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1. Reliability & Availability

Industry overview

This section will focus on recommendations that will
improve existing coal-fired power plants' reliability
and availability to eliminate or reduce forced outages
and extend the time between planned maintenance
outages. This suggested availability improvement
program is meant to restore the plants' infrastructure
to a level that restcres the original reliability of the
plants. Implementation of these recommendations will
allow the plants to increase generation output above
recent historical output without increasing gross
generating capability.

We will show from the use of industry sources on reliability (GADS/NERC) and generation capacity (EIA)
that there is a significant opportunity for the utility industry to increase the generation output from our

existing fleet of coal-fired power plants by restoring portions of the plant infrastructure to their original
condition.

Analysis of the U.5. utility industry's coal-fired plant infrastructure reveals a significant opportunity for
increasing electricity output from these plants by taking measures to improve the reliability/availability of
the older facilities. Maintaining or restoring plants that are over 20 years old to a condition similar to
plants that are under 20 years old can result in more reliable facilities that will be available to play an
important role in supporting the increasing strain on our electrical system's reserve margins and electrical
demand growth.

Specifically, our analysis has shown that this reliability improvement effort can create
10,000 MWs of equivalent generation capacity within our existing coal-fired fleet of
plants. Of particular note is that over 90% of these MW of capacity will come from
 component replacement and material upgrades of the boiler/steam generator at our
facilities that are more than 20 years old. The U.S. EPA has focused on boiler/steam
generator component replacement projects in its recent enforcement actions, applying
Mew Source Review ("NSR") standards to repairs formerly considered routine
maintenance, repair, or replacement. The potential regulatory consequences of the
EPA's enforcement actions may prevent the utility industry from taking full
advantage of this relatively inexpensive way to increase the availability of our
national electric generating capacity, which could be implemented in a two to three year time frame.
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The U.S. electric generating system's reserve margins have declined dramatically over the last 20 years.
This situation has put pressure on the operators of our existing coal-fired fleet to restore, maintain, or
improve the reliahility and availability of their faciliies to keep pace with the growing demand for

ADVANCED BOILER INSPECTION TECHNIQUES 2011

electricity in the face of limited new capacity coming on line. The mandate for higher availability, lower
forced outage rates, and longer time spans between planned outages is more critical today than ever in
our history.

The causes of plant unavailability are well defined, and sound, technology-based solutions are
commercially available to improve plant availability and help restore our historic reserve margins.
Causes of plant unavailability and recommendations for solutions have been generally categorized
according to the magnitude of their impact on plant availability in the following:

Boiler/Steam Generator

The primary cause of unavailability of our coal-fired plants is the reliability of the boiler/steam generator.

Severe duty on both the fire
side and the water/steam side
of the various heat transfer
surfaces in the boiler/steam
generator cause frequent
unplanned outages and
lengthening of planned outages
to repair failures to these critical
components of the power plant.
Replacement of these
components will significantly
reduce outages and increase the
facility's availability and total

generation output capability.

All areas represents between 50% and 70% (depending on age, design, and operating history of the unit)
of all lost generation from our coal-fired fleet. The industry data sources referenced above indicate that if
improvements to the boilers/steam generators on our plants that are older than 20 years can be made to
restore these facilities to the condition of plants that are under 20 years, we will benefit from an attendant
improvement in reliability/availability.
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To help quantify this finding, plants older than 20 years are, on average, currently experiencing nearly
10% loss of achievable generation due to problems in the boiler/steam generator. This compares to
approximately 5% loss for plants that are less than 20 years old. If we can recover only this differential
through restoration of the boiler/steam generator, we will be taking advantage of nearly 9,000 MWs of
available generaticn capacity in our existing coal-fired generating fleet. This figure is expected to increase
significantly as our older generating units are dispatched more often to meet the growing demand for
electricity considering the less than adequate new capacity coming on line.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Although the implementation of any (or all) of these recommendations will significantly increase plant
availability, recentregulatory treatment of previously routine repairs, maintenance, and replacement as
modifications by the EPA discourages utilities from pursuing these kinds of projects in their future plans
for availability improvement for fear of triggering NSR with accompanying permitting and modeling
requirements. NSR can radically undermine the economic feasibility of these projects, preventing
recapture of lost generating capacity or increased reliability.

Development and History of Supercritical boilers:
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This appendix addresses the comparative issues of sub-
critical and super critical power cycles. The critical pressure
point of water and steam is 22.1 MPa abs, below this pressure
it is called sub-critical pressure and above this pressure it is
called as supercritical pressure. In the supercritical region, co-
existence of water and steam is not present, therefore in the
absence of steam/water mixture, the recirculating boiler
technology adopted for subcritical pressure could not be
used. This was t he key to the advancement of cycle efficiency
through the adoption of economic and reliable once-through _ I ]
supercritical boilers. : l .
Historical Perspective of Supercritical Pressure Plants
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steam cycles in international markets.
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Development of Supercritical Boilers

ADVANCED BOILER INSPECTION TECHNIQUES 2011

In the 1950s when the USA showed interest in using advanced steam conditions, the two major holders of
the “supercritical” boiler technology were Sulzer of Switzerland and Siemens in Germany. Sulzer boilers
were known as ‘monotube’ boilers whereas Siemens the licensor of the Benson once-through boiler
technology. The USA boiler manufacturers therefore turned to Europe and signed technology licenses
with the Europeans. It was this USA push that spawned the majority of the supercritical boilers that
operate in the world today. By comparison the number of supercritical plants of direct European origin is
modest, although the numbers have grown in recent years. Combustion Engineering signed with Sulzer
and Babcock and Wilcox and Foster Wheeler had an agreement with Siemens. Riley Stoker also built

supercritical pressure units.

Between 1957 and 1960 six supercritical plants were commissioned in the USA using the European
knowledge but with USA additions. Some ambitious steam conditions, up to 5000 psi, (34.5 MPa) and
1200°F (650°C) most with double reheat, were adopted. A number of these plants should be put in the
category of ‘pioneering

plants” as they were not a

commercial success. Design @ -

developments were s
undertaken in USA and in Coal Supply " Turbines . ‘ !
the mid sixties the second l bl M
generation ot supercritical Y '

units was being :E‘::’:f

commissioned. Through
their Japanese licensees
supercritical units of the
USA design were
constructed in Japan,
Babcock & Wilcox's once-
though boiler was called the
‘Universal Pressure’ (UP)
boiler, suitable for both sub
and supercritical pressures.
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In USA from 1963 to 1970 about half of the sales of utility fossil fuel fired plant were designed for
supercritical pressure. From 1971 to 1974 it had fallen to around 25%. The reasons for the reduction were:
sthe poorer availability of the supercritical pressure plant (new control concept, larger units, pressurized
firing)  the poorer load changing and start-up flexibility of the supercritical plant at a time when the
fossil fired plant needed to complement the growing number of nuclear plants which were operated at
base load. Since the 1960s experience improvements in design of the supercritical boilers were made such
that in the 1980s the new plants could achieve similar availabilities to the sub-critical plants. (see “607 days
(continuous) running”, Electrical World June 1987). The number of supercritical plants sold in the USA in
the decade starting 1965 amounted to 125 units. In total there are now some 150 units in service in the
USA, the reduction in the rate of their installation being in part a result slowdown in the growth of
demand and the trend towards gas fired combined cycle plants.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

In the 1960s a number of the US ty pe of supercritical boilers were installed in Japan with the Japanese
licensees of the US boiler makers being involved. B&W were associated with Babeock/Hitachi,
Combustion Engineering with Mitsubishi (MHI), and Foster Wheeler with IHI. Because of their high fuel
costs the Japanese had a greater incentive than the US to adopt the advanced cycle conditions,
Consequently a very high proportion of units installed in Japan have been supercritical units and within

the following two decades the Japanese had advanced the design of supercritical pressure boilers further
than their US licensees/associates.

The former USSR zlso embarked on a major installation program of supercritical units commencing
around 1960.

Around the mid to late 1980s when the pressure from the greenhouse gas issue began to be felt, Germany
and Denmark embarked on a major program of advancing the efficiency of the conventional steam cycle
for coal firing. This impetus may have been spurred on by the threat of competition from the new power
generation technologies which were being developed at that time, integrated gasification combined cycle
(IGCC) and pressurized fluidized bed boilers (PFB). As can be seen from the above the countries which
have the most experience with supercritical pressure cycles are USA, (although most of the units installed
are of an out-dated technology) Japan, Germany and Denmark. There are also a number of units in Korea,
China and a lesser number elsewhere. Thus Germany, Japan and Denmark have a number of modern
plants which could be described as ‘world’s best practice’ in terms of efficiency and operational flexibility.
It is natural that the major advancement in the technology has occurred in those countries where the high
cost of fossil fuels is a major driver. In the case of Germany and Japan they also have the necessary
industrial base and the major boiler and turbine designers who have the resources to develop advanced
designs. In the European scene the major players are Alstom and Sieme ns on both boilers and turbines,
and Deutsche Babcock on boiler design. In the case of Japan all the usual heavy industry manufacturers
are involved, MHI and Hitachi with both boiler and turbines, and Toshiba on turbines, IHI on boilers. The
major USA manufacturers also offer supercritical boilers of a similar design to those offered by the
German and Japanese manufactures. Korean and Chinese manufacturers also offer supereritical boilers
under the licensees from European and Japanese manufacturers.

9 E1987-2011 UDC all rights reserved United Dynamics AT 2681 Coral Ridge Rel. Brooks, KY 40109 Voice- 502-957-7525



(8
2

In India, very recently BHEL made technology collaborations with Alstom for Supercritical Boiler and
with Siemens for Steam Turbine Generator, NTPC started to construct first supercritical plant (3 x 660MW)
in India near Sipat village in the state of Chhattisgarh.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Supercritical Boilers

With supercritical pressure boiler there is not only a need to increase the wall thickness of the pressure
components and also use advanced materials but there is also a need to adopt a type of boiler which is
different to the type normally used for sub-critical pressures. This
need is related to the type of technology that can be used in the Asubstance becomes a _
evaporation circuit of the boiler. It is this need for a different supercritical fluid above its critical point
: S e : : of temperature and pressure

boiler technology which is the critical requirement in the

adoption of supercritical pressure.

senv Y .

As stated earlier, at supercritical pressures, unlike at sub-critical | Pressure
pressures, there is no co-existence of the two phases, water and
steam. Therefore the standard circulation system, which relies on /5
the density difference between steam and water to drive the ) ll;emperature
circulation for cooling the furnace wall tubes, and to separate the  ———
steam from the water to enable superheating to take place in the superheater tubes, is no longer suitable.
Instead a once-through type of system must be used.

Y

Supercritical Steam Turbines

Unlike the boiler plant the design of the turbine plant is little affected by the use of supercritical pressure.
Of course the high pressure cylinder must be designed to withstand the higher pressure and temperature
and also the reheater pressure and temperature will be higher, generally in proportion to the increase in
the main steam pressure. With supercritical pressures, because of the greater steam pressure range in the
turbine from inlet through to the condenser, there is greater scope for including an extra stage or stages of
feedwater heating. In some plants the ‘top” high pressure heater, which heats the return water to the final
feed water temperature, takes its bled steam from a tapping on the HP cylinder rather than from the usual
position at the outlet of the HP cylinder. This enables an even higher feedwater temperature to be
achieved and thereby provide a further increase in cycle efficiency. Typical feedwater temperatures are
around 290°C to 275°C compared to around 235°C to 250°C for sub-critical plants. With improved cycle
efficiency, i.e. a lower heat rate, there will be a reduction in heat rejected to the condenser. There is a
multiplying effect for a given improvement in heat rate. For example, if the heat rate is reduced by say
3.5% due to the use of supercritical pressure and higher steam temperatures, the heat rejected to the
condenser is reduced by about 6.4%.
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The percentage reduction in the sizing of the condenser and cooling towers is nearly two times the

percentage reduction in heat rate. In addition the water usage for a wet cooling tower will also reduce in
the same proportion.

Efficiency Gains

It shall be noted that, as the pressure is increased, so the gains made by increasing the steam temperatures
are marginally greater. Other factors which affect the cycle efficiency are the number of reheats, single or
double, the condenser pressure, the number of feedwater heaters, whether there is a feedwater heater bled
steam point part-way through the HP turbine, pressure drop through the reheater, etc. Therefore the
figures shown in the above graph must be regarded as typical only. When the supercritical plant having
steam conditions of about 25 MPa and 566/566°C is compared with modern sub-critical plants which

operate at around 16 MPa 538/538°C, an efficiency improvement of about 3.5% is expected accordingly to
the above graph.

Environmental Benefits

Gains in efficiency are reflected directly in the environmental benefits, i.e. savings in coal consumption
that means lower amount of CO2, NOx and 502 emission per kWh of power generated using efficient
supercritical plants. Comparative Costs (i) Capital Costs The key issues arising from a comparison of a
supercritical pressure plant compared to a sub-critical plant of the same MW rating are: ® An increase in
cycle efficiency occurs leading to reduction in most How quantities for a given unit size. * There is a
reduction in the heat to steam and the heat rejected to the condenser and cooling towers. ® A similar
steam flow rate, kg/s per MW generated exists. Due to the reduction in enthalpy of steam with higher
pressure, and a higher feedwater temperature, the enthalpy rise in the boiler is less than for a sub-critical
boiler. However with an increase in main steam and reheat temperature giving an increase in the enthalpy
pick-up, the specific steam flow kg/s per MW generated does not change significantly compared to a sub-
critical pressure plant. ® The higher pressures result in higher steam densities and lower volume flows of
steam in both the main steam and the reheat systems. The higher pressure, the need for a once-though
boiler and the above changes in the process variables leads to the following effects in the design of the

plant: * Advanced and additional materials are required for containment of the higher pressure and
temperature,

* There is a reduclion in size of various plant items due to the reduction in thermal duty and general flow
rates associated with the higher cycle efficiency: This includes: -Fuel and ash handling plant -Firing
equipment and draft plant -Condenser -Cooling tower -Furnace size However the total heating surface
area in the boiler may not change significantly as the heat is transferred at a higher average fluid
temperature, thereby reducing the temperature differences between flue gas and the working fluid. A
more complex furnace wall system in terms of the tubing arrangement and the support of the furnace
walls, leading to higher costs.
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* The lower volume flow of steam flow leading to lower piping diameters. Overall the cost of the boiler
plant is higher mainly as a result of the thicker walls for pressure containment and the more complicated
furnace wall system required for the once-through design. The cost of the turbine is expected to be
marginally higher due to the thicker walled components or the higher grade material required because of
the higher temperatures. There is no significant extra equipment required to meet the requirements of the
supercritical plant, for e.g. supercritical pressure plants would require 100% condensate polishing where
as recirculation sub-critical plants does not require this.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

But of late, condensing polishing plants are widely used in recirculation sub-critical plants also. Because of
the reduction in size of much of the ancillary plant, coal and ash handling plant, CW system, etc, which
will partly off-set the increased cost of the boiler and turbine, the overall cost of a supercritical plant
compared with a recirculation sub-critical plant should not be more than 5% above a sub-critical pressure
plant. This assumes that moderate temperatures for steam conditions are used such as 570°C for main
steam and 580-600°C of hot reheal. Higher temperatures and any higher pressure more than 25MPa may
push the price increase above the 5% increase. (i) Operational and Maintenance Cost

An increase in cycle efficiency results in substantial savings in fuel consumption. Therefore, the
operational cost (fuel cost) of the supercritical plant will be significantly less compared to sub-critical
plant. Otherwise, there should not be any significant differences in O&M costs between a sub and
supercritical pressure plant.

Size Considerations/Selection

As indicated in earlier sections, one of the difficulties in designing once-though boilers is to provide
adequate cooling of the water walls with a limited flow of fluid. With smaller boilers the perimeter of the
furnace wall (as viewed in plan) reduces approximately as the square root of the unit size. Therefore the
problem of covering the furnace wall with tubes whilst simultaneously maintaining an adequate cooling
water velocity becomes more difficult for smaller unit sizes. Also as indicated earlier small turbine blade
heights lead to higher losses. For these reasons supercritical pressures are more suited to large unit sizes
rather than smaller sizes. Central Electricity Authority (CEA) emphasized on the urgent need for
introduction of large-scale thermal power plants in an environmentally friendly manner, Thus, in order to
achieve the twin objective of quick capacity addition and better efficiency, unit size of 800 MW
supercritical power plant is ideally suited for this purpose. Selection of supercritical technology and
higher steam parameters will result in higher efficiency leading to lower emissions per kWh of power
generated. In view of lower emissions, the 800 MW supercritical units would rate higher in International
acceptance also compared to sub-critical units,
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Start-up and ‘Minimum load’

For start-up a minimum feed water flow must be established and maintained before firing commences.
This minimum flow is typically around 30%-35%MCR flow and it determines the ‘minimum once-though
load’. This fixed minimum flow is necessary in order to provide adequate cooling to the furnace wall
tubes. The excess water over and above the extent of steam generation is dumped from the start-up
separator vessel by a level control loop to condenser. Once steam generation matches the minimum feed
water flow the separating vessel will run dry and the true once-though mode is then established. The
feedwater flow must then be increased to match the increase in steam generation.

The dumping of water and heat on start-up can be avoided by the installation of a start-up boiler
recirculation pump. Without a boiler circulating pump it would not be economic to operate for any period
of time below the minimum once-though load.

Water Chemistry

With the recirculation boiler most of the impurities in the feed water are retained within the recirculation
systemn as only pure steam passes onto the superheater. Periodically the boiler water is ‘blown down' to
limit the concentration of impurities in the boiler water. With a once- through boiler there is no means of
removing impurities from the system, any impurities therefore will either deposit on the furnace walls or
be carried forward, either in particulate matter or in the vapour phase, to the superheater and turbine.
During the late 1950s and early 1960s with the growth in the number of once-through boilers advances
were made in the cycle chemistry and water treatment technology to match the demand. These days the
feed water quality standards used for recirculation boilers and once-through boilers are very similar.
There is virtually no distinction in the standard as to whether the boiler operates at sub or supercritical
pressure. Because of late 100% condensate polishing plant are provided for sub-critical plants also. In
addition, once-through boilers do not have a boiler blowdown. This has a positive effect on the water
balance of the plant with less condensate needing to be fed into the water-steam cycle and less waste
water to be disposed of. For the earlier supercritical boilers, the use of deoxygenated all-volatile treatment
(AVT) resulted in increased pressure drop through the furnace walls due to scaling, and hence the
necessity for frequent acid cleaning or metal temperature rise. The oxygenated water treatment (OWT) or
combined water treatment (CWT) developed in Germany has been applied in supercritical boilers for
more than 20 years operation. The use of OWT after initial start-up ensures the control of inner scaling of
furnace wall tubes. Due to application of OWT in supercritical boilers, it is not necessary to perform
periodic cleaning because tube inner scaling is controlled to a minimum rate. However, for sub-critical
boilers periodic acid cleaning is required at an interval of 4 years.
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Load Change Rates
The maximum achievable load change rate on a boiler is controlled by two main factors:

The allowable heating rates on thick walled components and *The degree of overfiring required to raise
the boiler metal temperature and stored fluid to a higher temperature. Excessive overfiring will lead to
excursions in main steam and reheat steam temperatures. On both counts the once-through boiler is
superior to the recirculation boiler. The thickness of the separating vessel on a once-though boiler is
thinner than the comparable vessel on a recirculation boiler. This vessel may represent a limitation on the
rate of pressure rising in a boiler from a cold but once the unit is on-load, where the temperature changes
in these components are small, these components should not represent a limit to ncrmal load changing.
With respect to level of the thermal inertia, i.e., the metal and fluid mass, which af-fects the degree of
overfiring (and underfiring) required on load changing, the once-through boiler has a lower inertia. The
furnace wall tubes are smaller in diameter, the separator is smaller than the drum and no array of down-
comers exist. Higher loading rates are therefore possible on a once-though boiler compared to a
recirculation boiler. The load change rate of the supercritical plant will be in the range of 3 to 5% per min.
which is faster than the sub-critical plant load change rate of 1 to 2% per min. As a result start-up time will
be less in the supercritical plants.

Availability/Reliability

Supercritical plants have improved in reliability since their first introduction in the 1960s. These
improvements have been realized through design improvements based on operating experiences and
through advancements in material. Units installed in Japan over the past 10 years have achieved
availabilities in the range of 98% to almost 100% with the exclusion of planned outages.

Plant Operation
The different control concept adopted in the once through supercritical boilers will require those operators
having experience only on sub-critical recirculation boilers to be retrained to operate the supercritical

plant in the different concepts. Particularly in India special trainings are to be provided to the operators
for operating supercritical plants as all the operators are skilled in the sub-critical plants only.
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Boiler Water Treatment

This issue goes hand-in-hand with the area described above. Performance of boiler heat transfer surface is
highly dependent on the chemistry of the water/stream that keeps the surface cool. Upgrades of the boiler
water treatment system should be coordinated with the upgrades described in Area 1. An added benefit of
higher water purity standards is faster plant start-ups; and, therefore, a unit can come on-line more
quickly and ramp up generation faster resulting in a higher overall generation output.

pemry] In addition, water purity has a cascading effect increasing the reliability of
W feedwater heaters and turbine blades and improving condenser performance.
! —

-;_'_,.",- =
Restoration of our 20+-year-old coal-fired plants to a condition similar to
those that are under 20 years through the recommendations described in
these eight areas can create approximately 10,000 MWs of additional
availability from existing assets. We would expect this number to grow
significantly as we increase utilization of our older plants to meet growing
demand. Without implementing these recommendations, the forecasted

increases in utilization will accelerate failures in these clder facilities
increasing the need for the recommendations we have identified here.

Of particular interest is that 90% of the increased availability identified will come from component
replacement and other projects involving the boiler/steam generator. The boiler/steam generator has been
the focus of the EPA's allegations in its recent reinterpretation of the New Source Review program as part
of its power plant enforcement initiative.

Emissions Performance NOx

Significant improvements in NOx emissions are being,
achieved in pulverized coal-fired power plants today. This is
through both advances in Low NOx Burner Combustion
technology and advances in Selective Catalytic Reduction
systems, both of which are being widely applied. Low NOx
Burner Combusticn technology has resulted in combustion
NOx levels being in the range of 0.15 to 0.30 Ib/MBtu,
depending on the coal. Selective catalytic reduction systems
are in operation with NOx removal efficiencies up to 90-95%. An existing plant retrofit this year with an
SCR will result in NOx emissions of approximately 0.301b/MWh, (approximately .03 Ib/MBtu which is
lower than the best natural gas combined cycle unit utilizing dry Low NOx Combustion, according to the
most recent EPA actual operating data).
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New pulverized coal power plants, through the
application of commercially demonstrated Low
NOx Burners and SCRs, can achieve NOx
emissions as shown in the table below. In order
to compare NOx emissions with natural gas-
based power generation, the performance is
reported in Ib NOx per MWh.

The NOx emissions performance represented in
this section of the report and in the two case
studies is derived from applying the state of the
technology, Low NOx Burners with the state of
the technology Selective Catalytic Reduction
Controls. These are applied to representative
Eastern and Western coals and typical project
parameters. The actual NOx emissions that can
be obtained from a given new coal fired project
will depend on the analysis of the actual coal to
be burned. It will also depend to some extent
on the local ambient air conditions and
condenser water availability and temperatures,
which will impact the available heat rate of the
cycle. The actual achievable NOx emissions rate
for a given project can only be determined after
the specific project and fuel parameters have
been defined.

It should also be noted that this section of the
report only addresses new, coal-fired
generating plants.
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Availability Improvements at Existing Units

Utilities have many opportunities to increase electrical output at existing units
without increasing fuel burn by improving efficiency or reducing forced outages
through component replacement and proper maintenance. In some cases, utilities
do so as a reaction to unexpected component failures (reactive replacement). In
others, utilities replace worn or aging components that are expected to fail in the
future or whose performance is deteriorating (predictive replacement). In some
cases, utilities replace components because more advanced designs are available
and would improve operating characteristics at the unit. Such component
replacement can restore a unit's original design efficiency or, in some cases,
improve efficiency beyond original design.
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2. Risk management
Data Driven Planning

The challenges of successfully completing projects within an
Operations and Maintenance environment have increased over the
last 10 years. Many plants have been operating at greater than 100%
of MCR with the least practical outages leading to continuous
decreases in maintenance cycles or downtime. In the "Do More with
Less" corporate environments, maintenance staffs have experienced
decreases in skilled staffing and decreases in budgets. Maintenance
projects are typically driven by unrealistic time constraints and
typically delivered late. Both the operations and maintenance staffs
must find the right balance in planning and executing projects. Risk
management is the key to finding the acceptable balance within the project management methodology.

The typical application of the boiler outage project planning process, is to back fit the work flow or logic
into a given timeframe as developed by the boiler inspection scope of work, based on constraining
completion times for the project and with consideration of resources constraints. The best practices have
the identification of risks (boiler inspection results) beginning during a project selection process or during
the early planning process. Yet, project teams usually address risk events in a cursory manner during the
latter phase of the planning process, if addressed at all. These risk events, if addressed, are identified as
mostly independent events when analyzed, and may have several independent responses put in place.
Due to the project inspection team's lack of experience in risk analysis, lack of data or adequate time, and
the complexity of many of the assessment tools, the responses usually consist of putting in place
contingencies of time and money.
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Risk Driven Project Planning and Execution

Implementing a rick Driven/Aware process within an organization's Project Management Mcthodology
provides a key process allowing operation and maintenance project teams to reach a balance with
schedules, resources, and costs. A Risk Driven Project contains all the planning elements of traditional
planning approaches, a focus on detailed analysis of risk events and classification of risk events as critical
risks events or non-critical risk events. Instead of the work flow or logic of a project considering only time
and resource constraints, the Risk Driven Project highlights the
highest priority events and utilizes a pre conceived plan to monitor
and control these critical risk events. The classification of critical risk
events considers detailed risk events, chain of events, qualitative or
scenario analysis of critical risk event paths, and defining responses
based on Acceptable Project Value (APV) to Unacceptable Project
Value (UPV) ranges.

Risk Driven Project Process \ Value-based Management

Once projects are selected and planning is ready to start, key Risk Driven Project objectives are:
s Establishment of Unacceptable and Acceptable Project priority constraints by senior management;
s Consideration of inspection risk events, chains of risk events and risk responses in structuring the
planning, execution, control & evaluation, and termination of repair items based on criteria. The
following sections deal with criteria and priority which are
needed to support this planning approach.

The choice will be based on a combination of cost and reliability. Cost-
based decisions are based on experience, not information.

