POWER

GENERATORS

PART 1: CORROSION MONITORING IN FOSSIL-FIRED UTILITY STEAM

orrosion mech-

anisms are a

major cause of
equipment failures in utility steam gen-
eration systems and as a result corro-
sion remains a leading cause of loss of
availability in power plants. Corrosionin
fossil fired steam generator systems
occurs via a number of different mech-
anisms related to system design, oper-
ating practices, metallurgy, and envi-
ronmental conditions. The financial im-
pact of corrosion to the power industry
is on the order of billions of dollars per
year. Corrosion occurs throughout the
steam cycle and on the fireside of fossil-
fired power plants.

Steam cycle related corrosion has
been the most troublesome causing fail-
ures to major compenents such as boil-
ers, steam generators, turbines, feed-
water heaters, condensers and the pip-
ing throughout the steam plant. Failures
on the fireside of fossil plants include;
boiler tubes, superheaters, scrubbers
and other pollution control equipment.
Some of the most common causes of
fireside corrosion failure were associat-
ed with the combustion of coals with
relatively high sulfur content (1, 2). The
incidence of these failures has been
reduced with the increased use of nat-
ural gas and low sulfur coal and fuel oil
in fossil fired steam generators. Corro-
sion occurs throughout the steam cycle
(1,3, 4).

A typical power plant steam cycle will
include a boiler, high-pressure (HP)

heaters, and HP turbines. The system
will also have low-pressure (LP) heaters
and an LP turbine. Steam is made from
deionized-quality water and it is com-
mon to also have a condensate polisher
system. Both corrosion and deposition
control is important in the boilers, heat-
ers, condenser, and LP turbines.

Chemistry water treatment programs
address process performance issues
caused by corrosion or deposition in
plant equipment. Waterside deposits
have been a leading cause of corrosion
failure in steam generating systems
because of the concentration of boiler
water against the tube surface under-
neath the deposit. Therefore, corrosion
and deposition control is imperative for
optimum performance of the plant, for
without it system integrity is often jeop-
ardized.

A number of approaches are used to
monitor conditions in steam-generating
systems. These include chemical test-
ing to monitor system conditions; use of
continuous recording equipment for
conductivity, pH, silica, sodium, dis-
solved oxygen, and total organic car-
bon (TOC). These approaches are dis-
cussed along with the use of a hydrogen
analyzer for direct corrosion monitoring
in the boiler system.

The high temperature aqueous envi-
ronment found in boiler equipment re-
sults in rapid corrosion of the waterside
steel surfaces. In the deaerated envi-
ronment, the products of the corrosion
mechanism are hydrogen and magne-

tite, which forms a thin adherent layer on
the metal surface, preventing further
corrosion. Once the magnetite film is
formed on the steel surface, the rate of
corrosion diminishes almostto zero. The
steel surface is effectively sealed from
further contact with the water. Small
breaks occur in the film on a continuous
basis, but these are rapidly repaired
with fresh magnetite formation under
the conditions found in the system. The
mechanism can be described as fol-
lows in the next section.

Internal Surface Passivation

Under normal operating conditions, in-
ternal boiler corrosion leads to the for-
mation of magnetite on the metal surfac-
es with the release of hydrogen. This
process occurs naturally even though
operating conditions are designed to
minimize corrosion.

The control of corrosion in a boiler
environment is based on maintaining
conditions that enhance passive film
formation. Magnetite is the preferred
high temperature iron oxide form. Well-
crystallized (unhydrated) magnetite
forms a dense layer resulting in excel-
lent passivation. Schikorr (5, 6) estab-
lished a mechanism for the formation of
magnelite as shown in Equations 1
through 3.

