turbine. The pH of the turbine liquid depends on
feedwater pH, the amines present, and the acids present. The equilibria can be
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such that an increase in the boric acid concentration in the feedwater raises the
pH of the liquid phase at the end of the high pressure turbine. This apparent che-
mical inconsistency occurs because increased boric acid requires additional
amine to maintain the feedwater pH.

Combined Cycle. In the last decade, the majority of new fossil fuel plants
using steam have been combined cycle. Combined cycles use a steam turbine sys-
tem as a bottoming cycle for a combustion turbine. Exhaust gases leave the com-
bustion turbine at 510–5938C (950–11008F). This heat is wasted in the simple
combustion turbine cycle. However, it can be used to boil water in a heat recovery
steam generator (HRSG). This process lowers the temperature of much of the
rejected heat to that leaving the steam turbine. However, to prevent HRSG cor-
rosion by sulfuric acid, the stack gas temperature is nominally 1508C (3028F),
causing additional heat rejection to the environment. Because the combustion
turbine does not need preheated air, there is no air heater in combined cycles.
The condensate preheater (economizer) of the HRSG can extract sufficient
heat as possible from the combustion gas to reach the inlet temperature for
the low pressure HRSG section. Thus the feedwater heating of conventional uti-
lity cycles is not needed. There may be a single direct-contact heater to remove
oxygen from the feedwater, but the deaeration function is often moved to the con-
denser. Combined cycle power plants have achieved 58% thermal efficiency and
have been designed to achieve 60% (41).

The HRSG may be designed with two or three stages to efficiently convert
the exhaust heat of the combustion turbine to steam. Each stage consists of an
economizer (which heats feedwater to the boiling point), an evaporator, and a
superheater. In the high pressure HRSG stage, the water is boiled in the eva-
porator and the gas turbine exhaust is cooled to �3508C (6628F). The exhaust
cannot boil more water at the high pressure, but it still contains enough energy
to boil additional water at a lower pressure. No more than three stages are cur-
ently economical. Cycle diagrams and thermodynamics are available (41).

Many older conventional steam plants have been converted to combined
cycle. The old boiler is removed and replaced by a combustion turbine and
heat recovery steam generator. Although the cycle efficiency is not as high as
completely new plants, substantial capital cost is avoided by the modification
and reuse of existing steam turbine and auxiliary equipment. In many combined
cycle power plants, steam is injected into the combustors of the combustion tur-
bine to lower peak flame temperatures and consequently lower NOx. Steam (or
rarely water) may also be injected to increase the power output of the combustion
turbine (power augmentation).

Cogeneration. Cogeneration is another modification of the Rankine
cycle used when steam is required to heat a process. It is common in pulp
and paper mills, chemical plants, and municipal or district heating systems.
The steam is produced at higher pressure and temperature than would be
required for the process. The steam is expanded through a turbine and steam
at the desired pressure is extracted. The turbine may be used to drive a genera-
tor or other machinery (Fig. 31), a schematic diagram of the steam system of a
pulp and paper mill, shows drive turbines, turbine-generators, and multiple
boilers. One of the boilers is a heat recovery boiler, another is fueled by bark.
There are pressure manifolds at 6.2 MPa (913 psig) and 5388C (10008F);
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2.8 MPa (420 psig) and 2298C (4458F); and 0.41 MPa (74 psig) and 1458C
(2928F). Turbogenerator 2 exhausts to condensate, but turbogenerator 1
exhausts to the 0.41-MPa header, where the entire exhaust is used for heating.
This steam would be generated in a low pressure boiler if it did not come from
the turbine. For turbogenerator 1, the thermal efficiency of the electrical gen-
eration process approaches the mechanical efficiency of the turbogenerator
(90þ%), because there is no heat rejected by this cycle.