While most repairs do not result in a loss of efficiency, performance
issues are generally not addressed when making Cost-based
decisions. In order to make these decisions effectively; managers and engineers will require access to more
and more data. Along with this need for information will come a new emphasis on reliability and heat
rate, driven by competition for production time? Equipment unreliability often causes unit load
restrictions or frequent start-ups and shutdowns. Improved reliability means less time in a transition or
de-rated condition that can ultimately affect unit heat rate. While these effects are not directly related, the
secondary effects of disturbances in operation cause a reduction in overall capacity. Conversely, by closely
monitoring thermal performance at the component level, O&M personnel can improve component
reliability by spotting problems early.
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Utilities need to move from a "Cost-based"” approach to asset management
to a "Value-based" approach. The key difference between the two
approaches is that the Value-based approach involves strategic decision-
making that takes the long term affect of repairs into account when
making replace, rzpair, and overhaul, retrofit, and refurbish decisions.
The Cost-based approach relied on available budget (can we afford it?)
for maintenance decision-making that often ignores equipment thermal
performance considerations.

| UDC Priority Assignment Analytics Matrix™

Assessment Factors

Safety Concern / Fallure / Restricted Accessibility
Ervironmental Impact / Failure / Moderate Accessibility
Fallure / Satisfactory Accessibility

Fallure / Performance Issue [ Good Accessibility
Possible Failure / Preventative Measures Needed

Limited or No Impact

 Initial Risk Index Number (IRIN
Priority 1 (FRIN >13) 1 20) By

(FRIN >13) Countermeasures should be implemented
immediately

Priority 2 (FRIN =8) Waterwalls 3
(FRIN =8) Countermeasures should be implemented as Superheaters 2
soon as practical Reheaters -1

Remaining Wall Thickness = 35%

Priority 3 (FRIN <8) Remaining Wall Thickness < 45%

(FRIN <8) Countermeasures should be planned for Remaining Wall Thickness < 55%
future implementation Variable Adjus e o

| Final Ill;lr: Index Nuﬁ‘th&r(l‘ﬂiﬁ?iﬁﬁﬁ

Copyright 2010 - UDC - www.udcnet
i
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Formal repair selection criteria

You can calculate your own thresholds by calculating hoop stress based on ASME specifications and
applying that information to your MWT of each component. MWT refers to Minimum Wall Thickness as
established by the original manufacturer.

You can adopt a recognized criteria used by UDC. These suggestions are based on item one above.

<65% of MWT for replacements
<75% >65% of MWT for pad welds (if permissible)
<85% >75% of MWT for shielding

Replacements <65% of minimum wall
If a pressure part has thinned for any reason to below 65% of the MWT the first choice should be
replacement. The strength has diminished to a level where the risk of failure is possible. Failure is not just
the action of a pressure part thinning. The thinning in conjunction with other conditions such as
attachments, internal corrosion, stress induced by membrane welds and other conditions can contribute to
the eventual failure, This synergy is the true risk when the known condition of thinning is observed. Your
view of risk management may affect what percentage of MWT you and your plant
can be comfortable with.

Many will ask why we can’t pad weld tubes below 65% MWT. Statistically the risk
of failure increases with increase in percentage of pad weld. Remember we are now
adding a heat affect zone (HAZ) to the synergistic risk profile mentioned above.

Pad welds <75% >65% of MWT (if permissible)

Due to the historical failure rates of pad welding, we believe that replacement is far A \
superior to pad welding. These replacements will statically to reduce failures.

However in many cases pad welding is the only feasible repair. About 10 years ago when pad welding
was required, we began an effort to install pad welds in a
more survivable manner. This involved installing filler metal
in the coolest possible way. Please note that pad welding
should never be used to close a breach in the tube wall. It
should only be used to refurbish or thicken the thin area.
Experience has proven that a properly installed pad weld on a
tube above 65% MWT will be less likely to fail than that below
that threshold. See details on proper installation of pad welds
and conditions when pad welds should never be used later in
this manual.

Shields <85% >75% of MWT

The installation of shields will have the effect of reducing thinning. It will not structurally re enforce the
material the way a replacement or pad weld will. This is the reason why it is the least dramatic choice of
repair for a marginally thin tube above 75% MWT.
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Ranking of priorities
Priority #1 problem must;
Safety or loss of life issue
Certain forced outage before the next planned outage

A certain forced outage can be calculated and supported from
data gathered during the outage. This is usually thickness
data. Thinning rates or progression must be established before
proper application of the rules of priority. How long did the
thinning take, days, weeks, months or years. This is the very
reason good historical documentation is required. If we can
determine the progression of the problem, an assignment of
priority is straight forward. If we can not determine

progression we must assume the worst case and assign a high
priority.

The scheduled run time must be considered in applying the priority rules. You must affect a repair that
will not be compromised within the scheduled operations time between scheduled outages. You may
have to implement more conservative criteria to achieve the desired result. Depending on the
circumstances, you may need to increase the MWT above design or to apply heavy shielding. When
increasing MWT, consult your engineering department for their interaction, as this will affect performance
of the boiler. Always consult engineering when considering a design change in the boiler.

The most important are components whose failure will directly affect the reliability of the boiler.
Components that comprise the pressure parts of the boiler are given special attention since failure leads to
forced outages and lost steam production. These critical pressure parts include:

¢ Drums - steam, lower, uptake, down comer, etc.

* Headers - both steam and water

* Tubing - superheater, boiler or generating bank, waterwall, economizer

* Piping - steam and feedwater

* Deaerator - may have special safety concerns

¢ Attemperators - sometimes called desuperheaters
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The following is a typical example of a priority #1.
Pl

Report Sequence #: 151
Report Name: 151-P1divpnl3upperadd-2222002

By: John M Cavote PO .o J
Station: s
e =]
Location: SHDivision Pnl 3 KNUCKLE TUBE S o,
LT TT T
Wi | o
Item #1. The Tubes were counted from FC b

Items were marked with <=<red>>> paint.

Repair item/s #: 2

Area SHDivision 'nl Front-Front Tubes knuckle tube
Action required: PAD PADWELD

Priority #:1

Repair#: 2-a>>Record:# 1288 (PAD PADWELD).
The location of this repair is on the SHDivision Pnl Front-Front Tubes
knuckle tube
Tube configuration is right tube.
Tube #: 1 Element #: 3 at elevation 976

b/ rvvww The length of the repair required would be 0.3'
e The cause of this problem is Abrasion. This condition appears as Gouge

in tube.
‘e 3] Ak .

o [P The material grade
i required is SA213T11

) OD =2.00inch. The
(MWT) minimum thickness required is =0.220" The rod
normally used for welding to the material should be #:

Priority #2 problem must;

Probable but not guaranteed forced outage before the next planned outage

Performance issue
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Components that are more likely to have adverse effects on boiler performance as they deteriorate with
age might include:
* Air heaters - recuperative (tubular), regenerative (Ljungstrom), steam coil

* Fans - induced draft, forced draft, primary air (pulverized coal \ ’
firing) @y &

* Burners
* Fuel preparation equipment (especially coal firing, i.e. pul-
verizers)

* Boiler settings such as casing and BRIL (brickwork, refractory,
insulation and lagging)

* Structural supports

The first example on the next page is a non pressure part priority #2. This would be serious performance
issue,
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The following is a typical example of a priority #2.
&

ADVANCED BOILER INSPECTION TECHNIQUES 2011

A AL

Report Sequence £ 148
Report Name: 148-P1Corner1-2252002
By: PKeating

Station: Columbia Unit:2 CONEA = =

T e
Location: Burner 1 addendum WO . ML
3t
o
Item &1. The Tubes were counted from S Rl ey,
i fi BT e
[tems were marked with <<<red>>> paint. e

Repair item/s #: 2

Area Burners 1
Action required: ALI ALIGHN & REATTACH

Priority #: 2

Repair#: 2-a>>Record:# 1402 (ALI ALIGHN & REATTACH).
Repair Comment: Pivot bar on coal nozzle tip E is unattached.

The location of this repair is on the Burner E coal
| The cause of this problem is Fatigue (vibration). This condition
| appears as unattached.
Charge code { Workorder :

Status of item: INSPECTED

e
@ (0 WEAR 00 L=
COLUMBIA =
UNIT #2 i SECAT LLAN L
EATHE Lo
W =]
L Wiadt
LETl &k (1 30
S | FUANACE REAR SO
T A kL
= PLRNALE FAE
* iomEwen 4
iy Wl
L=h BT AL
® uvd,
e L R
Lt

The example on the next page illustrates an example of a priority
#2 on a pressure part.
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|i i1
| -
| [
| t
k1) [
I m
(]
Ead LA
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Report Name: 111-P2CrowsNest-2222002 i
By: P Keating s R s

= =
il ki
(N3} FEOAT ST L e

Pz

IM;

H i LA Eatal

Station: i o
LEE] L ]

ExTEaDED 5 LA B

O kL FLANACE REAN SOEWALL

Location: Reheat CROWS NEST e

2 ol
LBt RT
STEVRALL TR ARLL
1 F-.:E:L.'.IZE
FRGNT AL
. . RADUANT RERTAT
[tem #1. The Tubes were counted from left side wall to right R A

side wall
[tems were marked with <<< white >>> paint.
Repair item/s #: 2

Area Reheat Rear-Front Tubes crows nest
Action required: SHD SHIELD INSTALL

Priority #: 2

Repair#: 2-a >>Record:# 1318 <<db# 1318 >>(5HD SHIELD
INSTALL).

Repair Comment: Element/UT reading: 46/.126, 47/.120, 48/.128,
49/.126

The location of this repair is on the Reheat Rear-Front Tubes crows
nest -

Tube #: 4 Elements #: 46 through 49 atelevation 998.5'

The length of the repair required would be 2
The cause of this problem is Erosion (soot blower). This condition
appears as eroded.

The material grade required is 5A213TP304 OD =2.12inch. The (MWT)
minimum thickness required is =0.148" The rod normally used for
welding to the material should be #: 347-16
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Priority #3 problem must;

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Low grade performance issue

Long range mechanical optimization

Information or documentation issue.
The following is an example of several priority £3 examples.
P3
Repair item/s #: 3

Area Economizer Upper Bank on top of bank 1
Action required: MON MONITOR CLOSELY

Priority #: 3

Repair#: 3-a>>Record:# 1172 <<db# 1172>> (MON
MONITOR CLOSELY).
Repair Comment: Monitor erosion down in the bank

The location of this repair is on the Economizer
Upper Bank on top of bank 1
Tube #:4 through 8 Element #: 39 at elevation 972

{ This is evident on all elements.
Material grade required is SA210A1 od= =1.75inch.

The (MWT) minimum thickness required is =0.200"
The rod normally used for welding to the material

should be #: E7018
Charge code / Workorder :

Status of item:
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Repair item/s #: 4

Area Economizer Upper Bank top of bank 1 (center)
Action required: INFO ONLY

Priority #: 3

Repair#: 4-a >>Record:# 1176 >> (INFO ONLY).
Repair Comment: The following UT results were taken in on the op of bank 1 in the center 5B path:

(Elements.UT)

1.217 2224 3228 4216 5229 6.225 7.220 8.219 9.209.10.220 11.208

12,218 13.215 14.213. 15.225 16.217 17.222 18.215 19.205 20.220 21.221 22.213

23.221 24.220 25,222 26205 27.217 28.207 29.202 30.208 31.215 32.213 33.209 34.220 35.208 36.219 37.216
38.216 39.217 40.208 41.212 42.214 43.221.44.221 45.211 46.206 47.215 48220 49.224 50.214 51.222 52.224
53.221 54.220 55-221 56.215 57.221 58.219 59.217 60.225 61.225 62.216 63.224 66.220 67.223 68.224 69.221
70.224 73211 74.225 75.22378.230 118.229 119.124 120.215 126.211

127.217 128.216 129.229 130.216 131.220 132.222 133.220 134.217 135.219 136.221 137.226 138.222 139
216140222 141,221 142.222 143,223 144,230 145.226 146.218 147.210 148.228 149,221 150.220 151.215
152.219 153.223 154.211. 156.221. 157.217 158223 159.219 160 .220 161.207 162.224 163.220 164.219
165.215 166.218 167.221 168.225

64&65-no reading 71&72 no readings 79-118 are slagged over. 118-124 slagged

The location of this repair is on the Economizer Upper Bank top of bank 1 (center)
This condition appears as no action required due to UT results,

Charge code /| Workorder :

Status of item:
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FAILURES AND NEAR FAILURES IN FOSSIL PLANTS

Boiler tube failures occur in fossil-fired plants throughout the
world. Failures diifer only in the ty pes of failure mechanism
experienced, and in the magnitude of the associated
availability loss. Explanations of tube failure experiences
amongst utilities are usually treated as unique incidents in
individual boilers; rather than, as recognized common
occurrences that can benefit from detailed knowledge and
shared information about failure mechanisms and root-causes.
This unique incident rationale results in consideration of each
unit's boiler tube failure problem as a special case that
requires extensive failure-cause analysis, special testing, and
outside technical support. Generally, U.5. utilities take this
approach to solve boiler tube failure problems primarily
because they: (a) tend to accept tube failures as normal
maintenance activity; (b) have tremendous pressure to return
the efficient units to service quickly; and (c) seldom have the

required technical expertise at the plant to study the problem and implement optimum correction or
prevention solutions.

The photograph at the left shows what we call a
golden tube. This type of inspection find will result
avoiding a tube leak resulting in forced outage.
This single inspection find can justify the entire
planning and inspection effort for multiple years to
come. Those potential savings are addressed on the
following page.
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COSTS ASSOCIATED WITH BOILER TUBE FAILURES

Boiler tube failures are the number one cause of forced outages of power generating units for U.5. electric
utilities. The cost penalty is estimated to be in excess of $7.5 billion a year in replacement power charges
and maintenance costs.

Boiler tube failures account for a 4 %annual loss in large fossil unit availability on a national
basis. Approximately 40 percent of all tube failures occur in furnace water wall tubing.
Superheater tube failures are responsible for about 30 percent of the failures. Reheater tubes
15%, eccnomizer tubes 10%, and cyclone burner tubes account for 5%.

REPEAT BOILER FAILURES

There are four primary reasons why boiler tube failures occur on a
repeating basis. Repeat failures are defined as multiple failures in a single
boiler having the same failure mechanism and root-cause. Repeat boiler
tube failures occur for the following reasons:

Not Following State-of-the-Art Practices

State-of-the-art practices are defined as operation, maintenance and
engineering practices demonstrated by experience to be necessary in the
prevention of repeat boiler tube failures. Lets discuss an example of state-
of-the-art practice relevant to each functional discipline, that is, operation, maintenance and engineering.

a.) State-of-the-Art operating practice

Major operating practices, which can influence boiler tube failures, are: cycle water
chemistry; boiler, Superheater, and Reheater temperature control; combustion
control; and lay up, both waterside and fireside.

b.) State-of-the-art maintenance practice

Many cases of repeat tube failures caused by poor or improper tube repairs also
are not uncommon and well documented.
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It is not un common to hear, "The weld that was made as a repair failed 24 hours later", are typical. Again,
the reason behind the root-causes, which are tube overheating due to blockage by welding debris, and
incomplete fusion of the weld respectively, is the failure to take proper tuhe-repair quality-control-
preventive-actions which follow proven state-of-the-art maintenance practices.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

These repeat boiler tube failures can also be eliminated by the establishment and use of plant tube-repair
maintenance procedures; where these procedures clearly define not only the repair method and materials

to be used, but also proper quality-control action to be taken to ensure against boiler tube-re pair repeat
failures.

Maintenance practices also include maintenance of chemical
treatment equipment for the makeup system and condensate
polishers (where installed), maintenance of cycle components to
prevent ingress of impurities into the feed water, and maintenance
of chemical sampling equipment and analytical instrumentation. It
is imperative to maintain tight condensers and to seal the areas
through which air leaks into the vacuum section of the cycle, and
to maintain efficiency of the air removal equipment. Appropriate
chemical cleaning practices are also a part of complete a
maintenance program.

c.) State of the art engineering practices

Many repeat failures occur because of neglect in determining the remaining life of tubes, with loss-of-life
damage from the same failure mechanism causing the initial tube failure. Typical cases where, even
though the root-causes were properly diagnosed and corrected, tubes that experienced loss-of -life
damage from the same mechanisms and root-causes of previous failures are now beginning to fail. The
root-cause of these repeat failures is the neglect to take state-of-the-art engineering preventive action,
which is to perform residual life evaluation of tubes that have suffered loss-of-life damage. These repeat
boiler tube failures can also be eliminated by the establishment and use of plant boiler tube inspection
procedures; where the procedures clearly define not only the method for verifying the integrity of the tube
repair, such as radiography and/or hydrostatic test, but also proper residual life preventive action to be
taken to ensure against loss-of-life-damage repeat tube failures.

Proper engineering practices also include design and material selection for the boiler and pre boiler cycle
components. This includes compatibility of all cycle materials with the selected water treatment, capacity
of the deaerating equipment, design of chemical treatment equipment, boiler drum steam separators and
blow down, and design of temperature, pressure, and water chemistry monitoring equipment.
Engineering also has a major influence during life extension retrofits and equipment upgrading.
Improvement of condenser integrity and replacement of copper tubing in condensers and feed water
heaters by ferrous materials improve water chemistry control and reduce corrosion.
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Proper Failure analysis

When a forced outage results from a boiler tube failure there is considerable pressure on plant personnel
to complete the repair and return the unit to service as quickly as possible. Many times expeditious
repairs result in inadequate problem analysis, which leads to subsequent repeat failures. Analysis of a
tube failure incident should include:

(1) inspections to determine the extent of primary and secondary tube damage
(2) identification of the failure mechanism

(3) determination of the root-cause

(4) verification of the root-cause

(5) determination of residual life/predictive maintenance.

A primary tube failure can cause secondary failure and/or
damage to other tubes in close proximity of the primary failure.
Lack of careful inspection of all tubes damaged during the failure
incident, with appropriate wall thickness measurements, will
result in future repeat tube failures.

Itis very important to identify the correct failure mechanism of

every tube failure since, for each mechanism (i.e. fire-side corrosion, fly ash erosion, etc.). there will be
unique root-causes. Incorrect failure mechanism determination will usually result in taking wrong
corrective and/or preventive action, and in having subsequent repeat tube failures.

To protect against repeat tube failures from incorrect root-cause analysis and/or determination,
verification of the most probable root-cause should be obtained as soon as practicable. Appropriate
measurements and tests should be conducted to support the assumptions and postulations made in the
root-cause analysis.

A tube failure can result from either a corrosion and erosion failure mechanism, where the tube wall
thickness is reduced to the point of tensile rupture.

These failure types have a high probability of producing repeat tube failures unless a residual life
determination of other tubes experiencing similar degradation is performed. To prevent repeat tube
failures before the next scheduled boiler outage, wall thickness measurements and residual life
determinations should be made of all tubes adjacent to or in the close proximity of tubes that have failed
due to these mechanisms,

During an analysis of corrosion failures (waterside and fireside), identification of the chemical species at

tube and crack surfaces can help in determination of chemical root-causes of a failure. Involvement of the
water chemist in failure analysis and a review of chemistry history are also helpful.
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Choice of Corrective /Preemptive Action

Repeat tube failures can occur because a temporary rather than
permanent solution is applied to correct and/or prevent the tube
failure problem. An example of a temporary action is the use of
sacrificial shields or metal/plasma sprays to inhibit fire-side
corrosion or erosion. A permanent solution would be based on
determining the respective root-cause, such as a reducing
atmosphere in the furnace, and excessive flue gas velocity
respectively, and taking appropriate engineering and/or
maintenance preventive action. An example of a temporary action
is the use of a window or pad weld to make a tube leak repair. Best
practice would be to immediately replace the damaged tube with a
new tube section (Dutchman), or to replace the window or pad welded section at the next scheduled

boiler outage. Unfortunately, many temporary solutions are not replaced with permanent action, and
therefore fail agair within a short time interval,

In relation to corrcsion failures, the corrective/preventive actions should include a reduction of impurity
ingress, establishment of proper water chemistry practices, and a determination of tube life reduction by
the corrosion damage. For example, hydrogen damage of boiler tubes cannot be reversed and a
replacement of the severely damaged tubes will prevent annoying continuation of tube failures.

All scheduled major boiler inspections should include boiler tube wall-thickness measurements in areas
experiencing erosion or corrosion damage, until erosion/corrosion rates are established. In areas
experiencing damage, root cause analysis will be performed, and corrective, preventive and control
actions taken to inhibit forced outages due to these mechanisms.

Problem definition and root-cause analysis of waterside corrosion failures is usually more difficult
because of the need to review water chemistry history and data over an extended period of time.

Proper corrective and preventive action requires correct
mechanism identification, root-cause analysis and verification.
A formalized boiler tube failure prevention program satisfies
these requirements through management mandates and
support.

33
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Problem Definition

Root-cause analysis of every tube failure is a prerequisite mandate for an
effective formalized tube failure prevention program. Before the actual
root-cause of a boiler tube failure problem can be determined, it is
essential that the problem be clearly defined in terms of: the failure
mechanism

Multidiscipline Approach

Activities associated with boiler tube failures, that is, mechanism identification, roct-cause analysis and
verification, and appropriate corrective and/or preventive action, are complex and usually require the
expertise of several technical/experience disciplines. Examples could be: mechanism identification may
require knowledge of the metallurgical characteristics of boiler tube steels at high temperature over time;

Root-cause analysis may require knowledge of feed water and boiler
water chemistry, boiler tube wall temperature, scale thickness, and heat
flux; verification may require a stress analysis of complex tube

assemblies which are subjected to expansion restraints; short-term,
extensive water-chemistry monitoring preventive action may require a
change in operation or maintenance practices; ete. Effective boiler tube  (
failure prevention programs recognize this complexity and address it

by mandating and supporting a "team” approach to solving boiler tube
failures.

Residual Life and Predictive Maintenance

Most repeat tube failures, (that is, failures in the same boiler over time, having the same mechanism and
root-cause), occur not because the mechanism or root-cause is not known and understood, but because the
remaining life of other damaged yet failed tubes was not determined, Most failure mechanisms use up
tube life that cannot be restored even though the root-cause has been corrected. Good examples are fire-
and water-side corrosion where the tube strength has been diminished due to wall thinning (fire-side
corrosion) or changes in micro structural properties (hydrogen damage). When failures resulting from
these or other mechanisms that use up tube life occur, residual life of other tubing, in areas and/or
locations under the influence of the same root-cause, should be determined as soon as practicable.

This will expose other damaged tubing that is prone to failure prior to the next scheduled boiler outage,
and establish corrosion/erosion rates for predicting maintenance requirements to inhibit future repeat
failures. Formalized boiler tube failure prevention programs satisfy this requirement, by mandating
residual life determination as an integral part of the program'’s correction, prevention and control

PI'GCI:SSES.
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Permanent Engineered Solutions

ADVANCED BOILER INSPECTION TECHNIQUES 2011

In many tube failure problems, temporary rather than permanent engineered
solutions are used to solve the problem, with the result that the remedy is a
continuing and costly maintenance burden. A good example might be where
tubing is damaged by soot blower erosion because the blower is located too
close to a corner or wall protrusion, yet rather than relocate the soot blower,
the tubing is pad welded or shielded. Another example might be where
water wall fire-side corrosion damage, due to a reducing atmosphere in the
furnace, is repaired with metal or plasma sprayed coatings, rather than
providing curtain air along the walls.

In most cases, temporary repairs should only be used in emergencies, with
engineering fixes being the permanent solution. A formalized boiler tube

failure prevention program with its team approach to permanent solutions
satisfies this requirement.

Data management and documentation

For successful, continuous control of boiler tube failures, communication is the most critical requirement
in a formal boiler tube failure prevention program. Correction, prevention and control of boiler tube
failures requires that every functional group (management, engineering, operation and maintenance),
charged with this responsibility be continuously informed so that single tube failures do not become major
tube failure problems. One of the ways to insure effective, reliable, communication is by use of a
computer-based centrally located, company-wide reporting and monitoring system. For this system to be
successful, four prerequisites should be satisfied.

Investigation and Correction of Boiler Tube Failures

Information on many common fossil-fired boiler tube failure
mechanisms is presented; ty pical locations where they occur in the
furnace; identification of failure mechanisms; most probable root-
causes; and preferred corrective and/or preventive actions.

This software [course and the data contained in it does not eliminate
the need for a thorough metallurgical analysis during the failure

investigation, but is intended to enhance the investigation process by
providing descriptive information for use during communications with technical specialists. The report

encourages the comprehensive acquisition of failure data and pertinent records to document the failure
for immediate and future reference.

The software failure library is illustrated with color photographs as well as line drawings, and begins with
a general introduction to failure mechanisms, root-cause determination and verification methods, and
tubing steel used in fossil-fired boilers.
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Failure Mechanisms: Primary and Secondary
Primary Failure Mechanisms

Since boiler tube failures have been the subject of immense concern to utility companies and boiler
manufacturers, there is a tremendous number of investigations and reports concerning the different
failure modes and mechanisms. A mechanism is defined as the process by which something comes into
being. There are many different types of mechanisms that have been cited as causes for boiler tube
failures, An extensive search was conducted to compile the more significant common failure mechanisms
for inclusion in the report.

From this effort, six broad classifications were selected as follows:
Stress Rupture
Water-Side Corrosion
Fire-Side Corrosion
Erosion

Fatigue
Secondary Failure Mechanisms

An important aspact of the initial inspection of the boiler after a tube failure incident is to determine if any (
tubes adjacent to the failed tube were damaged as a result of a secondary failure mechanism. For
example, a secondary failure mechanism would be steam escaping from a tube leak, which entrains fly ash
particles and projects them against an adjacent tube to produce erosion damage. This action is sometimes

-gm called erosion washing or steam cutting. The escaping steam is not the
cause of the erosion, but is accelerating the fly ash particles to a high
velocity, which causes abrasion and wall thinning. This type of erosion
can occur anywhere in the boiler since it is caused by an earlier failure in
another tube.

Another example of a secondary failure mechanism is adjacent tube
impaction. Impaction can result if the first failure is violent and causes
the tube to whip about and strike adjacent tubes, In an unusual case, a
bolt that was left inside a tube wore through the tube and was propelled
into and through an adjacent tube and dented another neighboring one.