Fe + 2H,0 <> Fe+? + 20H + H?T
Eg. 1

Fe+2 + 20H « Fe (OH),{ Eg. 2
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TABLE A
Example Data for Corrosion and Deposition Diagnosis

Concern
Oxygen carrosion

Measurements
0,, O, scavenger, Fe, Cu

FAC Fe, Cu, O,, O, scavenger, pH, temperature,

Design (velocity, material, geometry)

Na, PO,, Fe, Cu, pH, cation conductivity

pH, O,, amine, O, scavenger, cation conductivity
H,. inspection

SCC Na, PO,, inspection

Caustic corrosion
General corrosion
Fatigue

Metal loss
Deposition

Fe, Cu, design (velocity, materials)
pH, Fe, Cu, hardness, PO,
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TABLE B
Iron Corrosion Reactions

2H,0 & H,O0* + OH
CO, + 2H,0 & HCO, + H,O*
Fe® + 2H,0* &> Fe*? + H, + 2H,0
Fet? + 20H < Fe(OH),

2Fe(OH), +%2 O, + H.,O & 2Fe(OH),
4Fe® + 6H,0 + 30, <> 4Fe(OH),
3Fe® + 4H,0 « Fe, O, + 4H,
s @ - el
3Fe’+ H,O & Fe,O, + H,
2Fe,0, + H,0 « 3Fe,0,+ H,
3Fe(OH), & Fe,0, + 2H,0 + H,

3Fe(OH), <> Fe,0,4 + 2H,0 + H,T
Eqg. 3

In this process, it has been shown that
the formation of the ferrous hydroxide
(Equation 2)isthe rate-determining step.
Therefore, the solubility and stability of
this reaction product is the key to corro-
sion protection in the bailer (7).

Passivation is a process in which the
metal surface converts from the actively
corroding to a relatively inactive state.
Equations 1 through 3 illustrate this pro-
cess relative to magnetite formation.
These reactions also show that hydro-
gen is released as the metal corrodes to
form magnetite.

Under good boiler operating condi-
tions, hydrogen evolution because of
the oxidation of iron to magnetite at the
metal surface is slow because the mag-
netite forms a fine, tightly adherent layer
with good protective properties. The
film generally displays good adhesive
strength, in part because the thermal
coefficients of linear expansion for mag-
netite and steel are very similar. There-
fore, varying heat load and surface tem-
perature does not cause undue stress
between the film and the underlying
metal surface (8).

Corrosion in utility superheater sys-
tems. Most fossil-fired utility systems
operate with 1,000°F temperatures in
the superheat and reheat cycles. Un-
der these conditions, the reaction be-
tween the steam and the steel surface
producing magnetite is different from
the mechanism described earlier (8). At
temperatures above 662°F, magnetite
is formed via the solid-state diffusion of
metallic ions through the scale barrier

increasing the thickness of the scale
barrier as the reaction proceeds. The
basic reaction can still be writlen as
shown in Equation 4.

3Fe + 4H,0 <> Fe,0, + H, T Eq. 4

The thicker magnetite layer produced
in this reaction is less mechanically sta-
ble than the adherent magnetite film
found on waterside surfaces in the boil-
er and it tends to break down in the
cooling and heating cycle, which oc-
curs during boiler shutdowns. As a
result, magnelite particles are often car-
ried out of the superheater and into the
turbine with the steam in the period
immediately following a shutdown, caus-
ing excessive wear on the nozzle blocks
in the high-pressure turbine. This phe-
nomenon has caused serious problems
in some utility systems. It is often re-
ferred to as hard particle erosion.

At very high temperatures (greater
than 1,058°F), iron reacts directly with
steam to produce ferrous oxide and
hydrogen (8). The reaction may be
written as seen in Equation 5.
Fe + HO & FeO + H, T Eq. 5

This source of hydrogen in the steam
can be significant particularly if the su-
perheater tube metal temperature is high
because of overheating.

Corrosion Mechanisms in

Steam Generation Systems
Corrosion occurs via different mecha-
nisms in the various areas of the steam
generating system. Oxygen corrosion
is more likely to be found in feedwater
systems and condensate systems. Flow

accelerated corrosion (FAC) is often
found in the low-pressure generating
systems in heat recovery steam gener-
ators (HRSGs). Under deposit corro-
sion, corrosion fatigue, and stress-as-
sisted corrosion failures are often ob-
served in utility boiler systems and in the
high-pressure sections of HRSGs. In
some cogeneration systems, process
contamination can generate additional
corrosion in the condensate system,
leading to increased amounts of iron
and copper contamination returned to
the boiler system, increasing the poten-
tial for deposition in the boiler.