5.2. Mechanical Drives. Steam turbines are very efficient at high load
ratings and, depending on the steam balance in a plant, are normally considered
as drive units if >37 kW (50 hp) is required, unless the steam source is intermit-
tant. If many small loads are to be handled separately in a plant, it may be pre-
ferable to generate electric power by passing the steam through a back-pressure
(no condenser) turbine connected to an electric generator. The generated electri-
city in turn can be fed into the motors throughout the plant. Steam turbines
operate very effectively at high speeds (3000–10,000 rpm) and thus lend them-
selves well to large power output, high speed drives for gas compressors, multi-
stage high pressure pumps (eg, boiler feed pumps), and other high speed rotating
equipment. In such installations, the steam can be fed to the turbine and
extracted at various stages of its expansion corresponding to the desired process
operating pressures. Steam turbine drives having rpm reduction are used in
large commercial ships and navy vessels for propulsion.
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5.3. Steam Heating. Wet and saturated steam has a definite pressure
for each fixed boiling or condensing temperature. Therefore, the control of the
desired temperature for any process heating requirement may be fixed by choos-
ing the steam pressure. It is customary for steam to be generated under slightly
superheated conditions if the steam generator is to be located at a considerable
distance from the various users.

When higher temperatures are needed, the higher corresponding pressure
becomes important in the design of equipment. Steam pressure rises quite
rapidly with temperature and is of significant concern for heating conditions at
temperatures >1808C. The use of steam for heating is normally limited to pres-
sures <2.2 MPa (330 psig) because the cost of the heat-transfer equipment
becomes too high for sizable heating units as higher pressures are required.
When temperatures in excess of 180–2058C are required, other heating media
are usually preferred.

Evaporators. Steam heating systems have often been installed in a cas-
cade system, as in multiple-effect evaporators. This arrangement makes possible
the recovery of heat at several successive levels merely by reducing the pressure
at each of the stages. Condensing all the steam vaporized in one stage by heating
and vaporizing the material present in the succeeding stage at lower operating
pressure produces good economy of heat. This system of heating operates best in
the low pressure range because at higher pressures the equilibrium temperature
changes more slowly with the pressure.

Control. When close temperature control is required in order to prevent
overheating of material being processed or to ensure a high heating density,
steam is the medium normally used. A pressure regulator controlling the
steam pressure of a heating unit maintains temperatures usually within degrees
of the design conditions on the process side.

5.4. Industrial Processes. Steam Reforming Processes. In the
steam reforming process, light hydrocarbon feedstocks, eg, natural gas, liquefied
petroleum gas, and naphtha, or in some cases heavier distillate oils are purified
of sulfur compounds. These then react with steam in the presence of a nickel-
containing catalyst to produce a mixture of hydrogen, methane, and carbon
oxides. Essentially total decomposition of compounds containing more than one
carbon atom per molecule is obtained.

Steam reforming in industrial practice falls into two main classes accord-
ing to catalyst type and reactor equipment use: hydrogen production by high
(generally >7008C, 12928F) temperature reforming, and methane manufacture
by low (<5508C, 1228F) temperature reforming. The amount of steam consumed
by reaction in the overall process depends on the choice of product gas. A gen-
eral hydrocarbon, CxH2xþ 2, reacting with steam gives in the low temperature
case the following:

4 CxH2xþ2 þ 2 x H2O! 3 x CH4 þ x CO2 þ 4 H2

and in the high temperature case:

CxH2xþ2 þ 2 x H2O!ð3x þ 1ÞH2 þ x CO2
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In practice, two competing reactions combine to limit the process.

CH4 þ H2O>CO þ 3 H2

CO þ H2O>CO2 þ H2

The equilibrium composition of the product gas can be altered by choice of suita-
ble temperature, pressure, and steam to feedstock ratio to produce a gas mixture
consisting largely of methane or largely of hydrogen having varying proportions
of carbon monoxide. In each case, some carbon dioxide is produced, which can be
removed. It is often convenient to use more than one reaction stage to modify
the gas mixture produced from the primary gasification step toward the desired
composition.