Ultrasonic thickness measurements should be used to determine remaining wall thickness of tubes that
have received secondary damage.
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Thinned tubes may have to be replaced before through-wall holes are present, if the remaining wall

thickness is too thin to sustain additional service loads during the next operational period. Immediate
tube replacement in these situations can prevent repeat

ADVANCED BOILER INSPECTION TECHNIQUES 2011

failures.
Root-Cause Analysis and Verification Methods

Boiler tube failure root-cause analysis and verification
methods include: (1) the gathering of physical evidence or
data; or (2) the studying of available facts through systematic
problem analysis. In most cases, combining both
methodologies is necessary since gathering all the necessary
data may be impossible or too time-consuming and costly.
Important relevant parameters that may require
determination by calculation, observation, or measurement
are as follows:

¢ Tube metal temperature

¢ Tube metal stress

e Tube metal thickness

» Tube metal microstructure

¢ Tube metal material properties

Boiler water and feed water chemistry

s Boiler water flow

s Fuel constituents

o Fuel fouling and slagging characteristics

® Flue gas flow pattern and velocity

e Flue gas temperature

e Tube deposit constituents and thickness

On-line monitoring, periodic sampling, and laboratory testing are three ways in which to quantify these
critical parameters. Determination of the failure mechanism and probable root-causes are the key to
minimizing data gathering requirements,

Each section of the report contains information on mechanism identification, on prcbable root-causes, and
on verification processes. Information on probable root-causes should be used to minimize data needed to
verify the actual root-cause. This approach will expedite the problem solving and corrective action
processes.
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Forecasting of boiler tube failures (Pro action)
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This is a systemic approach to tube failure forecasting and management,
The ability to forecast tube failures is an illusive one. The best attempt we
can make must be supported by empirical data. The quality and quantity
of:

Collected data frem team inspections

Life assessment studies

Lab analysis

These three efforts will determine just how proactive we can be in
reducing tube failures. The adage “Garbage in Garage out” is well suited
here. If your plant budget and planning have a minimum effort in the

three primary areas mentioned above then you ability to forecast will be directly proportionate to that
effort.

This is not rocket science. All failure mechanisms have been previously
identified and catalogued by the industry.

With today's emphasis on developing competition through deregulation,
heat rate gains and availability are becoming more and more significant.
Cheaper fuels, better performance, and higher equipment reliability
combine to become key indicators for unit dispatch and the economic
viability of generating units for future competitive markets. Fuel,
performance and reliability are not independent, and gains made in one
area can often be offset by losses in another. Under deregulation, value,
rather than cost, will drive decisions for more effective asset management.
With advances in information technology, tracking performance and
reliability will be required to ensure the long-term success of the
organization.

Current and future goals for these organizations include the development of a business model that will
allow for generation facilities to be operated in a highly efficient and effective manner. This is not to imply
that the organizations were inefficient in the past, but rather, the decision-making paradigms need to be
shifted to take into account the new competitive nature of deregulation, One of the changes necessary for
utility mangers to recognize is the need for increased thermal efficiency and availability at the generating
facilities.

New technology solutions include the application of advanced computer systems for the identification of
performance and maintenance problems.
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Operations personnel play a key role in heat rate improvement and
reliability at facilities where even small gains in thermal efficiency
provide big dividends in terms of improved finandial performance. A
major point for plant management is to recognize the importance of
efficiency and availability awareness among operators and to make this
awareness part of all operators training. Including this awareness
training in operator training is an important part of any optimization
effort. In order to identify performance problems, the following are
offered as inspection points that can have an immediate impact on
controllable heat losses.

In some cases, emphasis on unit availability (stay running at all costs,
regardless of short-term fuel expenditures, material and labor costs) has been the paradigm for many
plants. This is not to imply that management was wasteful, but simply that the priority was on reliable
delivery of power to the customers, regardless of cost. This approach is easily justifiable because the
general public demands and expects the uninterrupted supply of electrical power. This approach spread
across all segments of utility business.

Existing Operation and Maintenance Practices

Existing practices are often ineffective at identifying and correcting equipment problems that cause heat
rate deficiencies. The reason for this goes back to the lack of emphasis on performance. In order to begin to
take performance issues into account when making maintenance decisions, the daily workflow needs to be

redesigned. Operators, maintenance supervisors or engineers should consult performance information
before and after repairs are conducted.

An optimized approach for operations and maintenance includes the review of performance information
once repairs are complete. In most cases this is not done because of a lack of emphasis on heat rate issues.
Understanding the link between O&M activities and thermal performance is critical for reaching the goal
of long term, competitive production environment.

Management needs to set the vision for overall performance improvements.
The vision should include benchmarking of competitive cost and
production targets. The results of an assessment can give guidance for the
implementation of actual practical changes.

Reliability forecasting

One approach to improve reliability is to use forecasting procedures that
rely on statistical methods that predict the future failures based upon past
performance. A complete set of statistical reliability tools is provided in various software systems.

Equipment of a specific type, failure date and failure mode. Once this query is complete, the user applies a
variety of statistical methods to the resulting dataset, including Weibull, Normal, Lognormal, and Growth.
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Weibull Analysis allows the user to model a distribution that gives the user important statistical
information about the population of data contained
within the datasets generated from queries.
Quantities such as Mean Time Between Failure
(MTBF), Failure Rate and Failure Mode are
calculated within the software and stored as
documents related back to the asset entity family.
These are the same assets that are stored and tracked
in the Computerized Maintenance Management
System (CMMS) system for the plant.

Population averages (mean) and standard deviation
is calculated against the dataset under study. Growth
analysis tracks improvements in MTBF as equipment
reliability increases. Growth is also used in cases where the failure mode is unknown or MTBF is changing
over time. Growth analysis conducted on a set of failure data is also used to predict the time until next
future failure.

Reliability analysis conducted on the equipment failure data results in calculated values that are used to
characterize plantequipment reliability. These values need to be measured in order to understand the
ways to improve cost performance. If this information is not available to plant personnel, then they will
continue to make the same decisions that were made in the past.

The following discussion illuminates the advantages of enhanced decision-making through the use of
reliability analysis:

Boiler Design Problems - sorting of failure modes by equipment ty pes (manufacturer, model, and size...)
lead to the identification of commonly failed components on a single piece of equipment or among a
population of similar equipment. The reliability analysis points to a deficiency in materials or in material
selection. These problems often behave in an "early wear-out”
failure mode, which is easily identified with a Weibull analysis.
System Design Problems - sometimes the wrong piece of
equipment is used in the design of plant system and frequent
failures of this equipment occur as a result. Sorting of common
failure modes by location can give some clues to this type of
problem. Failures of similar systems can be subjected to the same
analysis procedures that are conducted at the asset level. Problem
systems are recognized by low values for MTBF as compared
with other similar systems,

Construction Problems - sometimes during a startup (after a
repair period, turnaround or outage) problems can occur that are
often related to construction or repair activities.
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These problems occur as a result of inadequate or improper construction techniques and material failures.
An example of this type of problem is an improperly poured foundation that prevents proper operation of

a machine or system. These problems sometimes show up in the Weibull analysis as "infant mortality"
failures, with low values for MTBF.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Inadequate Preventive Maintenance Activities - maintenance
preventable failures are identified through sorting of work
order backlogs and analyzing of spare parts usage. ERP systems
often track spare parts usage, high usage rates might point to a
problem with the parts themselves. Lower than expected usage
rates indicate that adequate preventive tasks are not being
performed. Inadequate PM activities show up in a reliability
analysis as uncharacteristically low values for MTBF for

equipment of this type, as compared with manufacturer or
industry standards.

Inadequate Inspection Routines - unexpected equipment
failures cause serious environmental and safety issues.
Ruptured pressure vessels, leakage and fugitive emissions
caused by cracks, weld failures and seal failures cause components to fail unexpectedly. Understanding
the reliability behavior of equipment prone to these kinds of faults allows users to schedule inspections at
appropriate intervals.

By combining design, construction, engineering, operation, maintenance and inspection data with CMMS
data, problems that relate to technical as well as procedural issues are addressed. The reliability of
individual plant components is only improved once current levels of reliability are identified and tracked.
An enterprise wide reliability system, like software products, makes this task manageable.

«
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Boiler Condition Assessments how and why?
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The increasingly competitive environment for power generation is requiring that utilities manage their
operating plants to achieve least-cost generation. Reducing operating and maintenance costs is one
element in that effort. Achieving such cost reduction while still maintaining plant safety and reliability
requires a clear picture of the condition of key plant components.

The emphasis has been on components with finite lives where degradation and failure are associated with
creep and creep-fatigue. Components such as steam outlet headers, main steam and reheat steam piping,
all subject to eventual material failure from operating at high temperatures and stresses.

It is important to consider the objectives for the system. For example, the scope of the assessment and the
remaining life analysis would be more comprehensive if the goal for the boiler is 30 years additional
operating life as opposed to 5 years; or if the purpose of the assessment is to decide the merits of spending
capital on a major upgrade versus installing new capacity.

Questions to be addressed in the planning of a condition assessment program include:
* How many years of service are required from the boiler?
* At what capacity will it be operated?

« Will it be base loaded or cycled regularly?

* Are upgrades under consideration and, if so, what systems may be upgraded or

replaced?
Assuming that an assessment is required then we can consider the following information.

It is important to recognize that "Over 45% of Forced Outage on A typical major system is due to Boiler
Tube Failures.” Knowing this fact for example allows us focus or assessment activities in the right order.

Defining a Strategy for Boiler Condition Assessment

"The underlying driver for performing component condition assessment is the need to manage component
life to achieve plant operating safety, reliability and economics objectives”.

Condition assessment is the primary requirement for managing the useful life of plant boiler components,
and it relies on the following three pieces of information:

e The degree of damage current in the component
s The rate of damage accumulation
» The degree of damage required causing failure

Determination of assessment priorities
The scope depends on factors such as the boiler design type, design temperatures and pressures,
materials, fuels, age, unit history and future plans for the boiler or plant. We suggest a multi-level
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approach in the planning of the survey scope which is similar to the approach. Basic to all levels of the
fitness survey is a comprehensive inspection by an experienced field Service representative.
2 A first level survey depends on minimal if any testing or nondestructive examination (NDE).

Level |
* Evaluale past operating and maintenance history.
* Identify any critical components on basis of history, experience with similar boilers, and objectives for

future of unit. * Perform complete visual inspections of all accessible areas of the boiler and/ or auxiliaries
- photo-document problem areas as needed.

¢ ldentify the root cause of damage found to the limits of level I survey.
¢ Develop a final boiler fitness report with recommendations.

Level Il includes NDE testing with little material sampling although tube samples may be included.

Level IT (in addition to items in Level I)

* Establish the outage inspection and testing plan.

* Define support requirements for the inspections including any materials that may be needed.

* Assess operation - may include hot walk down of boiler and piping, and data gathering to evaluate
performance of auxiliary equipment.

* Implement inspection and testing plan. May include tube samples for basic condition assessment
analysis.

* Perform preliminary life estimates and provide recommendations for immediate action as needed.
* Prepare for follow up operational testing as required/ planned.

* Estimate remaining life - analyze data and inspection results.

* Implement operational testing if required.

Level 111 surveys incorporate material testing, engineering studies and more extensive analysis in support
of the assessment. Proceeding from a level 1 effort to a level Il survey is dictated by the objectives of the
project, i.e,, the scope of data needed to predict future operation to the extent needed by the owner.
Typical multi-level activities are as follows,
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Level III (in addition to Levels I and 1I)

* Perform engineering analysis such as piping stress analysis, finite element analysis, boiler
performance/upgrade analysis.

Remove materials for laboratory analysis, i.e. boat samples, tube materials for accelerated creep rupture
tests, fatigue tests, etc.

Perform specialized site testing such as strain measurements, support load testing, etc.

After the conclusion of the condition assessment program, the plant owner utilizes the results in the
planning for the plant - whether long range or short range. The information may simply aid in the
planning of re inspection and regular preventive maintenance to ensure reliable steam production. The
assessment may be used to define the scope of a major upgrade or plant overhaul by determining what
components need replacement.

Scope of work of Critical Systems and Components

Described below are the types of problems found in the various
components as well as the recommended NDE methods. In general,
visual examination, the most basic of NDE, is done for all components.
It is recommended to photo-document the inspection to provide a
permanent record in the report. Internal inspections are frequently
done by video prcbe and recorded on tape.

Drums:

The steam drum is the single most expensive component in the boiler.
Consequently, any assessment program must address the steam drum
as well as any other drums in the convection passes of the boiler. In
general, problems in the drums are associated with corrosion.
Problems in the drums normally lead to indications that are seen on the surfaces - either ID or OD,

Assessment: Inspection and testing focuses on detecting surface indications. The suggested NDE method
is Wet florescence magnetic particle method. Because WFMT uses fluorescent particles which are
examined under ultraviolet light it is more sensitive than dry powder type MT and it is faster than PT
methods,

WFMT should include the major welds, selected attachment
welds and at least some of the ligaments. If locations of
corrosion are found then ultrasonic thickness testing (UTT)
may be performed to assess thinning due to metal loss. In rare
instances metallographic replication may be performed.
Replication is done by polishing the surface of the drum to a
mirror finish, etching the polished surface with a nitric acid,
and then lifting an image of the metal surface by applying a
softened acetate tape (the replica). The procedure, analogous to
finger printing, allows the metal grain structure to be examined under a microscope.

Headers:
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Boilers designed for temperatures at or above 1000 F can have superheater outlet headers that are subject
to creep the plastic deformation (strain) of the header from long term exposure to temperature and stress.
For high temperature headers, tests should include metallographic replication and ultrasonic shear wave
inspections of higher stress weld locations.

Lower temperature headers are subject to corrosion
or possible erosion. Additionally, cycles of thermal
expansion and mechanical loading may lead to
fatigue damage.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Assessment: Inspection should include testing of the
welds by MT or WEMT. In addition, it is advisable to
perform internal inspection with a video probe to
assess waterside cleanliness, to note any buildup of
deposits or maintenance debris that could obstruct
flow, and to determine if corrosion is a problem.
Inspected headers should include some of the water
circuit headers as well as superheater headers. If a
location of corrosion is seen then UT to quantify
remaining wall thickness is advisable.

Piping:

Main Steam: For lower temperature systems the piping is subject to the same damage as noted above for
the boiler headers. In addition the piping supports may experience deterioration and become damaged
from excessive or cyclical system loads.

Assessment: The NDE method of choice for testing of external weld surfaces is WEMT. MT and PT are

sometimes used if lighting or pipe geometry make WFMT impractical. Non drainable sections such as
sagging horizontal runs are subject to internal corrosion and pitting.

These areas should be examined by internal video probe and or UT measurements. Volumetric inspection,
i.e. shear wave, of selected piping welds may be included in the NDE; however, concerns for weld
integrity associated with the growth of subsurface cracks is a problem associated with creep of high
temperature piping.

Feedwater Piping: A piping system often overlooked is feedwater piping. Depending upon the operating
parameters of the feedwater system, the flow rates, and the piping geometry, the pipe may be prone to
corrosion or flow assisted corrosion (FAC). This is also referred to as erosion-corrosion.
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If susceptible, the pipe may experience material loss from internal surfaces near bends, pumps, injection
points and flow transitions. Ingress of air into the system can lead to corrosion and pitting. Out-of-service
corrosion can occur if the boiler is idle for long periods.

Assessment: Internal visual inspection with a video probe is recommended if access allows. NDE can
include MT, PT or WFMT at selected welds. UTT should be done in any locations where FAC is suspected
to ensure there is not significant piping wall loss.

Deaerators:
Deaerators have been known to fail catastrophically in utility plants. The damage mechanism is corrosion
of shell welds which occurs on the ID surfaces.

Assessment: Deaerators’ welds should have a thorough visual inspection. All internal welds and selected
external attachment welds should be tested by WFMT.

Attemperators:

The spray flow attemperator, a device for controlling superheater outlet steam temperature, is normally
located in the piping system between the primary (1st stage) superheater outlet and the secondary (2nd
stage) superheater inlet. The attemperator is subject to failures associated with thermal fatigue cracking of
its components and welds, Since it is in a non viewable area of the boiler, failures may go undetected until
pieces of the attemperator lead to other damage, such as superheater tube failures. These steam
temperature control systems should also be part of the boiler fitness survey testing.

Assessment: For the inspection is recommended by removal of the spray head assembly. The spray head is
inspected visually and tested nondestructively by MT/PT methods. Following removal of the spray head
from the body of the attemperator, the attemperator thermal liner can be internally inspected with a video
probe.

Tubing: By far the greatest number of forced outages statically in all types of boilers is caused by tube
failures. Failure mechanisms vary greatly from the long term to the short term.

Superheater tubes operating at sufficient temperature can fail long term due to normal life damage
accumulation. Tubes are more likely to fail because of abnormal deterioration such as: water/steam-side
deposition inhibiting heat transfer, flow obstructions, tube corrosion (ID and/or OD), and fatigue and tube
erosion.

Assessment: Tubing is one of the components where visual examination is of great importance because
many tube damage mechanisms lead to visual signs such as distortion, discoloration, swelling or surface
damage. The primary NDE method for obtaining data used in tube assessment is contact UT for tube
thickness measurements. Sample removal for laboratory analysis is by far the best test to conduct for the
assessment of life in the component.

Summary
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To carry out a boiler condition assessment program successfully, Plant Personnel must have several key

elements in place. These elements have been well-established by a successful BTF reduction program and
are summarized as follows:

Support of Management

Cross-functional teaming (including maintenance, operations, and engineering personnel) in performing
the program ( Boiler Inspection Team)

Attention to long-term solutions to root cause problems Training
Documentation of results and periodic review
A Final Boiler Condition Assessment Document should include:
e Date the assessment was performed
¢ Summary of assessment activities, such as inspections, material tests, and results
s Estimate of Component Remaining Life and summary of basis
¢ Damage mitigation/prevention actions, if appropriate
o Follow-up inspections or monitoring actions and their timing, if appropriate

s Recommendations for next assessment, including operating changes/upsets that would prompt a
re-assessment
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3. Human Resources

Selection of the Boiler Inspection Team Leader

The most important constituent of the boiler inspection
team, whether it is an in house or contracted effort is the
team leader. The team leader is ultimately responsible
for all inspection activities and is the consistent element
of the total inspection effort. The key concept is
consistency. Team support personnel may come from a
number of resources including plant operations, lab, coal
yard personnel, etc. Support personnel may also come
from other plants within your system. Utilization of
personnel not intimately involved with the subject boiler
or not schooled in the disciplines of boiler inspection technology may lead to inconsistencies in the total
inspection philoscphy. Additionally, their primary duties may take precedence over their temporary
inspection team assignment. The team leader must take these factors into consideration and act
accordingly to ensure consistency of the total inspection program.

Organizing an in house Boiler Inspection Team
Forced Outage Team members

During forced outages it is important that members of the repair crew
also be boiler inspection team members or observers. During a typical
forced outage situation there is limited warning. In most instances the
people involved are welders and mechanics trained to locate and repair
the leak or problem. Further training of repair personnel as boiler
inspection team members adds technology, knowledge, and quality to
the forced outage repair process. The forced outage responder is the
best possible choice in assisting in the inspection, repair technique,
documentation and final repair methods. Remember when the boiler
has a leak it is an opportunity for us to gain insight into lurking problems that we have not been
addressing during planned outages.
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Even though we are in a forced outage scenario we must inspect all the areas in and around the leak event
as well as other areas easily accessed with out impacting the timing and duration of the original event.
We suggest we inspect our way and to the leak and then back out. This is the very reason the repair /

inspector should have all the tools and techniques to determine any collateral as well as like damage in the
suspect areas.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Planned Outage team members

The boiler inspection team is commonly comprised of
representatives from diverse areas of the plant. Utilization
of personnel from different departments can add an element
of diversity beneficial to the inspection team. It is suggested
that personnel that do not have a heavy work focus during
the outage period be utilized. These might include
operations personnel, technicians, environmental, and lab
personnel. Technically trained plant personnel are ideal
candidates for inspection team members. Utilization of
maintenance workers as planned outage boiler inspection
team members is rot recommended; in many instances their
normal job duties interfere with the inspection effort.

A major mistake inspection teams make during a planned outage is the release of inspection team
members too early. This reduces the effectiveness of the technical surveillance and follow up inspections.
Many problems such as additional items found can be resolved in the time from the end of the initial
inspections until hydro. The cost of maintaining the inspection team until hydro is a significantly offset by
the increase in the overall quality of the outage.

It is important that the team members maintain consistency from unit to unit and from year to year. This

will require incentives from management. An on going training program is essential to keep everyone on

the same page. Consistency

Training regimes of inspection personnel

It is essential that all inspection team members have formal inspection
technology training. Insufficient boiler inspection training is the
primary contributing factor to instances of poor performance of a boiler
inspection team. Having a background that well equips an inspection
team member for boiler inspection, in itself, is not sufficient. This
includes engineers, managers, welders, and mechanics; no one
involved with the inspection process should be exempt.
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Physical Capability

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Boiler inspecting is a very physically demanding activity. Team
members must be capable of climbing and crawling in unpleasant
environments. Team members must be able to enter small openings with
limited access. Itis not recommended that individuals with fears of
heights or confined spaces (claustrophobia) be part of the inspection
team. Excellent vision, natural or corrected, is essential.

Team Player
Most importantly your team member must be a team player.

Technical Expertise

A good boiler inspection team member need not be a degreed engineer; however, the team member must
have a fundamental understanding of some basic concepts in physics, metallurgy, mathematics, and
strength of materials. Intelligent individuals with a strong work ethic and desire to learn make great
boiler inspector candidates.

Remember: consistency is the primary ingredient in a successful in house inspection team.
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Equipment required for in plant boiler inspection teams

Paint sticks are a good way to finely field identify problems. Usually we suggest thal we
write on the tubing with paint stick as it is fine enough to communicate thickness and or
actions quite clearly. Paint sticks are also durable and when dry they are very much like
paint. We have witnessed paint stick from previous outages still visible on the tubes after a
12 month run.

We suggest the use of a brightly colored paint to coarsely mark or identify a problem area.
Some people use color codes to distinguish repairs such as red for replacement blue for pad
welds and so one.

The problem with coding with colors comes when work scope is reduced or modified. In
this scenario the paint would have to be removed.

A "UT” thickness meter is essential for the determination of actions based on thickness.
Without this device all decisions are based on a guess. This is an absolute requirement for
every inspector forced or planned.

A high quality flash light of the proper brightness and size are required. The
controlled use of the flashlight will produce contrast required for inspections.

A digital camera is a must as a visual record is a requirement of a state of the art
inspection program.
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Utilization of supplemental Boiler Inspection Team Members
Intra Company

Personnel from other plants within your system are
usually team leaders or members of their respective
plant boiler inspection teams. This is a popular planned
outage concept as plants within the same system
typically remove equipment from service at different
times. A wide range of experience is enjoyed with such
a compilation of talent; however, their boilers and
equipment may be of a different model and
manufacture. Additionally, management policy may
vary from plant to plant potentially confusing the
relationship.

The team leader can address these problems by pairing

the supplemental personnel with local boiler inspection team members. Local paring of human resources
ensures the policies and interests of the subject plant are best served. Paring is also important in
combining various levels of experience. Paring experienced inspectors with trainees or lesser experienced
inspectors promotes camaraderie and on the job training, benefiting both the current inspection effort and
the collective level of expertise of the entire company. It is incumbent on the team leader to take
advantage of highly trained and experienced personnel in this manner to ensure optimal performance of
the inspection effort.

Contracted Professionals

There are many advantages to contracting experts in the
field of boiler inspection technology. Professional boiler
inspection team members work together during many
outages each year. A well traveled professional brings a
wealth of expertise and experience to the outage. He is a
valuable source for vital technical information,
Professional consultants should be utilized extensively to
conduct on the job training during the inspection period.
Effective paring will facilitate this goal.

= &

The selected inspection contractor should bring experience and knowledge of your specific equipment and
the industry in general. They should be knowledgeable in all aspects of team activity as it pertains to your
inspection program. They should be skilled, efficient, competent and able to easily adapt to your
inspection program. If you use specific software as part of your inspection program, your contracted
inspectors should be knowledgeable in those areas as well. It is important to research prospective
inspection contractors thoroughly to ensure your technical requirements are met.
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4. Outage management
Cost Control

The process of cost containment is not just a reduction of total
costs. Cost control can only be effective if we focus the monies
available in just the right locations. The shot gun approach or the
process of spending money for the sake of using up the budget
will not provide relief from tube leaks. Less money does not
necessarily translate into lower availability.

How to increase our boiler repair budget

The most effective way to increase your boiler repair budget is to provide a comprehensive plan
supported by inspections, lab results or other scientific results. This plan must have a financial component
indicating the return on investment in the repairs. Data driven decision making is the only consistently
effective method to support budgets. In many cases the data is best supported by good photography of the
problem areas as well as a statistical analysis of failures or near failures that will likely be avoided.
Varying lost generation scenarios at different times of the year usually works well at underpinning your
budget requests. Simple, concise, data supported and to the point is always more effective than the
Chicken Little “The sky is falling” technique.

The quality and quantity of your inspections and
subsequent data gathered typically has a positive
physiological impact on financial decision makers. A
compelling case well presented is likely to develop more
money over time than a more abstract approach.
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Quality Assurance

Preparation and use of Technical Information

In every plant, technical information is available to the boiler inspection team, even if this is limited to just

the boiler manual. This boiler manual will have pertinent information including tube materials and
nomenclature. In many cases you

#1 REHEAT will also find part numbers and
: welding information. Small
“TH O . drawings showing pressure parts as

) well as details of insulation and

{ e

)

L]
R E

refractory are usually available.
i |44 +H Copy all relevant sections for use
/ during the outage or scan them for
E use in your software systems,
Drawings may be scarce, but an
attempt should be made to copy,
scan and reduce these for outage
use. Itis important that the boiler
1q4dq dt inspection team have quality
drawings for use in the boiler
during the inspection. Ideally color (
coded CAD drawings will be
available for reproduction in color.
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e Regardless of the type of drawings
available, they should be utilized by
s the boiler inspection team. Effort is

n

expended just finding the correct
tube material This should be done
prior to the actual inspections. Time
4 ! is precious during the outage;
/ i 1 A4 4ad |ddd 1 potential confusion must be
" e ; minimized proactively. Errors made
in materials selection and
[[11] identification is a significant cause

@ ? @ of tube leaks. Thus identifying

e materials and including this
identification in the inspection
report becomes essential.
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COLUMBIA UNIT #1
FINISHING SUPERHEAT
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TAIPTOA

The inspection
team should,
and will most
likely be, the
most familiar
with the
materials in any
given
component.
This single step
reduces the
possibility of
mistakes in
material
selection.