Oxygen corrosion. The most comman
cause of boiler feedwater system corro-
sion is oxygen dissolved in the feedwa-
ter. Dissolved oxygen depolarizes the
cathode of the corrosion cell, permitting
ongoing dissolution of iron at the anode
(Equation 6).

Fe < Fe*? + 2e Eqg. 6

At the cathode, the oxygen reacts with
electrons released during the dissolu-
tion of the metal, forming hydroxide ions
(Equation 7).

O, + 2H,0 + 4e & 40H Eq. 7

Generally, the result is pitting corro-
sion in various areas of the feedwater
system. Pitting corrosion occurs be-
cause the internal surfaces in the feed-
water system are covered with a protec-
tive magnetite film. In the presence of
oxygen, accelerated corrosion occurs
at breaks in the film because the re-
maining passive surface is cathodic to
the exposed metal surface at the break.
In the absence of oxygen, magnetite is
formed because of the reaction of the
steel with water at feedwater tempera-
tures. In the presence of oxygen, mix-
tures of magnetite and hematite are
formed that do not seal the surface as
effectively as magnetite, so corrosion
continues, leading to the formation of
pits in the steel surface.

The presence of oxygen in the feed-
water is minimized by mechanical de-
aeration and by the use of chemical
oxygen scavengers such as hydrazine.
The dissolved oxygen concentration in
the feedwater is frequently monitored in
the effluent from the deaerator to ensure
that the oxygen concentration in the
feedwater is minimized. Continuous
oxygen monitors are available to pro-
vide a reliable source of data and raise
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an alarm in the system if excessive
oxygen concentrations are observed.

Flow accelerated corrosion has often
been observed in economizers and in
the low-pressure steam generating sec-
tions of HRSGs.

The thinning of the first few rows of
tubes in the low-pressure generating
section because of an FAC mechanism
has been identified in a number of
HRSGs This would appear to result from
a boiler design issue in that the fluid
flowrate in those tubes appears to be
high enough to contribute to accelerat-
ed corrosion at the tube surface in the
upper area of the tube with the metallur-
gy originally installed.

The primary issue appears to revolve
around the rate of steam generation in
the first few rows of tubes in the low-
pressure generating bank in the affect-
ed units. The velocity increases rapidly
as the fluid (steam/water mixture) rises
up the tube, due to the volume occupied
by the steam at low pressures. For
example, at 15 pounds per square inch
gauge (psig), 1 pound (Ib) of steam
occupies 13.7 cubic feet (ft%), while 1 Ib
of water occupies 0.016 ft%. If 10 % of the
water passing through the tubes is con-
verted to steam the volume of 100 Ib of
the fluid will increase from 1.67 ft3 to
138.441t°, anincrease of almost 8,300%.
So the steam generated in the tube
produces a large increase in fluid vol-
ume, and hence fluid velocity as the
fluid rises up the tube.

Changing the metallurgy in the affect-
ed tubes appears to have eliminated
the metal loss in the tube walls. Howev-
er, the issues of metal loss in the upper
header system and the baffles in the
low-pressure drum are yet to be fully
resolved. The impact of metal loss inthe
upper header is a far larger problem
than in the tubes, in that replacement of
the header would be a more expensive
project. Flow-accelerated corrosion can
be detected by monitoring dissolved
and suspended iron values in the low-
pressure circuit of the HRSG. Hydrogen
monitoring can also be used to detect
FAC in these systems. However, the
effectiveness of this technique may be
nullified in many cases by the difficulty
in obtaining a representative sample
from the low-pressure circulating sys-
tem.

HRSG metal lossineconomizertubes.
Thinning also has been noted in the
stubs off the lower headers of econo-
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mizers, possibly due to a FAC mecha-
nism. The resulting corrosion debris
circulating in the water can cause addi-
tional metal loss because of erosion as
well as deposits in the economizer and
the high-pressure generating bank of
the affected unit.

Deposit induced corrosion. In fossil-
fired plants, the most common forms of

waterside failure are underdeposit cor-
rosion and corrosion fatigue (4).

Scale accumulation can create an
environment where active corrosion of
the boiler tube metal surfaces can oc-
cur. This is because of the initiation of
concentration boiling cells within the
deposit, leading to over concentration
of boiler solids at the tube surface (9).

Concentration boiling mechanisms