Synthetic Ammonia. Steam-methane reforming is used to produce hydro-
gen for the production of ammonia, which is synthesized by using nitrogen from
the air at high pressure and temperature over a suitable catalyst. In this process,
�0.75 kg of steam is required to produce 1 kg of ammonia. A very large synthetic
ammonia plant uses a single-train process employing centrifugal compressors
driven by steam turbines. The exhaust steam is used for the gas reforming
reaction. The high pressure steam thus generated from waste heat is the heart
of the energy system for the process, which in turn is the key to the process
economics (43).

Coal Gasification. Coal gasification processes involve the reaction of coal
at high temperature with steam and air or oxygen to produce a mixture of gases,
typically carbon monoxide, carbon dioxide, hydrogen, and methane. Producer
gas, a mixture of carbon monoxide and hydrogen, has been made by this method
since early in the twentieth century. Sulfur in the coal reacts to form hydrogen
sulfide. The gases from the gasifier can be further upgraded in several steps. By
reaction with steam, the carbon monoxide in the gas is converted to hydrogen
and carbon dioxide. Hydrogen sulfide and carbon dioxide can be removed in a
purification system and the hydrogen converted to methane by reaction with
carbon monoxide. There are numerous variations on the basic process. Because
the gas produced in a coal gasification process can serve as a fuel for combustion
turbines, coal gasification is becoming increasingly important. The combustion
turbines used in the high efficiency combined-cycle power generation systems
require gas or liquid fuel. Several integrated gasification combined cycle
(IGCC) power plants have been built recently and more are expected as the
price of natural gas for combustion turbines rises compared to coal prices.
The IGCC thermal efficiencies are projected to be in the 45–50% range by
2010 (44). Since the carbon dioxide in the IGCC is more concentrated in the
fuel stream than in combustion turbine exhaust gases, it is easier to sequester
the carbon dioxide in the IGCC process than in conventional hydrocarbon
burning plants.

Coal Liquefaction. Steam is used to produce hydrogen for the liquefaction
of coal. In the liquefaction process, coal is crushed, dried, pulverized, and then
added to a solvent to produce a slurry. The slurry is heated, usually in the pre-
sence of hydrogen to dissolve the coal. The extract is cooled to remove hydrogen,
hydrocarbon gases, and hydrogen sulfide. The liquid is then flashed at low
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pressure to separate condensable vapors from the extract. Mineral matter and
organic solids are separated and used to produce hydrogen for the process. The
extract may be desulfurized. The solvent is separated from the products. There
are at least six different liquefaction processes.

Petroleum Recovery. Steam is injected into oil wells for tertiary petro-
leum recovery. Steam pumped into the partly depleted oil reservoirs through
injection wells decreases the viscosity of crude oil trapped in the porous rock of
a reservoir, displaces the crude, and maintains the pressure needed to push the
oil toward the production well. Steam is also used in hot-water extraction of oil
from tar sands in the caustic conditioning before the separation in a flotation
tank (45).

Evaporation and Distillation. Steam is used to supply heat to most eva-
poration and distillation processes, eg, in sugar-juice processing and alcohol dis-
tillation. In evaporation, pure solvent is removed and a low volatility solute is
concentrated. Distillation transfers lower boiling components from the liquid to
the vapor phase. The vapors are then condensed to recover the desired compo-
nents. In steam distillation, the steam is admitted into direct contact with the
solution to be evaporated and the flow of steam to the condenser is used to trans-
port distillates of low volatility. In evaporation of concentrated solutions, there
may be substantial boiling point elevation. For example, the boiling point of an
80% NaOH solution at atmospheric pressure is 2268C.

Desalination. A special case of distillation is water desalination. In places
where energy is abundant but fresh water is not, eg, the Arabian Peninsula,
water may be produced from seawater in flash evaporators. Low pressure turbine
steam is extracted to provide heat for the evaporators. Condensed steam is
returned to the cycle. Such units may be particularly prone to corrosion by
salts. Sizes vary, but Shoaiba Desalination Plant completed in 2003 had six
units and a total capacity of 150 million m3/year. Steam comes from a local
power plant (46).