The two
illustrations
demonstrate
that a scanned
mage is
acceptable;
however, the
color CAD
image is much
effective in
clearly
communicating
information,
The designers of
the boiler
equipment were
quite specific as
to the
application of
materials, We

must not change or modify these materials without careful consideration of the effects. In some cases it is
acceptable to upgrade a material or increase the thickness of a material. A good rule of thumb is to

replace materials per original design. In other words replace with exactly what was installed new. Use
the drawings and doecumentation as a guide when selecting replacement material.

a5
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Data forms

As a continuation of drawings and documentation, check lists and inspeclion data forms should be
utilized by your inspection team. Forms can range from basic printed forms to a complete software
system. The graphic at the left shows a typical inspection data form. No matter what kind of data form

you use it must contain the following elements:

Color coded g et S | [P
material changes
o & \ ¥ mnew g // 241 0D x ABE MW BAAES-T11
— I ‘[l ——s ‘f— = | Detailed drawing
“ e
L 1 1 | 31 OD X AT MW BAZI0
i e
Tube numbers o Counting
- ad e i a4 0D .,I references
i N 1 4]
\\: = !1 27T DO e S Y BA S0
b — J|
. “l REHEATER ASSEMOLED
8 fl] FROM LEFT TO RIGHT SIDE YWALLS.
T TUBES I THE UPPER BANK / B0 TUBES
T\:\ - E_.. mmmmmmm
[ LDRERNPE POWER COMPAHY |
—= 417" OO0 [HLET HEADS FL. R (
i ——r] - I TR-T11
EE— = BAED
o BCCHOWTE [ @vWeoL  owecmETEN |
] = AGCERE DOOR
® = RETRALT S00T HLOWER
h = -mmm
[ eenioE Deokos |
\_-] Elevations m“u:' }
Hearn & (=i g Tubs ] Problam / Action Ll

#1. Tube numbering system must be clear and concise.

#2. Elevations must be included where relevant,
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#3. Material identification should be color coded. Data forms must include outside diameter, thickness,
minimum wall, and grade as specified by the original manufacturer. Be careful to incorporate all relevant
changes from design into the data sheets.

If you don’t have color capability, encourage management to authorize a color printer. Color is now very
affordable and easy to use.

#4. Counting references must be clear and easy to understand. Not all plants count the same way;
however, your regular people will likely be familiar with the method you have employed. This is an
essential element for visiting or supplemental personnel.

#5. Make a grid which has the principal elements required for this specific inspection. Items such as
assembly, tube, elevation, length, problem description, repair, and action required should be the
minimum information required on the data sheet,

Above all else make the data sheet easy to use in the boiler while inspecting. Filling out the data
sheet in the office is the wrong thing to do.
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Inspection Check Lists Technical procedures

Over a period of time a boiler inspection team will identify problem areas
specific to the subject boiler. These should be recorded so that this specific
experience can be shared with inspectors that follow. The check list
system can range from a hand written and copied piece of paper with
attached drawings or sketches to a complete software system. The
following is an example of a checklist.

The first section below shows the framework for a technical procedure
required to complete an inspection and required repairs. The second
section shows the detailed inspection procedure.

Primary Superheater:
( 278 elements, 2380 PSI, 1000 degrees F). (Vertical tubes)

GENERAL:
Elements are numbered from 1 to 20, from the left side wall to the right side wall.

Tubes are numbered 1 to 20, top to bottom, with O.D.s
Vertical tubes are numbered 1 to 20, from front to rear.

Primary Superheater inspection before debris remaoval

Inspect:

[1 1. Tubes. Record percent free area and tubes deep for plugging of gas lane. Record general areas
of possible tube erosion.

[1 2. Bundles. Identify gas lanes with spacing greater than 6 inches. Sketch fly ash, bridging.
Estimate percent free, area lost, and areas of bridging between tubes within bundle.

[1 3. Flow baffle. Indicate plugging resulting in flow area of mesh reduced > 50%, worn or eroded
screen locations > four square inches. Sketch configuration including dimensions and angle of baffle.
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Primary Superheater inspection after debris removal
Inspect:
[1 1. Foroverheating. Record excessive sagging of tubes, blackened appearance, elephant hide,
bulging, and burnt shields, tube, element, cause of overheat, and measure tube outside diameter.

[1 2. Fly ash erosion of tubes or fins. Record tube, element length of eroded area (spot "UT" thickness
examine), cause (misdirected flow), and wall loss > 20%.

[] 3. For misalignment. Record misalignment into gas lanes > 1/4 diameter, erosion, rubbing, bundle,
tube, and element,

[1 4. Pad welds. Record cracking, erosion, proper metal, tube, and element.

[1 5. Existing shielding. Record holes, bent, loose (redirection of flow), overheated shield conditions,
missing (if missing "UT" thickness examine), tube, element, and wall.

[]1 6. Gas lanes. Measure distances (center to center), record debris (shields lodged, any blockage
redirecting gas flow), bundle, tube, and element.

[ 1 7. Bends. Record polishing, erosion (rear bends), tube, element, tube wall loss > 20%.

[ ] 8. Convection pass side walls. Inspect side walls for missing refractory, fly ash erosion, record tube
# that erosion is adjacent to, and wall.

[19. Gasbaffles. Record holes in mesh > 4" square, missing angles, and measure baffle (include
height, width, angle).

[ 1 10. Hangers tubes (if existing). Record bowing, rubbing, cracked welds, missing pins, erosion,
hanger, and element #.

[1 11. Inlet header (if accessible). Record condition (spot "UT" thickness examine), low temperature
corrosion, nipple cracking, tube, and element #.

[1 12. Left and Right Convection Wall peg fins. Inspect peg fins especially and corners. Record
missing, cracked, or broken fins, adjacent tube, elevation, and refractory.

[1 13. Front and rear wall to element support brackets, and attachment welds.

[ ] 14. For retract blower erosion. Tubes are worn flat. Spot "UT" thickness examine erosion. Record
tube, retract blower, clevation, and tube wall loss = 20%.
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Planned Outage Preparation

Planning and preparation for an outage is vital to a successful
experience. All relevant information should be easily available to
all of the team members in the team work area. The boiler
inspection team should prepare by reviewing the following items:

Boiler Operating Environment

Relevant information can be extrapolated from the yearly boiler
operating environment. This can include management decisions
on operational procedures such as soot blowing and load
management.

Cycle Boiler Water Chemistry
If a chemical problem develops during the cycle it is important that the team leader examine the potential
impact on the boiler and its inspection. Conclusions may warrant additional or mcre detailed inspections.

Effects of Boiler Cperation
The team leader must be cognizant of operational problems such as high/low temperatures, high/low
loads, fuel changes, ash pluggage, and soot blower problem areas.

Corrective and Preventive Programs that may be in Place
Experience may reveal certain corrective programs to be more successful than others. It is in the best
interest of the boiler to repeat and optimize relevant programs.

Remaining Life Assessment Results from Previous Outages

The purpose of remaining life assessments is not just to generate data for one time analysis. By consulting
previous assessment data the team leader can follow up and track the progress of items uncovered during
each assessment.

Inspection Results from Previous Outages

By reviewing results of previous inspection efforts, the team
leader can follow up and track the progress of items identified
during each inspection cycle. It is not uncommon for many items
slated for repair to remain outstanding. Based on the inspection
results and documentation of the prior outages, the team leader
can develop a scope of work for an upcoming outage prior to the
boiler being removed from service. In many instances lower
priority maintenance items become higher priority repair items.
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Inspection Methods

Every boiler has its own unique characteristics. Identically designed boilers in
a plant may in fact prove to be more dissimilar than expected by design.
Specific inspection and repair methods may prove more successful than what is
generally accepted as the industry standard. This fact lends credence to the
philosophy that team leaders must examine relevant boiler histories in
aggregate to maintain a proactive posture,

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Boiler Tube Repair and Replacement

It is vital to know exactly when and where boiler tubes have been replaced.
This awareness helps to preserve the quality of tube thickness histories and can
alert the team leader to a potentially catastrophic event while still in its genesis.

Known Boiler Specific Failure Mechanisms
The boiler history may reveal specific failure mechanisms that are prominent. If the team leader remains
cognizant of these failures, they can be addressed from a preventive maintenance standpoint during the

inspection. With this information, past areas of concern can be focused on and inspected with greater
scrutiny.

Recommended Actions

Historically successful inspection and repair techniques should be applied to the current outage as
appropriate. Individual equipment needs vary; identification of the most advantageous methods of
inspection and repair rests with the team leader. He must be in a position to take advantage of what has

proved most successful in the past. This does not necessarily preclude considering other possible repair
methods.

Achieving High Quality Repairs with Minimum Outage Duration

The team leader should take an active role in the planning process. This is
especially true if financial issues and schedules heavily influence the
status of the identified scope of work. All parties working closely for a
common goal is essential for effective utilization of scarce plant resources.

Provide General Flanning Documentation
This process identifies activities and resources needed to implement a
successful total outage.

Boiler Operating Environment

Post the written philosophy of management regarding the operations of
the boiler. This can include policy on soot blowing and load management. Some inspection findings
could be affected by these policies.
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Boiler Water Chemistry

If there were water treatment events in the past operating
period, they should be recorded and made available to the
team for review. This knowledge may demand additional
or more detailed inspections be conducted.

Effects of Boiler Cperation

The team should be aware of operational anomalies such as
high / low temperatures, high / low load, fuel changes,
plugging occurrences, and soot blower problem areas.

Existing Corrective and Preventive Programs
Any current preventive programs in place should be in writing and available to the inspection team.
Preventive program documentation should be filed or attached to the component that is affected.

Past Outage Remaining Life Assessment Results

All assessment information should be available to the inspection team for review prior to the inspection.
By consulting a previous assessment the inspection team can follow up and track the progress of a
problem discovered during the assessment inspection.

Past Outage Inspection Results

By reviewing a previous inspection effort, the inspection team can follow up and or track the progress of a
problem uncovered during the previous inspection. It is not uncommon for identified work to remain not
repaired.

Inspection Methods
Inspection procedures should be in writing and available to the inspection team.

Boiler Tube Repair and Replacement
Have drawings available with tube replacement information ready for each component. It is vital to know
exactly when and where boiler tubes have been replaced.

Known Boiler Specific Failure Mechanisms

History of the unit may involve specific failure mechanisms
that are prominent. The team should be up to date on these
failures so they can be addressed specifically during the
inspection.

62 aI8T-2010 UDC all righis reserved Unibed Dynamics AT 2681 Coral Ridge Rd. Brooks, KY 40108 Voice- 502-957-7525



(0

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Recommended Actions

Historically successful repair techniques should be applied to the current outage; they should be posted in
writing and filed or attached to the individual component information package. They should include the
repair criteria for various action levels. Guidelines for thickness or tube condition for classification as
various priority ratings, such as priority #1, #2 and #3. Guidelines should be clear and recalculated for
each component area,

Manpower and Scheduling

If you are going to cover multiple shifts with
inspection team members, have a plan for shift
coverage. Group team members that compliment
each other on each shift. Always field lesser qualified
inspectors with experienced boiler inspectors. The
inspection effort is also best served by grouping local
inspectors with visiting inspectors. Spread out
experienced team members for optimal coverage.
Inspectors should always be paired for efficiency and
safety reasons.
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Pre-Inspection Briefing

The boiler ingpection team leader should brief
each inspection team before the actual
inspection occurs. This usually occurs after the
team has examined all of the documentation
available. The team leader can impart that
subtle information that is hard to glean from
the printed record. This may include: the leak
history of the area, upgrade or replacement
materials, special repairs, or safety access
concerns. The team leader is most abreast of all
available resources. This is also a good time to
set repair criteria and priorities. The inspection
team can approach their inspection with new
insight that could not be gained without this
briefing.
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The boiler inspection team leader should brief each inspection

team before the actual inspection occurs. This usually occurs after
the team has examined all of the documentation available. The

team leader can impart that subtle information that is hard to
glean from the printed record. This may include:
s The leak history of the area

e Upgrade or replacement components and materials

e Special repair techniques

» Safety and access concerns

e Special tools required for the inspection

The team leader is most abreast of all available
resources. This is also a good time to discuss
repair criteria and priorities that are currently in
use. The inspection team can approach their
inspection with new insight that could not be

| gained without this briefing.
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Inspection Photography

ADVANCED BOILER INSPECTION TECHNIQUES 2011

This is the beginning of the third millennium so if you don’t have a
digital camera, get one! Select a durable camera, one which can
withstand the rigors of the boiler inspection environment. Keep
moving parts to a minimum, as the fly ash may foul its internal
components. The team should utilize cameras during all
inspection, without exceptions. All photos may not be used in the
report; however, it makes the process of report generation much
easier. Communication is key and photographs can convey an areas
condition with a minimum of words. If you discover a problem in
the field:

Paint the problem brightly for location in the future; include the repair.
Mark the tube/element number clearly on the problem area with paint stick.

Take a photograph which clearly shows the problem and the
identification you have marked with paint stick.

Take extra photos at different angles and positions.

Identify in your notes what each photo represents and which
photo number pertains to specific items.

Select the best photo for the report if more than one picture is
available. Add as many as may be required. Archive all photos
and include them in your appendix at the end of you final
report. Include captions with each photo for easy identification. Captions are very important as hundreds

of pictures will be taken during a typical outage.
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Problem Identification in the Field

One of the most difficult problems in the inspection process is the
repair crew finding the specific area to be repaired. We can aid this
process by clearly and uniformly marking the problem areas. This
can be accomplished by employing simple techniques.

When beginning any inspection count and number all the elements
and tubes in the inspection area. Identify soot blowers and other land
marks that might be of use during the inspection/repairs. Write on
every fifth element for easy reference during the inspection and
subsequent repairs.

Brightly mark the area of concern with either bright paint or with a tag. If painting, do not paint into an
area that will require pad welding. This makes the preparation process more difficult for the repairman.
We suggest you circle the area to be pad welded. If using paint, use a bright color in contrast with the fly
ash you are encountering. Mark the repair and tube identification on the tubes with paint stick.

Tags are the preferred method for identification. Prepare about 300 tags at the beginning of the outage.
Give each boiler inspection team member a group of consecutively numbered tags. Record the numbers

given each. Each tag should be consecutively numbered 1-300. Each tag should have a rubber band or a
metal wire to hang the tag on the repair area.

Use a single tag for each repair item. On the tag mark the identification (tube numter, element, etc.) and

the required repair. Record the tag number as part of your notes. If you are inspecling an area where tag
attachment is not possible, such as a furnace wall, then write the tag number on the wall and destroy the
tag bearing that number.

Post Inspection Briefing

When the team returns from the inspection area they should be
debriefed by the team leader. The key points of the inspection
should be discussed with the team leader to get the leader’s insight
into the report preparation. Due to the quantity of work discovered
and time left in the outage, the team leader may re adjust the
priorities previously assigned. This reprioritizing of items is the
main reason we need good notes and proper identification of the
repair areas. Once the debriefing is complete then the team can
prepare a report.
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Report preparation

The boiler inspection team is in constant competition with other
teams for the pool of available budget money. Itis a process of
convincing management that the boiler team needs the money more A
than another area of the plant. While overall system availability is -
important to everyone, if forced outages due to tube leaks rise, the s/
inspection team will likely bare the brunt of the responsibility.

Therefore we must protect our areas of responsibility. Experience

has shown that a well done inspection report will help convince

otherwise passive management. This report preparation system is

more efficient and overall more cost effective even though the

process requires more man-hours to complete than that of lesser effort. You will find in time that the extra
effort is money well spent. Some obvious advantages are:

e A quality report communicates more effectively with management.
e The repair crews will have fewer questions and reduced confusion.

» Less time will be required during the planning stages of the repairs as materials specifications and
quantities are listed in the report.

¢ Fewer mistakes on material selection are made.

s Higher quality welds are made, as the welders know exactly what they are welding to and how
thick it is.
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Inspection Report preparation
AREA: Reheat inlet pendant.

By: Cavote and L Keating kb |
| TRY4CERR
Path M il#_l( d :
WS SAVANNAH ELECTRIC
The area was numbered from boiler left side to boiler right side. E mﬁﬁﬁéu
Items were marked with white paint stick and orange paint. acmn s
The total number of repair items for this area is 9 EORECR

PRIORITY#1 REPAIRS TOTAL=6

Repair item #: 17 Priority #: 1
Area: Reheat inlet pendant

Action: PAD WELD.
Repair #: 17-a Record:# 41 (PAD WELD).
General location is Reheat inlet pendant Rear.

Specific location: Tube #: 18 Element #: 2 Elevation= 169",
Length=1.5'

Cause = Erosion (soot blower).
Appearance= a flat on tube.
Material=2.5" OD x 0.165" MWT x SA-178A Electrode= 7018.

The UT Reading is .120.
These tubes are below 75% of MWT and above 65% MWT. They are also located
at the following locations; 7, 8, 9, 17, 19, 23, 46, and 58.

Pad weld using vertical stringers. Do not horizontal weave pad weld. Down hand is
suggested to keep the temperature as cool as practical. Do not pad weld if copper

" deposition is present on the internal surface of the tubing. Use TIG if the tube
remaining wall is less than .125",

Forced Outage Procedures
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During forced outages it is important that members of the repair crew also be boiler inspection team
members or observers. During a typical forced outage situation there is limited warning. In most
instances the people involved are welders and mechanics trained to locate and repair the leak or problem.
Further training of repair personnel as boiler inspection team members adds technology, knowledge, and
quality to the forced outage repair process.

Ultrasonic thickness measurements should be used to
determine remaining wall thickness of tubes that have
received secondary damage. Thinned tubes may have to
be replaced before through wall holes are present, if the
remaining wall thickness is too thin to sustain additional
service loads during the next operational period.
Immediate tube replacement in these situations can
prevent repeat failures.

(1) Personnel responsible for reporting boiler tube
failures should be trained in all aspects pertinent to
reliable reporting of tube failures, i.e. exact designation of failure location, standard mechanism cause
codes, probable root causes, verification of root cause, type of repair, etc. This is typically the welder /
mechanic affecting the actual repair. This is why the welder / mechanics should be a well-trained part of
the boiler inspection team.

(2) Standard report forms should be used for all boilers
and should be required documentation for every tube

failure and repair.

(3) All boiler tube failure reports should be processed
through the boiler inspection team leader for
continuous tracking and trending on a specific unit,
plant, and system basis.

(4) Monthly and annual reports should be issued and 3
formatted, specific to the "need-to-know" and "action"
requirements of the inspection team,

During forced outages it is important that members of the repair crew also be boiler inspection team
members or observers. During a typical forced outage situation there is limited warning. In most
instances the people involved are welders and mechanics trained to locate and repair the leak or problem.
Further training of repair personnel as boiler inspection team members adds technalogy, knuw]cdgc, and

quality to the forced outage repair process.

Failure identification and cataloging techniques
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Matarial Boiler tube failures have been the primary
Failure Type TRty i availability problem for all utilities with fossil
P'““:‘:;ﬁ'“k*._ Wald, Bond, plants for as long as reliable statistics have
Tube Bady been kept. The majority of boiler tube
failures have been repeated failures,
indicating that the return to service of a unit
has traditionally been more important than
= P understanding the mechanism and root cause
Conditions Conditions: of each boiler tube failure. Failures have

Temp, Heat Flux 5 P .
2 m‘c“pl:im“am emanated from poor initial design,

environments, and lack of proper
management support.

Machanical Condlitions
Flow, Pressure, Vibration

Boiler tube failures occur in fossil-fired plants throughout the world. Failures differ only in the types of
failure mechanism experienced, and in the magnitude of the associated availability loss. Explanations of
tube failure experiences amongst utilities are usually treated as unique incidents in mdividual boilers,
rather than as recognized common occurrences that can benefit from detailed knowledge and shared
information about failure mechanisms and root-causes.

Boiler Failure libraries are expert systems used to diagnose boiler tube
failure mechanisms from information on the tube location, appearance, and
possible initiating events. Once the failure mechanism is known, the expert
system provides a list of potential root causes along with recommendations
for root cause verification, repair and inspection procedures, and guidelines
for preventing future failures.

Through the use of available software, potential problems can be readily
identified before failures occur allowing the user to target effective
predictive maintenance. This concept places the team leader in control and
allows him to focus maintenance dollars when and where they are needed.
Software can be used in real time during outages, generating inspection
reports and documents currently prepared by more manual means. These
systems can save precious outage time while increasing productivity,

efficiency, and accuracy. This can be done without increasing the current man-hours required for existing
methods.

Over a period of tme plants typically catalog leaks. This can
consist of hand written documentation or integrated
software systems., Regardless of the type system used there
are minimum requirements that must be included. The
system must consider the following 12 points at a minimum:

Every boiler tube failure should be recognized as an

indicator of a potentially serious problem. Too often, repeat
tube failures are considered normal maintenance, so serious
problems go undetected until high costs or generation losses
71

E1987-2010 UDC all rights reserved United Dynamics “AT” 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



0
( g ADVANCED BOILER INSPECTION TECHNIQUES 2011

get the attention of senior management., Information should be recorded and reported for every tube
failure in a comprehensive manner, which describes specific boiler and tube location, failure mechanism,
and root-cause. Repeat tube failures result when the tracking and trending process, which is necessary for

early problem detection is not performed.

Early warning signals of potential problems in similar boilers cannot be recognized if information on
boiler tube failures is not documented and cataloged.

Every failure problem should be analyzed by a responsible, trained, full time boiler inspection team of
personnel to define its locations, extent, failure mechanism, and most probable root-cause, and to perform
a cost/benefit analysis of alternative corrective/preventive actions for management approval and boiler
inspection team implementation.

Every failure will require a pre-repair inspection to: determine the extent of damage to the failed tube,
tubing in the close proximity of the failed tube, and tubing in other locations subject to the same root
cause, and to determine and/or a sample specimens appropriate for root-cause failure analysis. A trained
and experienced boiler inspection team member should conduct this inspection. (“Taking the welders
word for it” is not sufficient.)
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Every repair should be inspected and/or tested to verify tube pressure integrity before repair is
considered complete.

A boiler tube is considered repaired when a section of damaged tubing is shielded, pad welded or
removed and replaced with new tubing,.

Every repair should include quality assurance provisions for: welder and inspector certification and
recent qualification; welding materials; procedures; and selection of tube material.

Every problem and failure report will be processed for the purpose of monitoring, trending, and control of
individual plant, boiler and system performance, and communicating data/results specific to the needs of
management, engineering, operations and maintenance personnel.

All scheduled major boiler inspections will include boiler tube wall-thickness measurements in areas
experiencing known erosion or corrosion damage, until erosion/corrosion rates are established. In areas

experiencing damage, root cause analysis will be performed, and corrective, preventive and control
actions taken to inhibit forced outages due to these mechanisms.

All modes of boiler operation, (that is, start-up, load increase and/or limit, planned or immediate removal
from service and lay up) will be involved, where the failures are occurring in the boiler, when and how
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many failures have occurred, if changes in fuel or operating practices occurred during or before failures
started, etc. Each boiler tube failure mechanism can have more than one probable ot-cause although not
usually more than three.

Photographs allow easy identification and classification of new tube leaks. Digital cameras should be
used liberally.

A drawing used as a key for the location of the problem further aids the user in assessing new problems,

A complete text dialog is required to fully describe the problem in complete detail. See the description
below for an example of the dialog styles required.

Prerequisites for a Reporting and Monitoring System;

(1) Personnel responsible for reporting boiler tube failures should be trained in all aspects
pertinent to reliable reporting of tube failures, i.e. exact designation of failure location,
standard mechanism cause codes, probable root- causes, verification of root-cause, type of
repair, etc.

(2) Standard report forms should be used for all boilers and should be required documentation for every
tube failure and repair.

(3) All boiler tube failure reports should be processed through a central focal point for continuous tracking
and trending on a specific unit, plant and system basis.

(4) Monthly and annual reports should be issued and formatted, specific to the "need-to-know" and
"action” requirements of the team functional groups.

Implementation of a formalized boiler tube failure correction, prevention and control program,
incorporating these four critical program elements, should virtually eliminate repeat boiler tube failures,

and significantly improve the availability of fossil plants.
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5. Operational Factors affecting failures
Cycling the boiler

General

Improper warm-up is one of the most severe hardships a steam boiler must endure. Going through the
cycle of start-up, operation, and shutdown creates high equipment stresses and consequently, more severe
maintenance issues than continuous operation at maximum rated capacity. Good design and slow
transition from start-up to operation prolong life and reduce the possibility of failure. A typical boiler is
constructed of different materials including very thick drum metal, thinner tube metal, refractory and
insulation materia's, and thick iron castings. All these materials heat and cool at different rates. This
situation worsens when a material is exposed to different temperatures at the same time. For example, a
steam drum that is operating at normal water level has the bottom half of the drum cooled by water and
the

top half initially cooled by air and eventually cooled by steam. On a cold start, the water heats up very
quickly, so the bottom half of the drum expands much faster than the top half, which is not in contact with
water. Consequently, the bottom of the drum will become longer than the top, causing the drum to warp.
When severe, this phenomenon is called "drum humping" and can lead to stress fractures of the
generating tubes between the steam and mud drums. Refractory damage is the most prevalent damage
associated

with too rapid warm-up from a cold start. Refractory transfers heat slowly and therefore completely heats
up much slower than metal. Also, when the air inside the furnace is cool, the refractory absorbs moisture
from the air. A gradual warm-up is required to prevent refractory cracking and to drive moisture from the
refractory before it becomes steam and causes the refractory to spall as the steam escapes. The standard
warm-up curve (Figure 4 ) for a typical boiler provides for boiler water temperature increases of no more
than 100°F (55°C) per hour.

The main thrust of the following information is to evaluate high
temperature materials prablems in

steam plants, with steam temperatures up to 1050°F. In steam plants
the main problems will involve the performance of dissimilar metal
welds DMW and austenitic alloys under cycling conditions.

Typical operating conditions in a modern coal fired steam plant are
1050°F inlet temperature to both HI* and IP turbines. Although there
are many components that can suffer cyclic operation in current plants,
the main concerns during cycling are the steam drum, Superheater and Reheater headers, and connecting
piping. All of these are prone to creep fatigue.

The historical problem with Superheaters, Reheaters and associated components hes been that of thermal
fatigue, in which the problems are exacerbated by weak, heavy section components, complex geometries
and bending stresses. A low co-efficient of expansion and low elastic modulus is obviously advantageous.
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Fatigue stresses can result from piping movement in the plant, during heat up and cool down when load
changes occur. Here, the advantage is with strong thin wall members having innate flexibility, and whose
deadweight does not overwhelm pipe support systems. However, during start up, rapid changes in
temperature in the plant can lead to significant through wall temperature differences. In this case, as well
as good high strength properties, a high thermal conductivity is needed.

Recent discussions suggest that the rate of fireside corrosion is only marginally worse under these
conditions, The situation seems to be similar with respect to furnace wall corrosion on the boiler. More
problematic is possible oxide spallation from the steam side of austenitic Superheater tubes.

The formation of this can be suppressed by chromizing the surface, cold working or the use of fine

grained material, all of which enhance diffusion of chromium and promote Cr203 formation. The rate of
oxide growth is thereby suppressed, so the possibility of spallation is reduced.
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Start up shut down ramp rates

General

During shut downs the temperature changes are more problematic, but
a major issue during such start ups is the build up of condensate in
Superheater pendant legs, and the subsequent carry over of such
condensate, leading to thermal shock of headers etc.

3 Recent research and modeling has confirmed in plant physical data
that typical operating transient data was used to conduct thermal
transient analysis and elastic plastic creep stress analysis with three
dimensional FEM models simulating ligament parts of headers. Creep fatigue life was predicted by strain

range partitioning method based on the analytical results and creep fatigue properties of a header
material.

The results obtained were as follows.

(1) Cracking was expected in ligament parts with inelastic strain produced by thermal transient during
start up and shut down operation.

(2) The points where ligament crack was predicted to initiate coincided with ones reported in actual plants
failure cases.

The effects of operational condition and size of header on ligament crack initiation life were evaluated by
this analysis. It was found that the ligament crack initiation life tends to be shorter in the case of the faster

ramp rate and the larger header diameter.
1,200 —

|— Waler Temperalure 5
1,000 ‘ o

Weekend shut downs have the worst
effect, in terms of temperature changes,
and the risk of air getting into the system
is very high.

The common view is that this will lead to
thermally induced corrosion fatigue of
feed heaters and economizers, where high

sure

Drum Pressure

800 — :

E.DD s 4 + s . i :

Temperature and Pres
\

local stress and temperature gradients 400
will lead to the cracking of protective | H’#.f’ //
magnetite films. 200 = 7
fer | L
This is particularly the case if there is 0 3 4 & "‘;" 3 i i
significant bending or increased loads, if
the plant has been in service for a long Elapsed Time — Hours

period while an oxidation notch was forming.
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Failures due to ramp rate excursion

SHORT TERM OVERHEAT

LOCATION:

This condition occurs in tubes in the furnace walls as well as
superheater and Reheater tubes,

Short-term overheating can occur in steam-cooled and water-
cooled tubes at locations that:

(1) Have become plugged by debris, scale, or condensate from
incomplete boil out,

(2) Have exposure to high heat transfer rates from improper
firing of fuel burners.

(3) Have experienced low coolant flow due to poor circulation or upstream tube leak.
Short-term overheating failure nccurs as a result of one incident of high tube metal temperature., (

PHYSICAL DESCRIPTION:

Thick brittle dark scale (oxide) layer on both external and internal surfaces

PROBABLE CAUSE:

Either a reduction of coolant flow or excessive combustion gas temperature causes overheating. A
reduction of coolant flow can be caused by a blockage in the tube circuits, loss of bailer water drum level,

Long term overheat. Since different alloys can successfully operate at different temperatures the failure
temperatures are specific to the alloy. The temperature table below is the point in which excessive
oxidation will result.

Short-term overheating produces considerable tube deformation in the form of metal elongation and

reduction in wall area or cross section. A fish-mouth type, longitudinal rupture with thin-edged fracture
surfaces is typical for ferritic steel when it has failed before reaching its upper critical temperature. Other
appearances are possible depending on the material and the extent of the overheated portion of the tube.

(See photograph above). {
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Overheating is not detectable by normal

NDE methods since the failure event results 20,000 1 Carbon Steel SA-182
from sudden temperature rise and the ' 2 Carbon Steel SA-210 A-1
metal degradation is rapid. Laboratory 18,000 3 C-&Mo SA-209T-1
metallurgical examination of fracture
surfaces and microstructure features can E TR 24,5
provide information pertinent to the failure guml.
investigation.

% 12,000
The root causes of overheating can be é 10,000
verified by investigating the coolant b 4 1% Cr-% M
circuitry and combustion operating ‘E BOOO - SA-E‘!:!TJ?I
conditions. Removal of tubes may be _é 5 2% Cr-1 Mo
necessary to examine for internal blockages g 60001~ -2137-22 \
or flow restrictions. Plant records may 6 18 Cr-8 Ni

- 4000 - A
indicate that water level or circulation was SARTA TP 06 H
lost by either equipment malfunction or 2000 L7 é&?’{;&%ﬁﬁH ‘..
operator error. Measurement of the tube 0
T I T S .

metal and furnace gas tlemperatures may 200 400 600 BOO 1000 1200 1400
verify over firing or uneven firing. Model Metal Temperature, °F
testing may be used to verify adequate flow
rates and turbulence inside the tube. .

Effect of temperature on ASME Boiler Code

. ot allowable stresses for grades of stael tubing
Corrective actions involve measures to -

prevent blockages of tubes, control drum
water levels, assure coolant circulation and reduce excessive firing rates. Redesign cr relocation of inclined
or horizontal tubing nay be required to prevent film boiling which will contribute to this problem.
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Ligament cracking L %

Location ] !
This condition occurs in tubes in thick wall devices like steam drum
and headers.

General description

There are three factors, relative to boiler operation, that influence
ligament damage in high temperature headers: combustion, steam
flow, and boiler load. Most boiler manufacturers design the boiler
with burners arranged in the front and/or rear walls depending
upon the size and capacity of the unit. Heat distribution within the
boiler is not uniform: burner inputs can vary, air distribution is not
uniform; and slagging and fouling can occur. Even if burners are
optimized for equal firing, the temperatures of the combustion
gases exiting the furnace are lower near the side walls than at the middle of the boiler. This occurs since
the perimeter of the furnace is constructed of water cooled tubes and there is greater heat transfer from the
combustion gases near those cooler wall tubes. Air distribution can also vary from side to side, across the
unit, causing unbalanced flow of combustion gases exiting the furnace, On coal-fired and some oil-fired
boilers, slagging and fouling occur causing biasing of combustion gas flow and uneven heat absorption in
the furnace and convection passes. The net effect from these combustion parameters is to cause variations
in heat input to the superheater and reheater.

.-q -

Combined with the combustion parameters, the superheater and reheater experience differences in the
steam flow in individual tubes within the bank. A tube carrying greater steam flow will experience less of
a steam temperature increase than a tube with reduced flow, assuming equal heat is absorbed by both
tubes. Spatial variations in gas temperature and tube-to-tube variations in steam flcw can combine to
result in significant variations in tube outlet leg temperatures entering the outlet headers. Since the overall
bulk header temperature is close to the controlled outlet steam temperature, large temperature differences
can occur at tube bore locations. As shown in Figure 7, a 70°F temperature difference between an
individual outlet leg and the bulk steam temperature is not uncommon, even under normal base load
conditions. It should be noted that on tangentially comer-fired boiler designs the combustion gases flow in
a cyclonic path within the furnace. As a result more heat absorption is expected to cccur toward the
outside of the superheater such that the temperature distribution will vary from that shown in Figure 7.
Figure 7 Steam temperature variations in a header. As a consequence of the through-wall temperature
differences and the temperature differences between individual outlet legs and the bulk header steam
temperature, the header experiences localized stresses much greater than the

stress associated with steam pressure. Further, during increasing and decreasing load changes, the
reversal of the through-wall temperature differences and the reversal of individual tube leg steam
temperatures relative to the header cause reversal of corresponding stresses at the borehole penetrations.
These increased and reversing stresses .
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Boiler start-ups and shut-downs result in significant
transient thermal stresses as a result of the steam
temperature changes in the thick-walled headers.
Changes in boiler load have the effect of further
increasing the temperature difference between the
individual tube legs and the bulk header temperature.
As boiler load increases, the firing rate must increase
to maintain pressure. During this transient, the boiler
is temporarily over-fired to compensate for the
combined effect of increasing steam flow and
decreasing pressure. As a result there is a temporary
upset in steam temperature from individual tube
outlet legs relative to the bulk header temperature.
During load decreases the opposite occurs; firing rate
decreases slightly faster than steam flow in the
superheater with a resulting decrease in tube outlet
temperatures relatve to the header bulk temperature

ADVANCED BOILER INSPECTION TECHNIQUES 2011

As a consequence of the through-wall temperature differences and the temperature differences between
individual outlet legs and the bulk header steam temperature, the header experiences localized stresses
much greater than the stress associated with steam pressure. Further, dur[ng increasing and decreasing
load changes, the reversal of the through-wall temperature differences and the reversal of individual tube
leg steam temperatures relative to the header cause reversal of corresponding stresses at the borehole
penetrations. Thesz increased and reversing stresses Boiler start-ups and shut-downs result in significant
transient thermal stresses as a result of the steam temperature changes in the thick-walled headers.
Changes in boiler load have the effect of further increasing the temperature difference between the
individual tube legs and the bulk header temperature. As boiler load increases, the firing rate must
increase to maintain pressure. During this transient, the boiler is temporarily over-fired to compensate for
the combined effect of increasing steam flow and decreasing pressure. As a result there is a temporary
upset in steam temperature from individual tube outlet legs relative to the bulk header temperature.
During load decreases the opposite occurs; firing rate decreases slightly faster than steam flow in the
superheater with a resulting decrease in tube outlet temperatures relative to the header bulk temperature
further contribute to the initiation of cracks in the header along the bore hole penetrations which
eventually lead to premature header end of life. The cracks are oriented along the axis of the bore hole and
propagate along the bore and across ligaments between adjacent holes. If not detected in its early stages,
these cracks will eventually propagate through the tube stub-to-header welds resuliing in steam leaks.

Bore hole cracking combined with general creep of the header can lead to more catastrophic stub weld
failure.
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External Appearance

Internal Appearance:

Cause

Too rapid start up or too rapid cooling during startup and
shut down. During cold start up of the boiler the
superheater headers are subject to humping as a result of
top-to-bottom temperature differences.

Operations have a great impact on the longevity or failure of pressure parts. This comes from operational
practices that contribute to reduced time to failure.

In the case of water lances or water cannons the results will be qucn-::h cracking as well as thinning_
Prevention \ Correction

Acceptable repairs

Ligament (or borehole) cracking is a significant, life-limiting problem in headers subjected to elevated
temperature service. Ligament cracking is most frequently found in secondary or finishing superheater
outlet headers. Ligament cracking generally initiates as numerous longitudinal cracks in tube bore holes.
These cracks extend (either initially or eventually) to the inside surface of the header, appearing as a
“starburst” pattern when viewed from the inside of the header; Some of these cracks continue to grow
along the inside surface of the header, eventually linking up with similar cracks emanating from adjacent
tube bore holes. These cracks continue to propagate, growing simultaneously from the header ID toward
the OD and between adjacent bore holes.

Inspection techniques

Assessment of the high temperature headers most often focuses on nondestructive examination and
testing (NDE/NDT) followed by evaluation of the NDE/NDT results.

Phase [ - Pre-Outage Planning
1. Review operation and maintenance history
2. Review design characteristics
3. Perform preliminary analysis if required
4. Establish cutage inspection/test plan NDT procedures i.e.;
Magnetic Particle testing
Dye Penetrant testing
Ultrasonic testing
Eddy Current Testing
Radiographic testing
MNon destructive Oxide Thickness Inspection Service (NOTIS)
Metallographic replications
Borescope
Dimensional measurements
Visual examination
Alloy Analysis (nuclear alloy analyzer instrument)
Boat sample

S me 0 o

._?'..‘".-_"
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Phase Il - Outage
1. Implement inspection/test plan
2. Perform root cause analysis as needed to ensure all necessary data is obtained during the outage.
Install instrumentation to support online testing if required by the phase [ plan or for root cause
analysis.
Phase III - Post Outage Testing and Engineering Analysis
1. Perform final remaining life analysis
2. Conduct operational testing and analysis as required
Develop recommendations for follow up - repair, replace, or re-inspect based upon the analysis

Tube to Hoader

Thermowel| Lug Handhole
Fitting

QOutlet Tubes

Reinforced
Section

Inspection case history
See below in netallurgical considerations
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Metallurgical characteristics Steam Temperalture, °F
In this case history none of the sites replicated 747 MW
exhihited creep degradation, All replicated el
microstructures were similar, exhibiting
spheroidized carbides in a decarburized ferrite .

: < 8940 575 MV
matrix. Replications are only OD surface
inspections. The absence of creep degradation,
and the spheroidized carbide in a ferrite matrix P I N W T A Ay
microstructure, was confirmed through IR R R R B S BT R R AR
subsequent metallographic micro examination Tube Number
of the ligament crack boat sample. The As seen in the chart above the temperature profile
ligament crack was created by two across any superheater or reheater can fluctuate from
transgranular thermal fatigue cracks initiating side to side. In these locations where the temperature
from inside the header at the respective is spiked up will be the most likely place this damage
borehole penetrations, which subsequently will be saen.
propagated together. The ligament crack was

oxide filled and exhibited little overall

distortion. The ligament crack grew completely through the header from ID to OD. Additional fatigue
cracks are also evident 180" opposite of the ligament crack, that is, across the bore holes. Circumferential
cracking is as expected from the applied loading. Cyclic stresses exceeded the endurance limit of the P22
header material causing the ligament cracking failure. Elevated temperature exposure (1100¢F to 1150°F),
the number of cydes of start-up and shut-down, plus potentially unbalanced header supports, cracked the |
high-temperature reheat header (HRH). After cracking repairs, the high-temperature reheat header

{(HRH) material remains metallurgically sound for further service deployment since time and temperature
creep degradation is not yet evident.

Figure 1. Tube location 63 of Unit #4 high-temperature reheat header (HRH) that experienced ligament f
cracking. '
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L

_
Figure 2. Sliver is missing from the ligament crack. Sites prepared to perform replications. Bore hole

cracking is evident. Additional cracks are also evident 180" opposite of the ligament crack, that is, across
the bore holes.
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Figure 3. Cracked ligament boat sample at Tube 63 location. Circled area presents wedge that fell out of
fracture when tubes were removed from the boreholes. Boat sample fell apart when removed from header.

B

R

Figure 4. Cracked ligament boat sample with sample extraction locations illustrated. Samples were taken
parallel and perpendicular to the boreholes.
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Figure 5. Stereoscopic view of boat sample parallel to the boreholes. Oxides were present on the fracture
surface measuring 15 mils thick. 3.25x and 17x magnifications.

Figure 6. F1 — Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue. No creep was observed. Material is SA-335-P22. 100x magnification, nital etch.
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Figure 7. F1 — Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue. Microstructure consists of spheroidized carbides in a ferrite matrix. Material is SA-335-
P22. 800x magnification, nital etch.

Figure 8. F2 — Fracture surface exhibits a transgranular oxide-filled fracture surface, ty pically seen with
thermal fatigue. Creep is not observed. Material is SA-335-P22. 100x magnification, nital etch.
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Figure 9. F2 — Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue. Microstructure consists of spheroidized carbides in a ferrite matrix. Material is SA-335-
P22. 800x magnification, nital etch.

)23 1
&a‘nptui"e
surface

F2-2
fracture
surface

Figure 10. Stereoscopic view of boat sample perpendicular to the boreholes. Oxides were present on the
fracture surface measuring 15 mils thick. 4.5x magnification.
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Figure 11. F1-1 - Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue, Creep is not observed. Material is 5A-335-P22. 100x magnification, nital etch.

Figure 12, F1-1 — Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue. Microstructure consists of spheroidized carbides in a ferrite matrix, Material is SA-335-
P22, 800x magnification, nital etch.
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Figure 13. F1-2- Presents a closer view of the intersection point where the fatigue cracks met in the center

of the ligament between boreholes 62 and 63. Transgranular, dagger shaped, oxide-filled cracks are
present. 27x magnification.

Figure 14. F1-2 — Fracture surface exhibits a transgranular oxide-filled fracture surface, typically seen with
thermal fatigue. Creep is not observed. Material is SA-335-P22. 100x magnification, nital etch.
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DISSIMILAR METAL WELD (DMW) CRACKING
- -
R COMMENT:
Dissimilar metal weld (DMW)
cracking is caused by the application
of temperatures and stresses that

exceed the expected values and
accelerate the creep process. The total
stress applied to the joint includes
stresses that arise from differences in
the coefficient of thermal expansion;
from internal steam pressure, tube
dead weight, and through-wall
thermal gradients; and from
constraints to thermal expansion due
to tube support malfunction.
Variations in the lifetime of the joints
are directly related to cycles of boiler
operation.

Dissimilar metal weld failure; note the failure is on the ferritic
side (T-22 in this example) of the weld.
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LOCATION:
Dissimilar metal weld cracking can occur in superheater and Reheater tubing at weld joints that:

(1) Have been exposed to temperatures exceeding the expected or design values.
(2) Have been exposed to stresses exceeding the expected or design values.
Stresses are from intrinsic loads, primary loads, and secondary loads.

EXTERNAL APPEARANCE:
Cracked circumferentially

INTERNAL APPEARANCE:

Dissimilar metal weld cracking produces a circumferential fracture in
the joint. The fracture is parallel to the weld fusion line in the ferritic
steel.

The fracture surface will have a shape like weld beads and appear as
though the ferritic steel had not been fused to the weld metal.
Initiation of the crack can occur anywhere along the fusion line. A

brittle, thick-edged fracture results from the linking up of creep voids adjacent to carbide precipitates
along the grain boundaries.

PROBABLE CAUSE:

The root causes of DMW cracking can be verified by determining
the actual operating temperature and applied stresses experienced
during the service lifetime. A technique is being developed to
quantify the amount of damage that has occurred in a weld due to
excessive temperature and stresses.

Dissimilar metal weld cracking produces a circumferential
fracture in the joint. The fracture is parallel to the weld fusion line
in the ferritic steel.

Radiographic and ultrasonic methods have been applied to detect
cracking in dissimilar metal welds made with iron base filler
metals.

The specific techniques used require careful interpretation since other weld defects and geometries can
also produce NDE indications. Representative tube sampling may be required to determine if incipient
damage is present.

Stress and temperature are the critical factors; improved DMW performance can be obtained by
controlling these factors. The weld joint can be relocated to a position at a lower temperature. Nickel base
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filler metal can be used to lower the stress from differences in thermal expansion. Frequent inspection and
maintenance of tube hangers, supports, and spacers can be performed to reduce secondary loads.

CORRECTIVE ACTION:

Radiographic and ultrasonic methods have been applied to detect cracking in dissimilar metal welds
made with iron base filler metals. The specific techniques used require careful interpretation since other
weld defects and geometries can also produce NDE indications. Representative tube sampling may be
required to determine if incipient damage is present.

Stress and temperature are the critical factors; improved DMW performance can be obtained by
controlling these factors. The weld joint can be relocated to a position at a lower temperature. Nickel base
filler metal can be used to lower the stress from differences in thermal expansion. Frequent inspection and
maintenance of tube hangers, supports, and spacers can be performed to reduce secondary loads.

REPAIR PROCEDURES:

Replace before failure occurs. Utilization of a
safe end for this purpose is recommended.
Safe ends are fabricated with a carbon steel
end and a stainless steel end joined together
with a Inconel weld.

Leaks may be re welded using 309, see repair
section of this manual.
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Inspection case history

Metallurgical characteristics

Radiographic and ultrasonic methods have been applied to detect cracking in dissimilar metal welds
made with iron base filler metals.

The specific techniques used require careful interpretation since other weld defects and geometries can

also produce NDE indications. Representative tube sampling may be required to determine if incipient
damage is present.
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xide 'n;e.ﬁl-ge gmwling 3101"15 the weld fusion line. Mgniﬁcal:inn 100x. Nital etched. Stainless
steel weld metal on Cr. 2 (T22) chromium-molybdenum low-alloy steel.

6 o'clock. Laocalized cp damag near oxide wedg groing along the weld fusion line found during
examination of 16 micros from 4 tubes at 4 clock location. Magnification 200x. Nital etched. Stainless
steel weld metal on Cr. 2 (T22) chromium-molybdenum low-alloy steel.
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weld cross-section. Magnification 7x. Nital etched. Stainless steel weld metal on Cr. 2 (T22) chromium-
molybdenum low-alloy steel.

.

;ii;;ie—-tube weld cross-section. Creep damage. Magnification 100x. Nital etched. Stainless steel weld
metal on Cr. 2 (T22)
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nil&tuhe weld cross-section. Creep damage. Magnification 100x. Nital etched. Stainless steel weld
metal on Cr, 2 (T22) chromium-molybdenum low-alloy steel.

6 o‘cluck Creep damage. Magnification 800x. Nital etched. Stainless steel weld metal on Cr. 2 (T22)
chromium-molybdenum low-alloy steel.
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Low load operation
General Discussion

Low temperature corrosion can occur at
locations in the economizer that:

(1) Hawve boiler tube metal
temperatures below the acid dew point, so
that condensate will form on the metal.

(2) Have flue gas temperature below

the acid dew point, so that condensate will
form on the fly ash particle.

Low temperature corrosion is caused by the
formation and condensation of sulfuric acid
from the flue gases. The amount of sulfur

trioxide formed in the combustion process is an important factor since an increase in the S03 concentration
results in an increase in the acid dew point temperature. Low temperature corrosion is a more significant

problem in oil-fired boilers than in coal-fired boilers due to the vanadium in the oil ash deposits and the
smaller quantity of constituents.

The root causes of low temperature corrosion can be verified by determining the acid dew point
temperature, which is defined as the temperature at which the combustion gases are saturated with
sulfuric acid. The acid dew point varies directly with the amount of S03 in the flue gas. The metal and gas

temperatures in the economizer can he measured to ascertain that they are above the acid dew point
obtained during the various phases of boiler operation.

Low temperature corrosion produces tube wall thinning that eventually results in ductile rupture of the

steel. A thin-edged fracture surface is produced when the load-carrying ability of the steel is exceeded.
The external surface will have a gouged appearance where the corrosion activity has occurred.
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Specific failures caused by low load operation

DEW-POINT CORROSION
The combustion of most fossil fuels, natural gas being one exception, produces flue gases that contain
sulfur dioxide, sulfur trioxide and water vapor. At some temperature, lhﬁ““, Bases condense to form
sulfurous and sulfuric acids. The exact dew-point '
depends on the concentration of these gaseous

species, but it is around 3000F. Thus surfaces g :
cooler than this temperature are likely locations for
dew-point corrosion. Any point along the flue-gas §
path, from combustion in the furnace to the top of

the chimney, is a possible site. Any flue-gas leak
can also cause this type of corrosion.

The obvious locations are openings to the furnace,
support penetrations through the roof, leaks
around superheater, reheater and economizer
penetrations, and, of course, and the air preheater.
In boiler terminology, "acid dew-point” refers to
the sulfuric-acid dew-point, as this is the highest dew-point temperature. Both sulfurous acid and
hvdrochloric acid condense at lower temperatures. For hydrochloric acid. the dew-point may be as low as
1300F, While the precise dew-point for sulfuric acid depends on the sulfur-trioxide concentration, at 10
parts per million sulfur trioxide in the flue gas, the dew-point is 280oF.

Dew-point corrosion is exacerbated in coal-fired boilers by the presence of fly ash. Fly ash accumulates
throughout the flue-gas path, and the resultant deposit acts like a sponge to collect both moisture and
acid, especially during shutdown cycles.

One other corrosion problem associated with oil ash is the potential for acid corrosion following water
washing. While strictly speaking this is not a dew-point corrosion, a solution of oil ash in water does result
in an acid pH. Thus, unless these salts are neutralized, a strong acid forms in the wash water just before it
evaporates to dryness. To prevent fireside pitting corrosion during water washing, the final rinse should
be a basic solution. The most common and least expensive is washing with soda (sodium carbonate)
dissolved in water. Such a solution will neutralize the acids in the oil ash and prevent pitting,.
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Operational upsets
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Operations have a
great impact on the
longevity or failure of
pressure parts. This
comes from
aperational practices
that contribute to
reduced time to failure.

Some of these include:
Over blowing
(frequency) of the soot
blowing system. By

over blowing the soot
blower system we will remove tube metal by accelerated particle erosion thinning the tubes prematurely.

In the case of water lances or water cannons the results will be quench cracking as well as thinning,.

Under blowing (frequency) of the soot blowing system. If the blower system is under blown the area
affected will accumulate ash and lead to:

e Poor heat transfer as the surfaces are covered
with ash or slag.

* Slagging which will result in an uneven gas
flow over the heat transfer surfaces, This
stratification can lead to uneven tube metal
temperatures. This difference in tube metal
temperatures can lead to pre mature overheat
failures

* Increased fly ash erosion. The velocity of the
flue gases will pick up the loose ash and drive
it into the adjacent tubes. This will thin the
tubes and lead to thin wall tube failure.

Over pressurization of the soot blowing system will
cause excessive cleaning which will result in thinning of the tubes due to accelerated particle erosion of
the tubes. By over pressurization of the soot blower system we will remove tube metal by accelerated
particle erosion thinning the tubes prematurely.
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Under pressurization of the soot blowing system (see under lowing frequency above).

High superheater / reheater temperatures causes reduced
life in the tubes and headers. This will significantly reduce
the life of these components.

Improper drum level control. Since the drum acts a water
distribution device as well as steam separator, low level
will usually produce waterwall overheating and failures.

In adequate feed water heating. If the feed water is not
adequately heated (heater) then the water walls have to
make up the difference. Over time this will result in a

higher heat flux in the water walls and result in overheated tubes.

Improper operation of Deaerator system will result in the potential for O2 in the feed water. This will
result in pitting of the 1D of the tubing,.

Water not drained from soot blower system will cause increased erosion of tubing leading to failure.

Poor burner perfermance can result in:
¢ Flame impingement causing overheating of the tubing at the point of impingement.
o Low oxygen firing (sub stoichiomelric) can cause increased fireside corrosion.
* Localized high heat flux, resulting in the potential for overheat and exacerbation of waterside
deposit corrosion.

Poor mill performance ( see Poor burner performance)
Start up / shut down thermal ramp violated.
If the boiler is started /stopped too quickly (cold to load to cold) stress and cracking will occur in the steam

drum and headers.

If the condensate is not boiled away from the superheater / reheater lower loops it will restrict cooling
flow and overheat and possible failure will result.

Operating above MCR (maximum continuous rate) will cause increased fly ash erosion in the convection
pass.
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Failure conditions caused by soot blower misuse

SOOTBLOWER (Wall & Retractable) EROSION
COMMENT:

Soot blowers are the principal means of controlling fireside deposits in boilers.
This accumulation of fireside deposits can significantly affect heat rate, even in
some cases where the deposits are present in only a thin layer on the boiler
surfaces. In addition to thermal efficiency, the effects of ineffective boiler cleaning
can include boiler stability (steam temperature control), particulate emissions, and
boiler tube erosion. Of particular interest is the impact of fuel variations, fuel
switching, and fuel blending.

LOCATION:

Soot blower erosian occurs in a direct path of a wall blower or retractable Soot
blower discharge.

In the furnace area where there is direct impingement from wall blowers near
Furnace corners, slope areas and division walls, any tube or tubes bowed out of
plane allowing exposure to the soot blower. Look at any intersection of tubing in
line with the discharge path of a soot blower.

Usually the first tubes adjacent to the soot blower opening where condensate will
first vent. Inside opening tubes for pre blow or blowing of the soot blower before
it clears the tube wall.

In the direct path of retractable soot blowers in the hottest (outlet) sections of
adjacent reheaters or superheaters.

In any location the soot blower can drive wet
steam or fly ash. This would include
economizers, superheaters, and reheaters both
vertical and horizontal in orientation.