Steam Cleaning. High pressure steam can be used to produce a high velo-
city jet with some superheating by expansion through a suitable nozzle to atmo-
spheric pressure. The high velocity is effective in removing dirt and loose scale
from solid surfaces. The high temperature encourages the melting or vaporiza-
tion of oil and grease deposits, thus releasing the solid deposits for mechanical
blast removal. Some condensation of steam on the initially cold surfaces also
takes place, which may help to dissolve and release dirt and scale.

5.5. Hydrothermal Treatment of Wastes. Hydrothermal processing of
materials appears to be a promising method of disposal for many noxious mate-
rials and of conversion of some wastes to valuable by-products. Most hydrother-
mal processing is oxidation, and has been called supercritical water oxidation.
This method consists of mixing reactants and water; pressurizing, heating to
reaction temperatures, and cooling the products; and then carrying out second-
ary processing of the products. For efficient oxidation, oxygen is added to the
water. Typical pressures and temperatures are 22 MPa (3191 psia) and 5508C
(10228F) for destruction of wastes. Somewhat lower pressures and temperatures
are used for conversions. Contact times are on the order of a few minutes.
Organic chemicals are oxidized to carbon dioxide and water. Because the pro-
cesses are <10008C, nitrogen is usually reduced to the elemental state. Other
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common heteroatoms are converted to corresponding acids, eg, HCl and H2SO4.
Reaction at high temperatures and pressures is an active field of research. There
is consensus that the hydrothermal oxidation processes proceed by free-radical
mechanisms.

Along the saturation line the dielectric constant of water declines with tem-
perature (see Fig. 10), largely due to the decline in density. In the last 248C below
the critical point, the dielectric constant drops precipitously from 13.05 to 5.35.
Continuing along the critical isobar [22.06 MPa (3205 psia)] in the next 58C, it
further declines to 2.61; and by 4008C it has declined to 1.98. In the region of
the critical point, the dielectric constant of water becomes similar to the dielec-
tric constants of typical organic solvents (Table 7). The solubility of organic
materials increases markedly in the region near the critical point, and the
solubility of salts tends to decline as the temperature increases toward the
critical temperature.

At temperatures near the critical temperature, many organic degradation
reactions are rapid. Halogenated hydrocarbons lose the halogen in minutes at
3758C (48). At temperatures typical of nuclear steam generators [2718C
(5208F)], the decomposition of amines to alcohols and acids is well known (49).
The pressure limits for the treatment of boiler waters using organic polymers
reflect the rate of decomposition.

An important advantage of hydrothermal processing over incineration is
that the former system is fully contained. If a process must be shut down,
there is no discharge of material to the environment. Furthermore, the products
may be analyzed or further processed before being discharged. The possibility of
further processing makes hydrothermal processing an important candidate for
reduction of wastes containing both organic molecules and radionuclides. Radio-
nuclides can be recovered. Another advantage is that the input waste stream
need not be highly characterized. The oxygen demand and the approximate
amount of acid produced are the only principal environmental parameters to
be considered.

The formation of acids from heteroatoms creates a corrosion problem. At
the working temperatures, stainless steels are easily corroded by the acids.
Even platinum and gold are not immune to corrosion. One solution is to add
sodium hydroxide to the reactant mixture to neutralize the acids as they form.
However, because the dielectric constant of water is low at the temperatures

Table 7. Dielectric Constants of Solventsa

Substance
Dielectric constant

at 20–258C

n-pentane 1.844
cyclohexane 2.22
benzene 2.284
chloroform 4.8
acetone 20.7
ethanol 24.3
methanol 32.63
water 78.45

aRef. 47.
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and pressure in use, the salts formed have low solubility at the supercritical tem-
peratures and tend to precipitate and plug reaction tubes.