EXTERNAL APPEARANCE:

Appearance may be a planed or smooth effect
and may contain some wavelike contours
aligned perpendicularly to the steam flow. The
tube will usually appear with a flat side. (See
the photo.)
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PROBABLE CAUSE:

Improper location or operation of a soot blower causes soot blower erosion or malfunction of the soot
blowing system. Operation of the blowing system with condensed water in the media or with a pressure
that injects a large amount of ash at a high velocity blower that is inserted incorrectly, stuck in one
position, or too close to a corner or wall protrusion can result in accelerated tube wear.

The blower may cause a high velocity stream carrying condensed water droplets directly to tube surfaces.
This causes physical abrasion and accelerated oxidation resulting in metal loss, Fly ash entrained in the
stream will aid in erosion thinning to rupture.

e A malfunctioning condensate removal system in the steam supplies.
e Poor alignment of adjacent tubing.

=  Pre blow cf the soot blower.

e In adequale shielding.

s Stuckin one position.

e Missing or damaged blower lance head.

Visual examination and ultrasonic (UT) tube wall thick-ness measurements are

used to detect ané monitor soot-blower erosion. Visual examination can reveal signs of polishing but UT
thickness surveys are necessary to determine the amount of wall reduction. UT surveys should be
conducted after a tube failure to determine the extent of damage and to provide data for planning
corrective actions.

CORRECTIVE ACTION:

Corrective actions involve surveillance and
improved maintenance of soot blowers and soot
blower system. Visual examinations of soot
blower operation and calibration of system
components during boiler over-haul periods
provide long-term actions for the prevention of
failures by soot blower erosion,

The root cause of soot blower erosion can be
verified by investigating the operation of the soot
blower device or the soot blower system.
Malfunction or misalignment of the soot blower
device can be revealed by visual means.
Malfunction of the system can be detected by measuring blowing pressure, testing moisture traps, or
checking travels and sequences times.
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REPAIR PROCEDURES:
Replacement is the repair of choice.

Shields may be installed (non furnace areas) to prevent
erosion,

In many cases blocking the medium that is causing the
erosion can arrest thinning. This is true only if the
pressure boundary has not been reduced to an action
level more severe such as replacement or pad welding.
You should utilize clear and concise criteria for
established this action level.

a. Tube shields should be 210to 225'circumferentially instead of 180" to allow the shield to actually clamp
onto the tube helping it to remain in place longer. (Figure 1)

b. Tube thickness and material should be:

Up to 1750° F. inclusive 14 gauge SS AISI type 304 (2) Over 1750°F. 10 gauge 55 AISI type 309 or 310

¢. Tube shields should be limited in length to 18" to 24", Longer shields tend to warp and distort and will
break away from the tube. If longer sections are needed they should overlap approximately 1" starting
from the bottom and working up.

d. Tube shields should only be attached to clean tubes. Clean tubes actually help tc cool the shield while
a tube with slag may cause the shield to overheat sooner.

e. Tube shields should be attached to the tube by I" wide straps on 6" - 8" centers. Through experience we
have found that the durability of the shield is improved if the clips were attached with a GTA weld using
bare filler wire. Each shield should then be welded to the tube in one spot to secure it and to allow for
thermal expansion.

f. Incooler areas of the boiler tuke shields can be
attached using straps less than I" or no strap at all and

¥ i-“*t“ ‘: use a 1-1/2" stitch weld on each side.

. é # e W o In some cases, tube shields may not be the best
" # ’ : :‘ =| solution. Lowering sootblower pressures, repairing
b *‘*‘- traps, or installing baffles may be more appropriate.
—_ = S .‘.: | Remember, tube shields treat problems, not cure them.
e T Ve ’

&
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Thermal Spray Coating

In the simplest terms possible, thermal spray coating involves heating a material, in powder or wire form,
to a molten or semi-molten state. The material is propelled using a stream of gas or compressed air to
deposit it, creating a surface structure on a given substrate,

The coating material may consist of a single element, but is often an alloy or composite with unique
physical properties that are only achievable through the thermal spray process.

BAFFLES may be utilized in the prevention of soot blower erosion.
PAD WELDS
It is possible to restore the thickness of the tubes that have been eroded by soot blowers.

For SMAW use 3/32"diameter electrodes for tubes over O.125" thick. Before using this process a minimum
thickness of 0.125" is required. Follow the weld layer sequence and general techniques of the
aforementioned instructions. The E7010-Al electrode may be used for hard to weld areas and where the
electrode may not be kept within 20° of perpendicular to the tube. Otherwise use the E7015-Al or E8015-
B2L electrode match electrode to tube metal. Always use the lower
half of the recommended amperage range. Maintain the stringer
bead technique to minimize penetration.

For GMAW use only the short-circuiting type of arc. This process
may be used on tubes 0.090" or heavier wall. The thickness is based
upon using 75% argon - 25% carbon dioxide shielding gas. Carbon
dioxide (100%) may be used for the shielding gas with the advantage
of less penetration but more spatters would be present. Voltage and - = -
amperage values should be in the lower half of the range specified, but carefully balanced f-:r-r bood weld
ability. This may be used after depositing one bead layer on thin tubes with the gas tungsten arc process.
Less heat input is used when compared to manual metal arc allowing for thinner sections to be welded.

For fill welds this is best suited for use on thin sections or holes. Filler metal should be added for all
passes unless a bead is not completely fused. A pass without adding filler metal may be used, but is not
recommended. By starting on the heavier section of tube, a puddle is established before entering a thin
area. Once a weld puddle has been established, begin adding filler wire to the front of the puddle. By
laying the wire on the surface and passing over it, the filler wire absorbs some of the heat reducing
penetration and the change of burn through. Repair of holes, leakage points, and severe notches or
dislocations are best repaired by this method.

Use T1G Tungslen or oxy acetylene on extreme thin wall tubing less than .125" thick for the first pass.
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When to apply
1. Most of the wear is general erosion of a localized area.

2. Notches and dislocations are present in a random manner. These may
penetrate deeply into the wall, possibly extending through the wall (leakage).

1. Repairs may have to be made in all positions.

2. Tubing to be repaired will be some form of carbon steel.

5. Wall thickness to consider: Must be above 65% of design MWT.

6. An aluminum or stainless steel coating may have been applied to various areas of the tubes by
metalizing.

Base Metal Preparation

Prior to cleaning, the tubing has been exposed to service environment and is covered with grease, oil,
paint, dirt, coal dust, and/or slag. For areas requiring repair, and six inches around the area, all loose
material must be removed. For one inch around the defective area, the tube shall be cleaned to base metal,
removing all foreign matter.

The above requirements are valid whether or not any metalizing is present. If either the aluminum or
stainless steel has been applied, this must be removed. These coatings are not compatible to the parent
base metals if diluted with weld metal. Due to the very thin nature of the remaining base metal in the
defective area, grinding in this area is not recommended. Either a power steel brush or a flexible flap

wheel will clean the defective areas properly. Grinding may be used to complete cleaning to white metal
around the weld joint.

After cleaning the defective area to sound parent metal etching the surface will reveal any remaining
foreign materials. This is left to the discretion of the individual. If it is felt that no metalizing, other
coatings, or foreign material remains, the etching is not required.
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You should never pad weld under the following conditions.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

e [f a copper deposition on the waterside of the tubing is likely.
If a hole or crack breaches the tube inside diameter.

If the remaining wall of the tubing is very thin (<0625 1/16").
If the lengths of the pad weld exceeds 18”.

If the work quality of available welders is questionable.

If you have HIGH TEMPERATURE CREEP see page 87

If you have STRESS CORROSION CRACKING see page 85

If you have CORROSION FATIGUE see page 85

If you have Corrosion fatigue metallurgical considerations see page 85
1f you have PITTING see page 85

= If you have CAUSTIC CORROSION [ GOUGING see page 85

e If you have ACID PHOSPHATE CORROSION see page 85

e If you have HYDROGEN DAMAGE see page 85

e If you have THERMAL FATIGUE see page 85

¢ Deposits on the internal surface of any kind

s & & @ @
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#® Annealed

Thermal fatigue (Quench B Aneidsg
cracking) from water lances g
and water cannons =

5 le o0 o
GENERAL: &7  Gaec
The tubes are all 2” OD X .220” MWT SA- L 10-
210-Al. 3 8

.20

Position From Intefface, mm

HISTORY:

The customers waterwalls have been

extensively sprayed with either water

lances or water cannons. This has

resulted in significant but controllable quench cracking. The cracking manifests itself in two forms spider
vein type usually occurring on the crown or crown to membrane location on the tubing in the sprayed
areas. The second form is a membrane to tube location where the tube fractures at the membrane and
opens up much like a zipper. Two different inspection techniques are required to detect these conditions.

The location of the quench cracking is not limited to any specific locations. All exposed areas must be
considered and a reasonable strategy must be developed. This strategy must include historical failure and |
replacement data as well as blowing patterns and cycles. The plant will ultimately determine the level of
risk they are willing to accept. Since we have had a moving target we have had to employ the shot gun
approach some sampling in all areas with greater scrutiny in what we project to be high risk areas. These
would be areas of failures, high lance \ canon use or unusual blowing programs. This strategy will evolve
over time when the variables begin to remain constant.

SPECIAL INSPECTION TECHNIQUES

Technique #1. Common water lance quench cracking

The spider type cracks can be identified by establishing a search grid of a spacing of 10 tubes and a height
of 6 feet between elevations. The search grid is an area affected by the water lances typically about a 10/
radius from the center of the lance. Don’t stop at the obvious cleaned circle created by the water lance.
Cracking has been found outside these areas as far as 3’ in radius. Increase intensity of inspection to 3’
between bands inelevation and every 5 tubes in areas determined to be of high risk. Clean the tube to a
semi polished condition. This will require some grinding sandblasting is helpful but not sufficient by itself
for this process. Once the area has been polished then a visual inspection can be done to determine if
cracking is present. “PT" penetrant testing can be used however in most cases is not required to identify
these cracks. Remove the visible cracks by grinding. Re inspect and verify thickness remaining by using
“UT” ultrasonic thickness meter. When the remaining wall is less than .149” mark the tube for removal.
Never recommend pad welding even though it appears the crack is removed. The reason for this is that
this type of cracking is usually spread over a large area and removal by grinding would be extensive and |
not cost effective. The problem is not all the cracks will be removed. Don't take the risk, remove the tubes
at these thresholds. Next conduct a search to determine if additional tubes are involved. This will involve
a vertical and horizontal tube to tube search to establish the dimensions of the panels required. Don't chop
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the panels up too much as this adds a lot of prep cost. Determine what panels are available and try to fit
these in without compromising the repair.

The photo at the right and left show
various

degrees of Thermal fatigue as seen in the
field.

(Quench cracking). Notice the spider
vein

pattern of the cracking.

This photo (left) shows an affected tube
section of the cracked area. Notice the

depth of the quench cracks.
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Technique #2. Water cannon quench cracking,
Unlike water lance damage this type of problem may affect a single or small group of tubes. This is
problematic as a wide search grid will likely miss some problem areas.

Only experience will dictate the optimum search grid locations. We have insufficient data to establish
exact search criteria but we do know that corners #1 and #3 have had the most failures of this variety. They
have been occurring above “D” band soot blowers and extend to above “C”
band soot blower elevations. Near the corner offset tubes 40 tubes from the

rear have been problematic in the past.

The photo at the right shows a tube
that has failed due to this condition,
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The membrane to tube cracking can be identified by establishing a search grid of a spacing of 10 tubes and
a height of 3 feet between elevations. The search grid is an area affected by the water cannons spray
pattern. Determine overlap areas and locations where the cannon might hesitate In these areas increase
the search concentration to a 5 tube spread using 1" increments. Make sure the area of the tube at the
membrane connection is clean either by grinding lightly or sand blasting. Next “PT"” test this area. Include
the entire face of the tubing to determine if spider cracks may exist. Look for a crack longitudinal in
orientation at the membrane to tube intersection. If it bleeds extend search to locate the ends of the crack.
Next conduct a search to determine if additional tubes are involved. This will involve a vertical and
horizontal tube to tube search to establish the dimensions of the panels required. Don't chop the panels up

too much as this adds a lot of prep cost. Determine what panels are available and try to fit these in without
compromising the repair. This type of failure mode may be limited to a tube or two.

The photographs above show a crack at the tube to membrane connection caused by quenching,.
Red area indicated magnified area at the right.
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The photo at the left shows how far the crack penetrated the
interior before the failure actually occurred

This photo shows how well the cracks hold penetrant
material. “PT" is a very effective method for isolating the
membrane cracking.

Client typically repairs all P1 and P2 repairs; occasionally
repair P3.

ACTION LEVELS: Apply standard criteria to various MWT throughout the waterwalls. Pad weld =.165"
Replacement = .143". Be careful not to pad weld in any quench cracked areas of the waterwalls.
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Thermal monitoring?
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1100

[{er
Thermocouples are designed for welding
directly to boiler tubes. These o
thermocouples sense tube surface
temperatures up to 2012°F (1100°C.) with
a corrected minimum accuracy of + 2%.
Normally furnished with a 310 stainless
steel sheath over the compacted
magnesium oxide insulation, with type
"K" wires. These thermocouples can be
supplied with a Hastelloy X sheath
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rugged enough to withstand the roughest

handling.

This section of the manual introduces heat flux sensors.
These sensors can be used in boiler water wall applications
for detection of fouling (Boiler Fouling Sensor)

Heat Flux Sensors

Heat flux sensors measure the flow of energy to or from a certain object. Heat flux is expressed in BTU /
square foot. In many boilers, the furnace walls suffer from fouling (also called slagging). In many cases it
is possible to put heat flux sensors on the waterwall tubing. By monitoring the heat flux from the boiler to
the steam / water mixture in the tubing, the process of fouling can be detected. An added thermocouple
can also be used for estimating tube surface temperature (so-called chordal thermaocouple).

The total system leads to: E——

1. Automation of the process of soot blowing,. iy ot b R (Y
(Intelligent soot blowing)

2. Better system efficiency

3. Savings on servicing,.

4. Optimal estimation of tube lifetime
5. Extension of tube lifetime

b
I s SOCTON UGS 19 MDN LEE wihe Fes!

] ) . "d}l'l.l.la llr-v;rl'wu-:.ﬂlqhu e

Figure 2.1.1 Boiler waterwall (2) with 3&“&::::WJ¢T»L':-;?A:;"::'
incorporated heat flux & temperature sensor

b slace
(2). The sensor is connected to an external readout (3).
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SOCEm
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1 ity Figure 2.1.3 The heat flux signal, starting
2 with a clean tube that gradually fouls.
' (From left to right in figure 2.1.2)There is

a change in heat flux level, and at the same time, the spectral content of the signal changes; the fast
changes are damped by the added heat capacity of the soot.

— spectrd change ——

SEMSOr
signal

caftpt change

time

Figure 2.1.3 The heat flux signal, starting with a clean tube that
gradually foules. (from left to right in figure 2.1.2)

There is a change in heat flux level, and at the sarme time, the spectral
content of the signal changes, the fast changes are damped by the

added heat capacity of the soot.
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Craze cracking (alligator hide)

Failure location
s Water walls

General description
In some supercritical boilers cracking has been detected in the
waterwalls. These boilers operate at metal temperatures higher than
normally applied in subcritical boilers. The circumferential cracks in
the tubes were filled with magnetite and sulfides, indicating the
presence of a sulfidizing atmosphere.
The mechanism of this condition is summarized as;
» initiation of intergranular corrosion and sulfidation on the
grain boundaries
= because of high heat fluxes, compressive stresses on the outer
tube metal surface and plastic deformation take place at high
stresses
« af lower heat fluxes, residual stresses are present

T

ADVANCED BOILER INSPECTION TECHNIQUES 2011
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= because of intergranular penetration there is stress concentration on the crack tip during thermal

cycling
» propagation of the crack and sulfidation on the crack tip
This mainly occurs in supercritical units but can
occur in sub critical boilers. This condition is also
known as; Circumferential cracking, Horizontal
cracking, transverse cracking, craze cracking,
elephant hide, and alligator skin cracking.

External Appearance

Scale covered circumferential
cracking consists of multiple cracks
that lay parallel one to another or
perpendicular to the direction of
maximum tensile stress. It 1s common
that this condition is also seen
with significant fire side wastage

Internal appearance
NAA
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Cause

Corrosion enhanced thermal fatigue, increased tube surface temperature, and
cyclic stresses from load changes and start ups.
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In water walls and Superheaters, grooving occurs as the ash deposit on
is shed and the temperature "jumps" when the insulating ash layer is Itis
removed. Circumferential grooves form in a manner similar to unlik
thermal fatigue cracks from the use of water lances/ cannons. ely
that
the

root
cause can be eliminated as ash must removed from the water walls. Therefore
we must address the symptoms.
Clean and inspect areas of the furnace to determine the presence of cracking.

Acceptable repairs
Replacement is the only suggested repairs.
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Metallurgical characteristics

Cross section of a water wall tube
with severe circumferential cracking.
In this example, the deepest grooves

are more than 75% through the tube
wall.

Older cracks fill with oxide, may
stop and restart (note jog part
way along the crack), and do not
necessarily have a change in
section thickness to initiate the
crack. 100x, etched.

Metallographic sections through
thermal-fatigue cracks indicate
origin (here at the toe of an
attachment weld) and shape.

—— T -
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Inspection technigues

The area affected will require visual inspection of the severity of the
cracking. In some cases the ash and slag will require removal before the
inspection. The tubing will be ranked slight medium and severe, These visual
observations will be recorded and compared to establish what tubes will

rorl osmome e e o 3 e ] g
——FeghaEe P P T
GTRACK v 1.8 c 18485-1998 UDC 40109 502 955 9400 Page 1

Inspeaction R:e:'p ok report9d

Date: 10/6/98 By: Cavote / Mardis

Station: Unit: 4
Area: Furnace Left Side Wall

Item #1. IDENTIFICATION: The area was numbered from left side wall to right
side wall. Items were marked with white paint.

See attached data sheets for detail and orientation.

The codes used are as follows;

P-1= Pad weld 1%, EA= Excessive attachment to tube,

8= 8light craze cracking, M= Medium craze cracking, H= Heavy craze cracking,
TC= Tube crack, MC= Membrane crack, B= Tube bowed, MH= Membrane hole, DS=

Dutchman too short.

Repair item #: 2 Priority #: 1

Action reguired: Pad weld tubes

Repair #: 2-a (Pad weld
tubes) .

These are located at; 605-

47, 610-205, 583-200. These

| are marked P-?. (Are we pad
welding over cracks here?)

Repair item #: 3
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Priority #: 1

Action required: Grind out cracks in tubes.

Repair #: 3-a (Grind out crack in tubes at 629-63, 629-80, 590-256,622-2.
These are marked as TC.

Repair item #: 4 Priority #: 2
Action required: Grind out cracks or replace membrane as regquired.

622-89, 622-90, 587-71, 587-79,

Repair item #: 5 Priority #: 3
Action required: Monitor tubes that were identified as Medium craze cracking.
Repair #: 5-a (Monitor for future determination.) Thesze are identified as “M”.

610-70, 610-74-76, 587-72-78, 558-168, 594-185-188.

Repair item #: 6 Priority #: 3

Action required: Monitor tubes that were identified as Slight craze cracking.
Repair #: 6-a (Monitor for future determination.) These are identified as “s".
€05-34, 608B-35-42, 610-48-48, 603-48-4%, 596-59-67, 590-73-75, 590-79-81, 583-
135, 605-170, 5%8-178, 59B-187, ©08-189, ©10-188-189, B608-217-223, 590-200-
201, 587-204, 587-206, 590-209, 590-211, 590-228-229, 60B-233-235.

Repair item #: 7 Priority #: 3

Action required: Grind away excessive attachments that are welded to the
tubes.

Repair #: 7-a (Grind to original contour of tube.} These are identified as
“Eh"-

622-8, 590-8, 58B7-8B, 622-10, 6&05-10, 590-10, 587-10, 605-17, 608-235,; 60B-236,
587-259, 5%0-261, 612-80.

Repair item #: 8 Pricrity #: 3
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FALLING SLAG INTO HOPPER BOTTOM (coutant).

LOCATION: Eaanzaaaaioy
Slag erosion can occur at the lower furnace wall, =3

which directs ash into the bottom ash.

The sloping wall tubes within 3 to 4 feet of each
sidewall near the bottom will experience the greatest
erosion,

PHYSICAL DESCRIPTION:

Falling slag erosion produces flat surfaces from
metal removal. A longitudinal Thin edged fracture
results when the wall thickness can no longer
restrain the internal pressure.

PROBABLE CAUSE;
Slagging of coal that
results in solid ash
buildup on the furnace
walls

and the pendant
superheater tubes causes
falling slag erosion.

Massive pieces of slag fall
and erode or severely
damage the sloping
waterwall

tubes. Both coal
properties and boiler designs are important factors in evaluating slagging problems.

|

’ 3 2.4 25 r¥-J
'rJr.,flﬂdrlfgﬂ.' 2-" 2..2. .\ ?_ i = -

The root cause of falling slag erosion can be verified by evaluation of
the slagging potential of the fuel. Various coal ash properties are used
in the evaluation but ASTM Standard D 1857.

Determine the important factors, which result in a slagging problem.

Analysis so far indicates that silica percentage and ash softening temperature can be used for categorizing
the slagging tendency of a coal.
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Visual examinations and
ultrasonic (UT) tube wall AT Tt
. R
thickness measurements are Ill - ol 6 8 4 Q .
methods to detect and monitor -hl?f‘?hl.ﬁ'ﬁlhhzﬁhlj_,.?ff‘..,ﬁj? 28 , 29 30 3 32

falling ash erosion.

UT surveys should be conducted
during boiler overhaul outages to
determine the extent of erosion
and to provide data for planning
corrective actions.

Corrective actions depend on the severity of the erosion problem. If erosion is severe, the reduction in
boiler availability due to tube failures must be included in costs for burning a high slagging fuel. If a
change in fuel is not justified, increasing tube wall thickness or installing wear bars can provide additional
time before failure will occur.
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CREEP, HIGH TEMPERATURE

COMMENT:

High temperature creep failures occur from a
relatively continuous extended period of
slight overheating above the design metal
temperature, from a slowly increasing level
of temperature or stress, or from the
accumulation of periods of excessive
overheating.

LOCATION:
Occurs primarily in high temperature
locations such as superheat and reheat areas,

High temperature creep can occur in steam-cooled tubes at locations that:
(1) Have become partially blocked by debris, scale, or deposits restricting flow.

(2) Have exposure to radiant heat (line of sight) or excessive gas temperature due to blockage of gas
passages or are lorated before the final outlet header.

(3) Are located before the change to a higher grade of steel or have incorrect or lesser grade of steel
material.

(4) Have higher stresses due to welded attachments and orientation.

EXTERNAL APPEARANCE:

High temperature creep produces a longitudinal fracture. The extent of the fracture and its appearance
may vary. A small fracture will form a blister

opening while a large fracture creates a wide gaping fracture type of appearance. The fracture surface is
thick edged with extensive secondary cracking adjacent to the main fracture. The tube surface may have a
thick hard oxide scale with oxide, which have an alligator hide appearance. (See photo for details)

INTERNAL APPEARANCE:

The tube internal surface may also have a thick hard oxide scale with oxide, which have an alligator hide
appearance.

PROBABLE CAUSE:
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The root causes of high temperature creep can be

verified by investigating the coolant circuitry, the
gas passages, and the tube material properties.
Tube sampling may be necessary to check for
blockages and deposits that restrict the transfer of
beat. Measurement of the tube metal and furnace
gas temperatures can verify abnormal gas flow
patterns, Tube material properties testing can
verify the application of that material to the
temperature experienced by the tubing.

Wall thickness measurements are necessary to

verify that stress levels have not increased due to
Erosion or corrosion .
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As mentioned belore these ruptures ocour primarily in the superheat and reheat areas. Lang term
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1 Carbon Sleel SA-192

20000 2 Carbon Steel SA-210 A-1
-:B'm] 3 C-‘f} MQ‘ SA"‘EGB T"‘l’
516.000
o
#14,000
d
©12,000
D
Ew,um
= 4 1% Cr=" Mo
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= 5 2% Cr-1Mo |
.—E 6000|- SA-213T-22
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2 40001 gA213TP304H |
i L1
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Fig. 5.2. Effect of temperature on ASME
Boiler and Pressure Vessel Code allow-
able stress for several grades of steel
tubing.
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uUDC

TUBE DIMENSIONS
2" 0D x 0.280 " WALL

Increase in Crown Temperature (F)

005 010 015 020
inside Scale Thickness (inches)

Effects of steam side seale formation on the tube metal temperature in a superheater or

reheater tube where fluid side cooling is by convective heat transfer to the steam.
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TUBE DIMENSIONS
2% " OD x 0.250" WALL

QIA = 200,000
Q/A = 180,000
Q/A = 160,000

Q/A = 140,000

Q/A = 120,000

Q/A = 100,000
Q/A = 80,000

Q/A = 60,000

Q/A = 40,000

Q/A = 20,000

005 010 015 020
Inside Scale Thickness (Inches)

Effects of steam side scale formation on the tube metal temperature in a water wall
tube where fluid side cooling is by boiling heat transfer to the water.
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Thickness on Tube Metal Temperature. When the internal scale thickness increases, the tube metal
temperature will increase accordingly. Temperatures are for the 1.5 Inch diameter tube with a 0.1 inch

wall thickness. A heat flux of 100,000 BTU per square foot per hour was used.
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CORRECTIVE ACTION:

Ultrasonic wall thickness measurements are taken to check for wall thinning from erosion, corrosion, or
oxidation. Tube outside diameter measurements may indicate that swelling has occurred due to creep
degradation. Thermocouples can be placed on the tubing to ascertain the actual metal temperature that is

achieved at selected locations. Tubing locations just before the transition to a higher grade of alloy steel
are of particular concern.

Corrective actions involve the determination of the remaining life of the tubing based on the actual
temperature, stress level, and material properties Parametric analysis methods, such as the Larson-Miller
parameter method, can be applied to estimate the effects of various actions.

High-pressure liquid flushing or chemical cleaning may be per-formed to remove internal scales, deposits,
and blockages and reduce the tube metal temperature (see Appendix F). Material upgrades may be
necessary to provide more creep-resistant steel at the location of high temperature. Corrective actions
such as tube shield-log, padding, or thermal spray coating may be performed to reduce the rate of any
wall thinning caused by corrosion or erosion.

REPAIR PROCEDURES:

This condition can be monitored until such time that the wall thickness becomes too thin for reliable
operation. When this is occurs we suggest a tube replacement.
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Case Study report records

BRepair #: 47-c Record:# 111
(INFORMATION ONLY) Priority #: 3

General leocation is Penthouse,
FSH Front outlet header.
Original ©D = 2B8.75%"

UDC has taken PI Tape measurements
(Circumference) to determine creep levels
from left to right side. Measurements
have been taken in 7 locations across the
length of the header: @

{3' in from the left edge)=T7'-7"

(13" in from left edge)= 7'-6' 15/16"

(23' in from the left edge)= Tr=6 /8"

(3' in from the right side expansion box)=7'-7"

{13' in from the right side expansion box)=7'-6 15/16"
(23' in from the right side expansion box)=T7'-7"

{34' in from the right side expansion box)=7'-7 1/8"

The header was originally 90.275" OD. These measurements indicate
that the header is 1.009% in creep towards the right side of the header.

The maximum allowable creep for this header is 1.224% for a total of 122,393:52

hours of operation. This is within the tolerance by 18%. It is

important to note that the damage may not be linear for all of the

hours. This is the reasun why we recommend re-examination of the headers every five years to establish a
current base of information. With two or three points of data we

can safely predict the useful life of the headers and connecting

tubing.

Recommendations for complete life assessment of header:
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The suggested inspection work scope would include metal replications, Bore Scope inspection of ID orifice
ligaments, and magnetic particle examination of the header tube ligament sections. This should be done at
header on the right side at or near the outlet link connections, and all girth welds shall be MT examined as
well. The header ligament areas are statistically the locations of failures due to creep.

Due to the apparent creep and the lateral movement we suggest that
metal replications be made of the header on the left side at or near
the outlet link connection.

Work Order: Status:

Inspected

¥

; 2'8
" |

“ Iy -"|
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Repair #: 47-d Record:§ 112
(INFORMATION ONLY) Priority #: 3

General location is Penthouse,
FSH Rear ocutlet header.
Original OD = 28.75"

UDC has taken PI Tape measurements i 5
(Circumference) to determine creep levels from left tc- rlght slde

Measurements have been taken in 7 locaticns across the length of the header: @

{3' in from the left ecdge)=7'-8 5/8"

{13' in from left edge)=7'-8 9/16"

{23" in from the left edge)=7'-8 7/16"

{3' in from the right side expansion box)=7'-7"

{13* in from the right side expansion box)=7'-8 5/8"
(23" in from the right side expansicn box)=7'-8 9/16"

(34" in from the right side expansion box)=7'-8 5/16"

The header was originally 90.275" OD. These measurements indicate
that the header is 1.026% in creep towards the center of header.

The maximum allowable creep for this header is 1.224% for a total of 122,393:52

hours of operation. This is within the tolerance by 16%. It is

important to note that the damage may not be linear for all of the

hours. This is the reason why we recommend re-examination of the headers every five years to establish a
current base of information. With two or three points of data we

can safely predict the useful life of the headers and connecting

tubing.

Recommendations for complete life assessment of header:

The suggested inspection work scope would include metal replications; Bore Scope inspection of ID orifice
ligaments, and magnetic particle examination of the header tube ligament sections. This should be done at
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header on the right side at or near the outlet link connections, and all girth welds shall be MT examined as
well. The header ligament areas are statistically the locations of failures due to creep.

Due to the apparent creep and the lateral movement we suggest that
metal replications be made of the header on the left side at or near
the outlet link connection.

Work Order: Status: Inspected

o= ]

= 4y e | |*— 13 >
— Gy —F I | e | i il
‘ - 34’ ————
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Exfoliated tubing is typically found in the penthouse on the ocutlet terminal
tubes.

High temperature creep may be evident in pendants and platens where blockages
occur, incorrect steel is used, have exposure to line of sight radiant heat,
or are stressed due to welded attachments.

Debris or restricted flow allows the area to operate for a continuous extended
pericd of time overheated above the design metal temperature, slowly
increasing level of stress.

Bulging is typical if creep is evident,

Overheat is usually long term and may be only slightly bulged, occurring in
temperatures of 1200 to 1300 F.

Intermediate overheat usually occurs in temperatures of 1300 te 1600F,
indicative of creep.

95% of superheat short terms overheat
occurs during start up or below 20%
operation, and always in a temperature
above 1600F.
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Internal blockage in a lower loop
from exfoliation.
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Figure 1 presents a comparison between
predicted Corrosion rates due to pyrite
deposition and actual measurements of il
waterwall wastage. The input
conditions for utility furnace models
vary substantially and are often highly
uncertain. In addition, there are a
number of additional mechanisms by
which waterwall tube material is

removed. Given these limitations, the
accuracy of the prediction in terms of
;s ; F = : Predicted Measured
the rate and location of the high

corrosion region is remarkable. . _
Fleure 1. Predietlon of Waterwall Correston Bates In

Coalkfired Boller.
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FIRESIDE FURNACE CORROSION

LOCATION:
Waterwall fireside corrosion can
occur at locations that:

(1) Have incomplete combustion
conditions and a reducing

atmosphere at the waterwall.

(2) Have corrosive ash deposits.

(3) Have any flame Impingement.

PHYSICAL DESCRIPTION:

Waterwall fire-aide corrosion is caused by corrosive conditions in the combustion zone, which are due to
inadequate oxygen supply, high concentration of sulfur and increased chlorides in the fuel, improper
alignment of the fuel burners, and formation of molten ash on the waterwall tube surface,

Visual observation through inspection ports may show a defect in combustion such as direct flame
impingement or carbon particle impingement. Field-testing may be required to determine the carbon
monoxide level near the waterwall and the
amount of unburned carbon in the ash.

PROBABLE CAUSE:

Waterwall fireside corrosion produces wall
thinning that eventually results in ductile
rupture of the tube In a longitudinal
direction. Wall thinning is uniform across
several tubes in a particular location.
| Circumferential grooving or cracking with
deep finger-like penetrations into the tube
wall has been found on super-critical boilers. Hard, dark ash deposits are usually found on the external
surface.

Ultrasonic (UT) wall thickness measurements are taken to establish the corrosion rate and extent.
Removal of the ash deposit and iron oxide scale by sandblasting or grinding is necessary In order to
obtain accurate UT thickness data.
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The data can be input into computerized data analysis programs for plotting the lccation of the thinning,
for trending of periodic measurements, and for calculating the remaining service life of the waterwall
tuhing,

Corrective actions depend on operating
conditions; adjusting burner alignment,
increase coal fineness, spraying thermal
corrosion-resistant coatings, and bleeding air
into the sidewall area. Long-term actions
include furnace modification to improve
combustion conditions or installation of co-
extruded tubing or other surface modified
tubing to provide a corrosion-resistant material
on the outside of the tube. An estimate of the
remaining life of the tube should be performed
based on the corrosion rate and the level of
hoop stress.
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Coal ash corrosion

All fossil fuels, with the possible exception of natural gas, contain constituents that will promote corrosion
on the fire side of boiler components. The "bad actors" are compounds of sulfur, vanadium and sodium;
but in the case of municipal-refuse boilers, chlorine is an increasing concern. There are three temperature
regimes where fire-side corrosion occurs:

Less than 3000F. Dew-point
corrosion occurs when sulfuric acid
condenses.

Temperatures from 5000-7500F.
Waterwall-tube corrosion occurs in
coal-fired units by the formation of
pyrosulfates of sodium and
potassium. In refuse-fired boilers,
mixtures of chlorides of zing, lead,
iron and sodium are the likely
causes of corrosion.,

Temperatures greater than 10000F. The cause of superheater and reheater ash corrosion depends on the
fuel. The corrosive species are different for coal and oil-fired boilers. Mixtures of vanadium pentoxide and
sodium oxide or vanadium pentoxide and sodium sulfate are the principal offensive compounds in oil
ash. For coal-fired boilers, sodium and potassium iron trisulfates are the liquid species blamed for high-
temperature corrosion.
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ASH CORROSION

Carbon and alloy steels develop corrosion resistance from the formation of protective oxide scales. The
more dense and tightly bound the oxides are, the more corrosion resistant the material will be. Any
process that removes the oxide will promote more rapid corrosion wastage. Any process that prevents the
formation of these oxides will also promote more rapid corrosion. Fly-ash and soot-blower are not by
themselves corrosive, but both remove the protective iron-oxide layer. The cleaned steel is then exposed to
the high temperature flue-gas environment, and an oxide film reforms. The oxide forms by converting
steel to scale, and a little metal is lost. Each cycle of scale formation and removal reduces the wall
thickness until the boiler tube is too thin to contain the fluid pressure, and failure occurs. The actual cause
of the wastage is the rapid oxidation of clean, unprotected steel.

Whether the fuel burned is oil or coal, and whether the corrosion location is in the furnace (at
temperatures of 5100-7000F) or the high-temperature components (at a metal temperature above 1,0000F),
the corrosion mechanisms are similar. Constituents within the ash form a low-melting-point species or a
mixture of several compounds that has the required low melting point. These low-melting-point species
dissolve the protective iron oxide on the surface of the boiler tube and bring the bare metal in contact with
oxygen.

Two observations: a) the melting point discussed here is not the ash fusion temperature, and b) the action
of these liquids is like a brazing flux; it dissolves and prevents the formation of a protective oxide film.

In the case of furnace-wall corrosion, mixtures of sodium and potassium pyrosulfates are the suspected
liquid species. Melting points between 6350 and 7700F have been reported for ash constituents on furnace
walls under severe coal-ash corrosion. For corrosion of Superheaters and Reheaters at temperatures above
10000F in coal-fired boilers, sodium- and potassium-iron trisulfates are the culprits. The exact melting
point depends on the relative amounts of sodium and potassium, but the minimum melting point can be
as low as 10300F.

In oil-fired boilers, mixtures of vanadium pentoxide and
sodium oxide or vanadium pentoxide and sodium
sulfate are the problem. Again, the precise composition
will dictate the particular melting point, but these
compounds can melt at temperatures as low as 9500F.

In municipal-refuse burners where appreciable chlorine,
from polyvinyl chloride, is part of the fuel, various
chlorides or mixtures of chlorides will serve the same
purpose. Mixtures of iron, sodium, zinc, lead, and
perhaps calcium chlorides will form low-melting-point
species. There are many combinations of chlorides that have melting points below 600oF and some less
than 3500F.

Reducing conditions will exacerbate fuel-ash corrosion. The presence of carbon monoxide and/or

unburned carbon and hydrogen sulfide promote the formation of metallic sulfides. Iron sulfide, for
example, is inherently less protective than iron oxide. Sulfides tend to be less protective because they are |
porous and less firmly attached to the steel. Alternate oxidizing and reducing conditions are no help

either. The oxide that forms during oxygen-rich cycles is reduced or made less sound during the reducing
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part of the cycle. In fact, it is not unusual in municipal-refuse burners to find a strong smell of hydrogen
sulfide (a rotten-egg aroma) on a freshly broken ash sample. The presence of hydrogen sulfide is positive
proof of a reducing furnace atmosphere.

The morphology or appearance of fuel-ash corrosion is variable. For superheater or reheater tubes in an
oil-fired boiler, the corrosion pattern depends on the volume of liquid and the aerodynamics of the flue-
gas flow over the tube. In coal-fired boilers, the appearance takes the form of a series of grooves and is
sometimes referred to as "alligator hide."

For waterwall tubes, especially in super-critical units burning coal, the appearance is a series of
circumferential grooves or cracks. In cross section, again, the appearance is a series of shallow grooves. A
micrometer measurement would show that the gross fire-side wall thickness is not substantially different
from the cold or casing side. The wall thickness at the tip of the crack can, of course, be thin enough to
form a steam leak.

In the case of a refuse burner, the appearance is one of a smooth and
uniform wastage that reduces the wall thickness. Corrosion rates can be
exceedingly high. Carbon-steel wastage rates of about 1/2 inch per year
(failure in less than 2,000 hours of operation) are known.

The formation of "alligator-hide” appearance in Superheaters and the
circumferential grooving in furnace-wall tubes are related and develop
by the same kind of mechanism. A liquid phase forms from
constituents within the coal ash. The strength of the liquid layer
between the ash and the tube is weak. When the ash layer builds to a
particular thickness, the film of liquid can no longer support the
weight, the ash layer falls off exposing the bare tube to the fire, and the
local heat flux jumps. This sudden rise in heat flux means a sudden rise
in temperature and creates a locally high stress. As the ash layer
reforms, the insulating effect of the ash reduces the metal temperature.
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CORROSION OF SA213 TP321 BY
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Corrosion as a function of temperature for a 321 stainless steel in molten trisulfates. Note
rate changes for the better at approximately 1300° F when the sulfates decomposze.

Over several (or many) such cycles, corrosion-fatigue cracks form. The difference between the "alligator-
hide" appearance on superheater tubes and circumferential grooving on waterwall tubes is the magnitude
of the heat flux and temperature spike. For Superheaters, the peak heat flux is perhaps 1/4 -1/3 that of a
furnace wall in the highest heat-release regions. In the case of a stoker-fired, municipal-refuse boiler, the
heat flux is not high enough to lead to a temperature spike, so the corrosion proceeds in a uniform fashion.
In summary, the three temperature regimes of fire-side corrosion are: less than about 3000F, where
sulfuric acid dew-point corrosion occurs, 5000 - 7500F on furnace walls, and greater than 10000F on
superheater and reheater tubes. Even though the temperature regimes are quite different, the mode of

corrosion is similar for furnace walls and Superheaters.
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A liquid phase forms on the surface of the tube from constituents within the fuel, dissolves the protective

iron oxide (similar to a brazing flux), and leads to more rapid corrosion. Under reducing conditions,
protective iron oxides do not form as readily, and the result is the formation of a porous iron sulfide that is

inherently less protective.

Schematic presentation of material wastage vs. metal temperature. At Tmp the melting
point of the trisulfates in the ash, liquid ash corrosion begins. In a steam cooled tube (either
SH or RH) there may be three distinct regions; a portion always above the melting point (I1I),
a portion that is always below (I), and a portion that goes from below to above as the scale

forms on the steam side (II).
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(

Tube Wastage (in)

1020 1040 1060 1080 1100 1120
Tube Metal Temperature (°F)

Plot of Wastage vs Temperature after 125,000 hours

Corrosion wastage of a superheater tube after 125,000 hours (about 16 years of "normal”
operation)

Coal ash corrosion is caused by the formation of complex alkali-iron trisulfates in the ash deposits when
the tube natal temperature is between 1000F(5930C) and 1300F (704C). Certain coals contain constituents,
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which form ash deposits that are corrosive in the molten form. The corrosion becomes a significant
concern when the wall thickness reduces rapidly

LOCATION:
High temperature coal ash corrosion can occur at locations in Superheaters and Reheaters that:
(1) Have tube surface metal temperatures between 1000F (593C) and 1300F (704C).

Maximum corrosion rates occur at 1200F (6490C).] High metal temperatures are likely to occur in tubes

that surround a radiant cavity, are exposed to radiant heat, or contain the hottest steam prior to leaving
the flue gas enclosure.

(2) Have slag type corrosive ash deposits that are strongly bonded to the tube.
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EXTERNAL APPEARANCE:

High temperature coal ash corrosion produces tube wall thinning that eventually results in stress rupture
of the steel. The greatest metal loss occurs along the
interfaces between the ash-covered portion of the tube
and the uncovered portion. Flat spots on the tube
surface occur at the 2 o'clock and 10 o'clock positions
(30 to 45 degrees off the direction of gas flow).
Fractures are longitudinal and the outside surface may
have an alligator hide texture.

INTERNAL APPEARANCE: None
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PROBABLE CAUSE:

The root causes of coal ash corrosion can be
verified by determining the corrosiveness of
the coal ash and by measuring the tube metal
temperature under the ash deposit. Coals
with chloride content of less than 0.2% and
sulfur content of less than 3.0% have not
produced significant corrosion rates.
Temporary thermocouples on the tube
surface can show whether the metal
temperatures are within the range to produce
a molten form of deposit. Combustion ash
deposits should be removed for chemical and
melting point

analyses.

CORRECTIVE ACTION:

Ultrasonic (UT) tube wall thickness measurements and tube metal temperature

measurements are taken to establish the corrosion rate and extent and to

calculate the effect of the corrosion on the service life of the tube steel.

Inspection over the length of a lead tube in one or more of the assemblies with the highest element steam
temperature can show whether there is corrosion and the elevations where it is greatest. Removal of ash
deposits by wire brushing or sandblasting is performed prior to UT measurement. The measurement is
taken at the area of greatest metal loss, which usually is at 30 to 45 degrees off the gas flow direction.

Corrective actions depend on the severity of the corrosion problem. An estimate of tube remaining service
life should be performed on non-failed tubes several short-term actions involve using thicker tubes,
shielding the tubes, or coating with a thermal sprayed corrosion-resistant material.

REPAIR PROCEDURES: Long term actions include replacing the tubes with a higher grade alloy, co-
extruded tube steel or other surface treated tube steel; blending the coal to reduce the corrosive
constituents In the ash; or lowering the metal temperature by modification of the final steam outlet
temperature or redesign of the tubing circuits.
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Typical ash deposits on a superhealer tube
from a pulverized coal-fired boiler,
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COAL PARTICLE EROSION

COMMENT:

Coal particle erosion occurs in cyclone units as well as
on wall fired and “T" fired where the burners are
impinging the furnace water walls. This also occurs if
coal is bypassing the burners.

LOCATION:

Coal particle erosion occurs in cyclone type coal burners
where the introduction of combustion air at high
velocity and tangent to the tube surface imparts a
whirling motion to the incoming coal.

Coal particle erosion also occurs adjacent to tangent
burner corners.

On water walls where flame and coal are impinging the walls.

EXTERNAL APPEARANCE:

Coal particle erosion produces
thinning of the tube wall. A thin-
edged fracture results when the wall
thickness is reduced to a point beyond
its ability to contain the internal water
PTESSUF{!.

9 S
S~ NN
T:hi:l!! fhll 9 30,3 32 33 34
INTERNAL APPEARANCE: WhLLLLLL AR RS

PROBABLE CAUSE:

Coal particle erosion is caused when the wear protective devices inside the cyclone burner no longer are
able to perform their function.
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The root cause of coal particle erosion can be verified through observation of the condition of the wear-
resistant liners and refractory coatings that have been installed to protect the boiler tubing. Observation of
the flow patterns that are established in the burner from the introduction of secondary and tertiary air
may reveal where significant erosion will occur. Visual examinations and ultrasonic (UT) tube wall
thickness measurements are used to detect and monitor coal particle erosion. Small diameter UT
transducers are used to obtain tube wall thickness measurements since the cylindrical studs welded onto
the tube limit access to the tube surface. UT measurements provide data to determine the appropriate
extent of immediate repairs after a failure and to plan for tubing replacement during a boiler overhaul
outage.

CORRECTIVE ACTION:

Corrective actions involve surveillance and replacement of the wear-resistant liners and refractory
coatings so that their protective function is not lost during boiler operation. Adjustments of secondary
and tertiary air.

Coal connections if leaking should be repaired.

Flame impingement should be corrected.

REPAIR PROCEDURES:

Replacement or pad welding, depending of the remaining thickness of thin tubes.
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FLY ASH EROSION
LOCATION:

Fly ash erosion can occur at locations that:

(1) Have gaps between the tube bank and the
duct walls.

(2) Have gas by-pass channels where the velocity
of the flue gas can be much higher than that of
the main flow.

(3) Have protrusions or misalignment of tubing
rows.

(4) Are adjacent to areas with large accumulations of ash.

PHYSICAL DESCRIPTION:

Fly ash erosion is caused by non-uniform or
excessive gas flow, which accelerates a large
volume of fly ash particles and directs them
onto the tube surface. Tube erosion is
enhanced by distortion or misalignment of
tubing rows; misalignment or loss of gas
flow guides and baffles; operation above the
maximum continuous design rating, above
design excess air flow, or with non uniform
flow of flue gas; and fouling or plugging of
gas passages by ash buildups. Changing fuel
to one with higher ash content can result in
more erosion and failures.
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PROBABLE CAUSE:

The root causes of fly ash erosion can be
verified by determining the reason for the
non-uniform or excessive gas flow at the
location of erosion. Misalignment of tubing
or flow guides and buildup of ash can be
seen and corrected without any further
testing requirements. Verification of
excessive gas flow requires reviewing
operating practices and conditions and
possibly conducting gas velocity tests, "Cold
air" velocity tests have achieved good
correlations between areas of high velocity
and locations of failures.

Fly ash erosion produces polished flat spots
from removal of the exide and reduction in

wall thickness.

A longitudinal, thin-edged fracture results when the erosion rate is high but if the erosion occurs
gradually over time; the fracture may be thick-edged due to long-term creep effects. Erosion damage is
usually limited to a small area.

Visual examinations and ultrasonic (UT) tube wall thickness measurements are listed to detect and
monitor fly ash erosion.

UT surveys should be conducted after a change in fuel supply or after a failure occurrence to determine
the extent of erosion and to prevent a subsequent failure within a short time.

Periodic UT surveys can provide data for predicting remaining useful service life and planning corrective
actions.

An estimate of remaining service life should be made on un failed tubes

156 FEG87-2010 UDC all rights reserved  United Dynamics “AT™ 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



(0

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Corrective actions involved either reducing ¥
the amount and velocity of ash striking the
tube or increasing the amount of wear
resistance of the tube.

Changing boiler operation conditions such as
reducing load, lowering excess air levels,
balancing airflows, modifying soot blowers,
and preventing ash accumulations are
possible actions to reduce the velocity of the
ash. Structural changes such as baffles,
fences, shields, and plates may also be made it _ : B
but care must be taken to prevent transfer of R B R

*

the erosion problem to another location. 4 R 2000 1(H4 (RIS

Cold air tests should be conducted after such changes. Pad welding and spray are short-term actions

which Increase the amount of wear resistance of the tube. Staggered tubes arrangements replaced with in-
line tube geometry.

Tubes may have a distinct flat area
from the fly ash erosion. In the
absence of a “UT" thickness meter,
this flat can be measured and the
thickness calculated from the cord of
the tube wall.

The photo at the left shows fly ash erosion located on a convection pass sidewall. Any tube that sticks out
will be impacted by the fly ash crowding the side wall areas.
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Any shields that are miss matched will create a focused area of accelerated fly ash erosion.

In the back pass area it is likely that fly ash will
ricochet between tubes. Use of a mirror will

required to see the results of this ricocheting fly
ash.

Fly ash can ricochet around spacer, hanger or
offset tubes.
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PRB Coal Fuel

PRB fuel used in Cyclone fired boilers
Cyclone boilers, which were built in the 50s and Secondary Primary air

60s, are an efficient, compact way to burn high-ash, i Inket e i:‘:ﬂ:dnf:::;
high-sulfur coals to produce steam for power /

generation. The design coals produce a thick

molten slag layer on the walls of each cyclone

barrel. The slag coating catches the incoming coal

and holds it until combustion is completed. When

burning Powder River Basin (PRB) coal, however, |nsideo
the slag layer is too thin and watery to capture the ~furmace
coal, so the coal must burn in flight. Even though

PPRB coal burns faster than bituminous coal, there is

just not enough time for combustion to be

Tertiary
.~ alr inkat

Scroll
burner

completed within the main furnace fire-box. The Siag tap
result is usually unacceptable amounts of N =" S spowt
unburned carbon in the flyash (fires in the ash =G opening

collection system have occurred at some plants) as
well as increased ash deposition, higher stack
opacity, and reduced unit heat rate.

Another problem with PRB coal slag in a cyclone furnace is that it solidifies (freezes) abruptly during
Low-load operation when the cyclone temperature drops. Since these boilers rely on keeping the slag
molten all the way to the slag tap (a drain on the furnace floor) in order to operate, the freezing problem
can cause unplanned shutdowns and lost revenues. In order to keep the PRB molten, these units must be
operated at high loads even during periods of low demand which adversely effects power revenues.
Finally, bottom ash is a more valuable commodity for sale to ash brokers than fly ash.
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Impact of PRB coal with pressure parts
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PRB is not considered to be a high slagging coal in the traditional sense of the word. Unlike high slagging
eastern coals, the ash accumulation caused by burning PRB is thin. However, the impact on surface
effectiveness is generally the same as that of high slagging coals. The ash in PRB coal contains high
amounts of calcium oxide (CaQ). Because the calcium oxide is white, it causes the ash to be light colored
and to have a reflective quality. When fired, a thin layer of light-colored ash quickly builds on the furnace
water walls and any other radiant heat transfer surface. The reduction in surface effectiveness causes less
heat to be absorbed in the water walls, roof and radiant superheater. The suppressed absorption in the
furnace results in a high furnace exit gas temperature. PRB
also has a relatively high fouling potential which must be
considered. Due to the high gas temperatures, the
hemispherical softening temperature

of the ash can be exceeded at the furnace exit and into the
convection surface, causing the ash to be "sticky".

As a result, a layer of ash forms on the convection surfaces,
and reacts chemically with the tubes and the

hot flue gas to form a tenacious deposit which is difficult to
remove. Fouling in the convection surfaces (HRA) generally
begins as the ash accumulates in the back spacing between
the tubes. This is known as "profiling”.

Profiling with PRE coals is not uncommon in the primary superheater and the reheater. Over time, the
backspace can become completely closed. This not only insulates a significant area of the heat transfer
surface, but it changes the gas flow around the tubes and thus reduces the effectiveness of the surface.

Experience has indicated that fouling in the HRA is more significant in the primary superheater and the
upper banks of the reheater. The severity of the fouling appears to be reduced in the lower HRA.
Consequently, from a design standpoint, it is desirable to have ample clear space between elements in the
upper HRA. If ample space between coils is not maintained, the ash accumulation may bridge the space
between tubes. The higher gas temperature also helps drive the transfer of heat in spite of the decreased
surface effectiveness. This is due to the higher log mean temperature differential (LMTD) between the gas
and the steam. Even with the higher LMTD, heat transfer to the fouled tubes can not be maintained at the
rate achieved with the clean tubes The elevated flue gas temperature is then carried through the entire
boiler. The result is a higher gas temperature leaving the economizer. If significant, this can potentially
weaken the structural supports and the flue plate in the area above and below the lower economizer.

All structural equipment must be carefully examined for the gas temperatures experienced when
burning PRB. The high gas temperatures combined with the high moisture content of PRB together results
in lower boiler efficiency. In some cases, as much as a 5% reduction in boiler efficiency has been noted

when switching to PRB coal firing.
8 8 Sandblastine whole hoiler examuole
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PRB System design considerations

Highlights from the 2002 PRB Coal Users Group meeting included;

A major boiler manufacturer’s representative expressed some opinions including a comparison of various
PRB coals. The source of fuel observations were that: Wyoming/Montana border-not so good; southern
Montana/Colstrip good; and eastern Wyoming-very good. A plant’s analysis should begin, he
emphasized, with an overall heat balance, fuel analysis, and study of emissions requirements, to
understand how these factors affect furnace selection, surface arrangement, and tube spacing,

The specific coal will determine the size of the furnace. For example, a typical furnace burning a Gillette
(Wyo) coal will require a ratio of net heat input per furnace cross-sectional area between 0.75 and 2.0. The
specific coal also will determine the potential for ash fouling based on the Na20 and CaO found in the
fuel. An Na20 concentration below 1 % indicates no fouling, while 2.5-5% indicates high ash fouling
potential. The fuel further defines the tube layout configuration to minimize plugging and fouling,
especially in the convective back pass.