There are two general goals in hydrothermal processing of wastes. First is
the total destruction of organic material. Pilot plants for destruction of chemical
warfare agents and explosives have been constructed and are operating. In
benchtop experiments, destruction and removal of these agents may exceed
99.9999%. Between 1996 and 2005, the size of operating units has increased
from a small commercial system to dispose of 0.019 m3/day (5 gal/day) of wastes
from pilot plants is in use at one chemical company (50) to 8890 dry kg/day (9.8
dry tons/day) of municipal sludge at the Harlingen, Texas sewage treatment
plant (51).

The second goal of hydrothermal processing is the conversion of waste
materials into useful chemicals. This goal is usually pursued at lower tempera-
tures and pressures. Glucose and cellulose can be pyrolysed in supercritical
steam, yielding carbon dioxide and hydrogen. At room temperature and atmo-
spheric pressure, the process produces char, hydrogen, and hydrocarbons. At
intermediate temperatures, supercritical and hot water dissolve hemicellulose
and lignin from wood. Ether linkages can also be cleaved.

Alcohols undergo dehydration in supercritical and hot water (52). Tertiary
alcohols require no catalyst, but secondary and primary alcohols require an acid
catalyst. With 0.01 M H2SO4 as a catalyst, ethanol eliminates water at 3858C and
34.5 MPa to form ethene. Reaction occurs in tens of seconds. Only a small
amount of diethyl ether forms as a side reaction.

The use of supercritical and hot water as a solvent is still largely experi-
mental. Because supercritical technology is well known in the power industry,
this use of water is likely to increase in the future. Corrosion control may be
an important limiting consideration. General process economics are the second
potential limit.

6. Corrosion in Steam

Use of metals in hot steam is limited by oxidation rate, mechanical strength, and
creep resistance. Temperature and stress limits and corrosion allowances are
specified in national standards and pressure vessel codes (53,54). General corro-
sion rates in pure steam (Table 8) are about the same as in high purity deoxyge-
nated water, except for gray iron, nickel, lead, and zirconium, which corrode
faster in steam. There is evidence that some nickel alloys corrode faster in
steam than in air. Iron-base alloys, including the austenitic and ferritic stainless
steels, are used extensively in contact with steam. These oxidize to form a pro-
tective film of the spinel oxide, Fe3O4 (magnetite), or, in the case of stainless
steels, M3O4, where M is iron, chromium, or nickel. Gamma-Fe2O3 has also
been found on ferrous alloys in degassed high temperature water and steam.
Its physical properties are very similar to those of Fe3O4. It is magnetic and
has an almost identical crystal structure.

Only Fe3O4 and g-Fe2O3 are considered to be protective films. Both
are adherent and good electronic conductors. Alpha-Fe2O3, hematite, which
forms in water and steam containing oxygen, is not adherent, is less protective,
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and is an insulator. FeO, which does not form at temperatures <5708C, is
nonprotective. Under slightly oxidizing conditions in high pure water a mix-
ture of magnetite and hematite forms. This mixture is generally more protec-
tive that magnetite. This mixed oxide forms the basis for oxidizing water
treatments.

A good summary of the behavior of steels in high temperature steam is
available (55,56). Calculated scale thickness for 10 years of exposure of ferritic
steels in 5938C and 13.8 MPa (2000 psi) superheated steam is �0.64 mm for
5 Cr–0.5 Mo steels, and 1 mm for 2.25 Cr–1 Mo steels. Steam pressure does
not seem to have much influence. The steels form duplex layer scales of a uni-
form thickness. Scales on austenitic steels in the same test also form two

Table 8. Corrosion Rates of Metals in Steama

Material
Temperature,

8C
Corrosion rate,

mm/year Comments

cast irons
gray 25–112 <0.5
nickel 25–350 <0.05
silicon 25–300 <0.05

mild steel 25–510 <0.05
austenitic stainless

steel alloys
302, 304, 321, 347 25–790 <0.05 intergranular

crack
316, 317 25–350 <0.05

copper 25–250 <0.05
copper alloys

brass
70–80 CuþZn, Sn,

or Pb
25–212 <0.05

57–93 CuþAl, Zn,
or As

25–212 <0.05

cupro-nickel
66–88:11–13

25–300 <0.05 no Zn

nickel 99 25–425 0.5–1.3
Ni–Cu 66–32 25–350 <0.05
Ni–Cr–Fe T6–16–7 25–815 0.5–1.3 stress cracks
Ni–Mo 62–28þFe, V 25–350 <0.05
Ni–Cr–Mo 54–15–
16þFe, W

25–350 <0.05

aluminum 50–250 0.5–1.3
aluminum alloys

gold 25–350 <0.05
lead 25–150 0.5–1.3

300 >1.3
platinum 25–350 <0.05
silver 25–350 <0.05
tantalum 25–250 <0.05
titanium 25–350 0.0 aerated

steam
zirconium 25–350 >1.3

aExtracted from Ref. 55.
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layers, but were irregular. Generally, the higher the alloy content, the thinner
the oxide scale. Excessively thick oxide scale can exfoliate and can lead to con-
centration of corrodents and corrosion under-the-scale. Exfoliated scale can
cause solid particle erosion of the downstream equipment and clogging. Thick
scale on boiler tubes impairs heat transfer and causes an increase in metal
temperature.

Where corrosive impurities from steam or water concentrate on metal
surfaces, corrosion can be severe (57–59). Concentration occurs in boilers in
the waterwalls, where boiling occurs. General and pitting corrosion, stress–
corrosion cracking, corrosion fatigue, corrosion–erosion, caustic gouging, and
hydrogen embrittlement and cracking have been observed. Concentration
occurs in turbines near the saturation line, where the ability of salts to elevate
the boiling point of water creates a salt solution zone (60). In the salt solution
zone, a 35% NaCl solution is produced from steam containing a few parts per
billion NaCl. Turbines exhibit general corrosion, stress corrosion cracking
and corrosion fatigue. Nuclear turbines may exhibit erosion–corrosion in
regions where the steam is wet. Stress corrosion cracking and corrosion fatigue
can lead to sudden failures of materials. Corrosion is not usually caused by
the steam, but by the concentrated steam impurities, eg, chlorides, caustic,
inorganic and organic acids, carbonates, sulfates, hydrogen sulfide, and their
mixtures. Oxygen and oxides of copper, lead, and nickel can aggravate the
corrosion.

7. Economic Aspects

Increasing fuel costs and sizes of industrial and utility installations have forced
the emphasis in economical considerations to shift to high thermal efficiency,
reliability, and availability. The investment, operating, maintenance, transmis-
sion, insurance, and other costs as well as depreciation must also be considered,
but these are often less important.

Thermal efficiency and heat rate (an inverse of efficiency calculated as the
heat input divided by the power output) directly influence the fuel cost. Increas-
ing cycle pressure and temperature and using superheat, reheat, and condensing
cycles result in a significant increase of efficiency and lower heat rate. In the pro-
cess industry, this can be best achieved by cogeneration; in the electric utility
industry, by combined gas–steam turbine cycles and further increase of cycle
parameters. Using advanced power cycles currently available, a 1000-MWe
(1.34� 106hp) unit can save coal at a rate of 4 million metric tons/year, or $4
million/year at $30/ton, if the cycle parameters can be increased from 24.1
MPa (3500 psi)/5408C inlet/5408C reheat to 28.9 MPa/5808C/5808C/5808C (4292
psia/10768F/10768F/10768F) double reheat. This change would result in an aver-
age gross plant efficiency improvement from 39.6 to 40.9% and in a heat rate
improvement from 9077 to 8789 kJ/kWh (8610 to 8336 btu/kWh). Research
efforts are underway for plants at 38.5 MPa/7608C/7608C/7608C (5584 psia/
14008F/14008F/14008F) with an efficiency of 48% and a heat rate of 7489 kJ/
kWh (7103 btu/kWh).
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