Another point expressed: While PRB coal is not erosive at gas velocities up to 80 ffsec, significant tube
erosion can and does come from improper soot blowing,

While much of the presentation focused on boiler design, he emphasized that when switching to PRB coal,
desired changes aren't limited to the furnace. Pulverizer requirements, for instance, may increase 20%
compared to bituminous coal firing, so you may need new motors, dynamic classifiers, and high-efficiency
exhauster wheels, and the hot-air temperature required for pulverizers will increase to as high as 750F. {
You also may need to update your air heater with loose pack surfaces, soot blowers, and off-line water
washing, Your fans may need changing because gas flow increases approximately 5% by weight; and low
excess air operation usually causes an increase in furnace-outlet temperatures and makes furnaces dirtier
and harder to clean, especially in the upper furnace area.

A soot blower manufacturer picked up the theme of proper cleaning of a furnace. Pointing out that PRB
coal ash can vary from thin to up to several inches thick. Thin deposits are typically white, while thicker
coatings appear glossy. Both types are highly reflective, reducing furnace heat absorption and thus
increasing furnace outlet and back pass temperatures.

A soot blower, therefore, should provide two features for removing deposits: a high level of nozzle impact
pressure, and sufficient nozzle dwell time on the deposits for adequate removal without excessive tube
erosion. Special offset nozzles have been developed that balance the performance between the two jets
that can double the impact energy of a typical nozzle. The simplest system uses slag-rate mapping with
infrared imaging systems or furnace-exit gas-temperature monitoring. State-of-the-art designs include
heat-flux sensors in the furnace, and a furnace optimization system to control all the soot blowers.

Dwell time can be controlled by a programmable logic controller that slows down the carriage travel
speed, and by variable-speed controls with nozzle-position feedback.

-
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NOx emissions have been linked to acid rain, photochemical smog, and tropospheric ozone destruction.
This has led to establishment of regulatory measures and to development of technologies to reduce NOx
emissions from both existing and new power plants. Two general techniques are used to reduce NOx
emissions. The first type involves modification of the combustion process (staged combustion) and
includes low-NOx burners (with and without overfire air [OFA]) and gas or coal reburning; these
methodologies are described in this section. The second type of NOx reduction strategy involves post
combustion removal and includes selective non catalytic NOx reduction {SNCR), selective catalytic
reduction (SCR), and combined 502/NOx removal.

Wall-fired boilers can be fired either from opposed walls (as shown) or from a single wall. Each burner
nozzle is surrounded by water tubes.

Before low-NOx burners were developed, conventional wall-fired burners produced an intense, turbulent
flame, which produces high levels of NOx.
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Tangentially-fired, or T-fired, boilers have a column of alternating coal and air nozzles mounted in each
corner of the boiler.

The resulting lower temperature and diminished turbulence lead to inherently lower NOx formation that
is the case in wall-fired burners.

The Clean Coal Technology Program brought new low-polluting burner technology to hundreds of boilers
designed and built before the New Source Performance Standards (NSPS) were established in 1971 (these
boilers are referred to as pre-NSPS boilers).

Most of these units produced levels of NOx well above the current Title IV (Acid Rain) emission
regulations established by the Clean Air Act Amendments of 1990. Differences in boiler design were
important for retrofitting clean coal technology because a majority of the 192,000 megawatts of pre-NSPS

coal capacity consisted of boilers that produce the highest levels of NOx (e.g., wall fired, cyclone, and cell
burners).

T-fired boilers constituted 43%, wall-fired 26%, cyclone 15%, and cell burners 13% of the pre-NSPS boiler
population in the United States. The remaining 5% consisted of other boiler ty pes.

In addition, more than 70,000 megawatts of U.S. boiler capacity was subject to New Source Performance
Standards.

Low-NOx burners (LINBs) are
designed to "stage” combustion
(see Figure 2). In this technology, a
fuel-rich combustion zone is
created by forcing additional air to
the outside of the firing zone
(auxiliary air) and by delaying the
combustion of coal. Reduction of
30 to 55 percent of NOx can be
achieved with low-NOx burners.
Advanced stage combustion
technologies use overfire air and

1| T Gas Recireulation
gas or coal reburning to achieve

i Puixiliary Air
even greater reductions of NOx.

The figure shows the introduction of auxiliary air outside the coal nozzle (right side of figure), which
creates an oxygen-deficient region and delayed combustion in the primary and secandary combustion
zones (center). Overfire air (left) completes the combustion.

OFA systems introduce 10 to 25 percent of the combustion air above the main combustion zone, creating a

fuel-rich combustion. LNB plus OFA can reduce NOx by 40 to 60 percent, and gas cr coal reburning can
reduce NOx by up to 60 to 70 percent.

Bulk Gas Seacondary
Combustion Zone

Primary
Cambustion Zone

REp—
Q‘ﬁ 1| Gas Recirculation

Oxygen Deficient Fuel Rich
Coal Mozzle

AN

Note: SCR = selective catalytic reduction
SNCR = selective non catalytic reduction
FGD = flue gas desulphurization
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The figure shows both combustion and post combustion NOx controls. The left side of the figure shows
technologies used in the burner low-NOx burners, overfire air, and reburning. The top and right sides of
the figure show technologies used downstream of the boiler - SNCR, SCR (hot-side and post-FGD), and
combined NOx /SOx technologies.
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In reburning, the rate of flow of coal into the main combustion zone is reduced by up to 20 percent; it is
replaced by an equal heat input of natural gas or coal introduced above the main combustion zone (see
Figure 2.1). The NOx reduction potential of these three low-NOx burner systems, as well as the associated

capital costs, operating and maintenance impacts, and required outage for retrofit are summarized in
Table 2.4 below.
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24. |
fes o e
| ~ [costs (Ussw) | ~ |o&M Impacts (mill/kWh)|
Technology [Retrofit New Boiler NOx Reduction % [Retrofit New Boiler  [Retrofit Outage
LNB 510 [13 30-55 <1t None 3-5
LNB + OFA 1025 [3-10 140-60 =t None s
Reburning 20-50  [10-30 50-70 1-4 1-4 5-10

Note:

LMNB = low-NOx burner
OFA = overfire air

LNB and LNB plus OFA are being used commercially in Europe, Japan, and the United States. New
boilers in industrialized countries all use low-NOx burners, and retrofits of old boilers are being legislated
in many cases. In the United States, more than 280 plants with a total of 100,000 MW of generating
capacity were retrofitted with low-NOx burners during 1992-94. Reburning has been installed in 15 boilers
in the US and another 15 in Europe (mostly in Italy).

The costs of retrofitting existing boilers with low-NOx burners range from US$5/kW for LNB to US$50/kW
for reburning. The capital costs of incorporating such systems into new boilers are a fraction of the costs
for retrofitting existing boilers. For example, incorporating a LNB + OFA into a new boiler adds only US$3
to 10/kW, whereas retrofitting an existing boiler may cost up to US$25/kW. The cost-effectiveness (in
terms of US$/ton of NOx removed) depends on the capital costs, O&M impact, and required NOx
reduction. Typical ranges of cost-effectiveness are as follows:

B LINB: 100 to 400 USE/ton NOx removed

B LNB + OFA: 200 to 400 US$/ton NOx removed
B Reburning: 500 to 1,200 US$/ton NOx removed.

Cyclone and cell units represent more than 50% of the NOx generated by pre-NSPS coal-fired boilers.
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The effect of combustion on water wall corrosion
The presence of reducing gases implies that
insufficient oxygen is supplied to the
combustion zone by improper air/coal
mixing, and a high heat flux dictates the
existence of a high metal temperature on the
furnace-wall. Under insufficient oxygen
conditions, sulfurin coal is primarily converted to sulfide (H25) instead of sulfur oxide (50x). The H25
gas is very corrosive and readily sulfidizes the conventional furnace-wall alloys. The sulfidation of the
furnace-wall alloys is further escalated by high metal temperature. Therefore, when a large H2S
concentration and a high metal temperature coexist, accelerated corrosion wastage on the furnace-wall is
expected.

A combination of these conditions could have accounted for the majority
of the corrosion wastage.

It has been suggested that the accelerated corrosion took place mainly on
the furnace-wall where substoichiometric combustion and high heat flux
coexisted. Accelerated corrosion wastage has been experienced by some
US utilities in the past few years after the implementation of low-NOx
burners. By design, the low-NOx burners create a substoichiometric
combustion zone to reduce NOx formation. While NOx reduction is
achieved, the substoichiometric combustion mechanism also generates a
significant amount of H2S in the flue gases, which can be very corrosive,
and through sulfidation, it affects boiler performance.

British researchers generally believe that the presence of chlorine in the
substoichiometric combustion condition would further elevate the flue
gas corrosivity.

The mechanism of waterwall fireside corrosion is generally found at the crown of the tube facing the fire
of the furnace and can encompass the tube circumtferentially. Damage is usually found beneath the loosely
bonded ash attached to a hard fired inner-layer deposit that usually contains unburned carbon, iron oxide
and iron sulfides (FeS). This deposit is usually indicative of poor combustion, flame impingement, local
reducing conditions and corrosive producing fuels (high sulfur, high chlorine, etc.)

General Conclusions on the Conditions that affect Furnace Corrosion are:
In areas of high waterwall wastage, the characteristics of the solids deposited are more important than the

gaseous reducing conditions on the wall. There is a high possibility that the most aggressive conditions
are created when the deposits are rich in unburned carbon and iron sulfide and the gas phrase fluctuates

between the oxidizing and reducing.
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Deposition of unburned carbon and iron
sulfides in fuel rich regions produce less,
but still very significant, aggressive
conditions.

Significant but less waterwall wastage rates
can occur under the combination of
circumstances, which involve gaseous
reducing conditions on the wall, deposition
of unburned carbon material and high
incident heat fluxes.

Various Solution Options include:
Weld Overlay in the Field

Weld Overlaid Replacement Panels
Chromized Replacement Panels
Thermal Sprayed Coating

164
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7. Component Replacements

Economic justification tips

The decision to replace a component is usually the result of inspection activities and component failures,
which, left unchecked, will result in unacceptable availability. Management has a low tolerance for this
condition as it adversely affects the business model of the plant. However, one must exercise caution
when recommending wholesale component
replacement.

Chronic tube leaks do not necessarily warrant
component replacement. The root cause condition of the
failures must be assessed prior to making the
determination that no other action will yield the
required results short of replacement. Often interim
steps can be taken that will extend the useful life of a
component such as shielding and pad welding. Partial
replacements are often most appropriate when
extending the useful life without total replacement.

Only use total replacement as a last resort measure, not
an interim measure. Use your inspections, life extension
or assessment reports, and your tube sampling and
analysis all in concert to establish your replacement strategy. Sometimes management will wait until
failures become a regular occurrence before they will take appropriate steps in this area. It behooves the
team leader to juslify his recommendation for replacement with an intelligent, well-articulated cost benefit
analysis. Illustrating the cost of a tube leak is an essential step in this process.

The decision to replace boiler components is 100% determined by economics. When the results or
consequences are more expensive than the cost to replace the component are reached, management will
easily approve the capital outlay.

Never forget that we are not in the power business we are in the money business, Qur job is to be timely
with the replacement as a project. You can’t pick up a new Superheater on the way to work. Pressure part
replacements require planning engineering and scheduling considerations. We must be three to five years
ahead of the required replacement. Based on the justifications discussed above we must be careful to hit
the window of opportunity right on the bull’s eye.

Information is our only weapon in this process. We must know operating conditions, previous outages
when where and why. We must have samples analyzed and projections drawn from those samples. We
must rely on NDE examinations and assessment information., Most of all we must inspect track and
analyze data. There will be telling signs of problems to come.
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Networking is very important as other plants have similar equipment. This can be on an intra company as
well as industry network of consultants, manufactures and user groups.

Once all of this data is digested and it is determined that the component is at risk, management should be
alerted that it is likely that there will be some financial impact. Management needs to be advised of the
entire risk. Remember the consequences will have to out weigh the capital costs.

Risk management is a concept we all need to be very familiar with. Our basic job description as boiler
specialist is that of boiler risk
management.

It is possible and even likely that
we can keep an old deteriorated
component viable long after its
normal demise. We can upgrade
materials; partially replace sections
or areas and other proactive repairs
short of total replacement.
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Component Replacements \ Replace versus Repair the How’s and
Whys

What information should a plant use to determine whether to repair, replace or refurbish a boiler
component? Most plants would use Budgets, Unit Value to Plant and System, Failure History, Repair
History, Change in boiler operations due to fuel changes and or Low NOX equipment, Replications, Boiler
Inspection Team recommendations, remaining unit service life, and Tube samples to justify their
decisions. Do we always make the most economical and best business decisions?

Budgets

Corporate Accountants classified through the Unit Retirement
Book whether the Boiler Component is a Capital Expenditure or
O&M Expenditure. This clarification will define what portion of
the equipment must be replaced in order for the replacement to
be classified as a capital expenditure. A capital expenditure goes
toward the company’s rate base expensed out over thirty years.
Oé&M expenditures are part of the company's expenses and are
expensed out during the current year. However, adollar is a
dollar whether it is O&M or Capital.

Unit Value to Plant and System

The value of the unit to the plant and system depends on the unit position in dispatch. The value of the
unit is based on heat rate, response time in regulating, generation capability, fuel cost, variable O&M,
maintenance cost and system integrity.

We must take into account the short term and long term cost and value of the units, These decisions will
assist the plant in providing the information that would allow them to make "educated and informed”
decisions that are cost driven. Even with these tools the plants must step back and determine if the
"calculated risk" provided by these tools are realistic. For an example: a unit has a small Superheater leak
on Tuesday, and the cost to bring the unit off line is double the cost if the unit is held on line to Friday
night, However, if the unit remains on line, the maintenance cost to repair the damage could be many
times more than if the unit had been removed from service on Tuesday. Justification of boiler capital
projects will almost always be justified by EFOR.

Failure History
Failure history of the unit can assist in determining the predicted remaining life of the unit based on the
current frequency of leaks. This information can also assist in determining the root cause problem of the

failures.

Documented localized failures may indicate only a localized problem and could be repaired rather than
total replacement, Localized problems could be flow initiated steam or gas side. Prcblems with the same
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tube within each panel could be a material problem. Failures in tube panels could be related to
operational, fuel, and/or environmental changes within the unit.

Repair History

Repair history just like failure history is important information
in determining the extent of damage in existing pressure parts.
The repair history can also help determining the root cause of
the failures.

Change in Operations

Changes in operations due to fuel and/or environmental
changes could greatly reduce the remaining life of boiler
components. Fuel changes that increase the amount of fly ash
flow, fuel changes involving additional chlorine and/or sulphur
content, and fuel changes that change the staging characteristics
of the boiler could all reduce the life of the boiler components.
Operator changes that are required due to some of the above
problems ( like running gas fan continuously, running with
burner tilts in the - tilt direction, firing the boiler for Low NO x
by reducing furnace 02 can also reduce the life of the boiler.

Replications, Tube Samples, etc.

Replications, Tube samples, UT data, radiography,
etc. are testing anc sampling methods that are
valuable tools that can assist in determining the
existing damage and remaining life of the boiler
components. This metallurgical information is
essential in the assessment of the boiler components.

Boiler Inspection Team Findings

The inspection findings provided by the boiler
inspection teams have allowed the plants to identify
boiler component problems and have enabled the
management at the plants to prioritize boiler repairs.
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Replacements versus Repairing

Should we repair or replace the boiler component in question? Many of the assessment tools above should
provide the information required to make this decision. Is the damage localize to a few panels at the center
of the boiler, is the damage on tube 5 -8, is the damage in the T22 material, is the damage at a weld line or
tube tie, are all questions that must be addressed? Should the new boiler component be fabricated in loose
pieces or provided in a modular form? Can quality of the new boiler component be guaranteed if installed
as the loose option from the manufacturer? Can the new boiler component be installed as fabricated? Can
the boiler component be fabricated with more details such that the installation will be a lower cost? Due to
the current operations, does the effective surface area of the boiler component require changing? Should
the material used in the fabrication require upgrading due to maintenance or corrosion concerns? Should
the new boiler components be provided with orifices in order to balance the steamjwater flow through the
tube circuits? How does the replacement of this boiler section affect the operation/maintenance of the rest
of the boiler?

7"Sell” The Concept by Measuring The Dollar Impact

Steam, and energy efficiency programs, can be moved up the list of corporate priorities if their
presentation responds to specific corporate needs. Study past corporate challenges to similar schemes, and
identify opportunities to "sell" energy efficiency related programs as a solution. Hire a specialized
consultant in order to assist you, both with the technical aspects of your proposal, and to quantify the
potential savings.

Life Cycle Costs

The first step is to identify and quantify the total dollar impact of your steam, or energy efficiency
proposal. A typical framework for such a task is known as "life- cycle cost analysis”. This analysis captures
the sum total of expenses and benefits associated with the project. This will result in either a net gain, or
loss on balance, and can be compared to other investment options, or to the anticipated outcome if no
investment is made. Typically, a life-cycle cost analysis for our hypothetical steam project would include
projections of:

o Confractual fees for implementing the project

e [Initial capital costs, and the cost of borrowing,

e Maintenance costs.

e Supply and consumable costs.

¢ Energy costs over the economic life of the equipment.

s Depreciation and tax impacts.

e Scrap value, and the cost of disposal.

e Impact on production, such as downtime, and product quality.

Concerning boiler and steam utilities, one revelation that typically emerges from such an analysis, is that
fuel costs may represent as much as 96% of the life-cycle costs, while the initial capital expenditure is only
3%, and maintenance costs, a mere 1%.

These figures are true for boilers and steam installations with a 20-year life, operating at high rates of
capacity utilization, Then clearly, any measure that contributes to reduced fuel consumption, (while not
impacting on reliability and preductivity) will certainly yield positive financial benefits for the company.
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Beware Cf the "Simple Payback” Trap

As with all corporate investments, there are many ways to assess the economic impact of energy
efficiency programs. Some may be more complex than others. Generally speaking, the choice of
analyses employed will depend upon the sophistication of the presenter and the audience.

In dealing with the unsophisticated plant director, or engineering manager, the corporate comptroller will
probably be tempted to employ a simple, (yet widely used) measure of a project economics called the
payback period. Simply put, this is defined as the period of time required for a project to "break even". It
is the time for the net benefits of the investment to accrue to the point where they are equal to the initial
capital outlay.

For any project that returns financial benefits in consistent, annual increments, the simple payback is equal
to the initial investment divided by the annual benefit. However, simple payback does not take into
account the time value of money, no distinction is made between the value of "today's" dollar earned,
versus a dollar of future ( and uncertain) earnings. Still, the simple payback, is simple to understand, and
it is used to effect by many corporate financial comptrollers, as a simple "go/no-go" decision on a project.
However, you need to remember five important factors when discussing, and calculating simple payback,
with your corporate comptroller:-

Simple payback is an approximation, not an exact analysis.

All benefits are considered without considering their timing,.

All economic consequences beyond the payback are ignored.

Payback calculations will not always find the best solution (for the above two reasons) when
choosing between several options.

* Payback does not consider the time value of money or tax consequences.

Another commonly used calculation for determining the economic feasibility of a project is internal rate of
return, which is defined as the discount rate that equates future net benefits (cash) to an initial investment
outlay. This discount rate can be compared to the corporation's interest rate at which it borrows capital.
Many companies will set a threshold (or hurdle) rate for a project to be considered viable. Future benefits
are discounted at the threshold rate, and the net present worth of the project must be positive for the
project to be considered a "doer”.

i E287-2000 UDC all rights reserved United Dynamics “AT* 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525




(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Get The Plant Finance Group On-Board

During the study and preparation of your energy related project, and prior to presentation, it is critical
that you include the plant financial staff as part of your project team. Many benefits will come from this
strategy. Generally, plant financial staff are in direct contact with the corporate financial comptroller at
regular intervals, normally during the generation of monthly "flash reports”. Intelligence gathered by
plant financial staff from their corporate brethren will enable you to assess which of the above approaches
is best suited for the current corporate climate.

The Presentation...Avoid the "One Man Band" Approach

The initial presentation should last no longer than 45 minutes, and should include three speakers, and a
question and answer period. The presentation would normally include, the plant director, the plant
financial comptroller, and the plant engineering manager. This will convey the impression of a team
effort, and a well rounded presentation. You should be aware that the financial benefits of a project alone,
may not be enough for some corporate observers. The plant directors position may be strengthened by
relating a positive life-cycle cost outcome to corporate needs. Some suggestions for your presentation are
as follows:

Equipment replacement and or modifications

Whenever a systemic change is made we must consider the potential impact those changes may have
through out the boiler system. The entire system will be affected with change of any kind. For example if
we replace a reheater with a new stainless steel reheater we must: ‘

Consider thermal expansion since the reheater will expand at a higher rate than the previous hybrid
reheater.

The stainless steel will have different heat absorption
profile than the hybrid. How will this affect the spray
water desuperheaters, downstream temperatures to
other components? Also the stainless steel version will
have different support and flexible alignment design
than the original.

What is the condition of the terminal tubes from the
DMW just above the penthouse floor to the header. In
many cases we will replace the major component and
miss the terminal tubes or the header itself in our
assessment.

The above is just one partial example of the compound affect of making a change in the system.
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8. Selection and installation of pressure part
components

STRENGTH BASIS OF MATERIAL SELECTION OF BOILER
PRESSURE PARTS

A) The ASME Boiler Code assigns allowable stresses for each grade of steel at temperature intervals of
100° F or 50° E.

B) Further, the code provides a basis for determining the thickness of pressure part components based on
the design temperature using these assigned allowable stresses.

C) Time Independent vs. Time Dependent

(1) At temperatures exceeding about 650° F, most steel suffers a gradual decrease in tensile and yield
strength. At still higher temperatures, the strain in a material is a function of the applied stress and the
time under stress at temperature. In this high temperature range the metal will deform (creep)

continuously even at stresses much lower than the short time yield strength. If held for sufficient time
under these conditions, the material will stress rupture.

(2) The behavior in the creep range is called the time dependent temperature regime (time at temperature
and stress is important to the rate of deformation and rupture life).

(3) The behavior at temperature below the creep range is called the time independent temperature regime
(time has no effect on deformation or rupture at constant stress).

D) To determine these allowable stresses, the code reviews tensile and stress rupture property data
obtained over the temperature range of usage and applies the following criteria listed in paragraph A-150
of section 1 (POWER BOILERS) of the code.

(1) 1/4 of the specified minimum tensile strength at room temperature.
(2) 1/4 of the tensile strength at elevated temperatures.

(3) 2/3 of the specified minimum yields strength at room temperature.
(4) 2/3 of the yield strength at e elevated temperatures.

(5) One hundred percent of the stress to produce a creep rate of 0.01 percent in 1,000 hr.
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[
Sixty seven percent of the average stress to produce rupture at the end of 100,000 hours or eighty percent

of the minimum stress for rupture at the end of 100,000 hours and be determined from the extrapolated

data, whichever is lower.

E) Note that the code assesses in a conservative manner the rupture (tensile strength) and deformation
(vield strength) behavior in the time independent regime (1-4). Further the rupture (stress rupture
strength) and deformation (creep strength) behavior in the time dependent regime (5 and 6) is also
assessed. The lowest strength value after application of these criteria to the material test data is the
allowable stress assigned for each temperature increment evaluated.

F) lllustrates how creep and

ture strengths for 2-1/4
:'_Elf] ;;Z::;EM: E;Jt;bli:hed 20,000 " Steel SA-192
from test data. Creep-rate data 2 Carbon Steel SA-210 A-1
for 1000°, 1100° and 1200° F 18,000 3 C-'4Mo SA-209 T-1
are plotted versus stress. The
intersection of these data lines = 16,000
4,5
with that for 0.01 percent in m %
1,000 hours sets the respective E'M.ﬁm
creep strengths of 7,800 psi,
5,000 psi and 2,400 psi. The 312.000 |
other curves show rupture life '
versus stress for the same _ § 10,000 "‘ s
three temperatures. Lines = 51%' -%aMo
through these data are E 8000 13 T-1
extrapolated to 100,000 hours g 6000 _5 252—%;?#2?2
to establish rupture strengths E R A5 s
of 13,000 psi, 7,000 psi and . 4000}-° S§A-213 TF \
3,300 psi, respectively. 718 (:13;': S04 H |
-1O0NCh
m = o 1
G) Note that because of the SA-213TP 47T H
percentage factors applied to 0Ll ! L 1 | L L
the 100,000 hour intercept of 200 ﬁeﬁa 800 ;ﬁ; E;n 1400

minimum and maxim rupture
strength, there is a
considerable life span expected
for materials operating at the
code allowable stresses,
However, the "expected” life is
not predictable. The code has no specific life span in mind when setting allowable stresses. A long useful

-

Effect of temperature on ASME Boiler Code
allowable stresses for grades of steel tubing

life is the intent,

H) (Figure 3) shows how the Figure 2 data is applied to establish allowable stresses for T-22 tubing. The |
criteria of 1/4 of specified minimum tensile strength at room temperature controls for this material up to
800° F. At950° F and above, the creep and rupture strength criteria require a rather sharp decrease in the
allowable stress.
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[) The relative influence
of the different criteria
varies with materials as

well as with temperature.

The carbon steels begin
to lose strength above
700° F and by 850° F are
down to about one half
their room temperature
values. The low
chromium ferritic alloys
start to lose strength
above 8007 F. At this
point, the alloys are
decreased to half
strength at about 1000° F
because of a reduction in
yield strength. Above
1000° F, creep and
rupture strength cause a
rapid decrease to half
strength or less by 1200°
F.
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[

Material: 2% Cr-1Mo Steel
Specification: SA-213 Grada T 22
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OTHER CONSIDERATIONS IN MATERIALS SELECTION AND

USE

A). Graphitization

(1) The carbon normally present in the steel in the form of carbides may transform over a long period to

graphite.

(2) This transformation may take
place preferentially along heat
affected zones of welds, or along
stress lines, to form chain type
graphitization,

(3) Carbon steel pipe and carbon
molybdenum pipe in long-time
service, particularly when generated
at temperatures well above 800° F and
8757 F, respectively, have experienced
numerous instances of chain-type
graphitization resulting in failure ot
requiring repair or replacement.

(4) Because of these problems, OEMs
have for many years avoided the use
of carbon molybdenum for piping
components and has limited the use of
carbon steel pipe to 800° F.

(5) For higher temperature service, the

S5Cr-0.5 Mo

350 Carbon Steel e
agol. Carbon -0.5 Mo 1
2 Cr-0.5Mo

225Cr-1 Mo

e [= o
130 55
=
g Loy 17Cr
50

03600~ 1200 1400 1600/
Tampurlture."F 18-8Chb
18-8Mo
18-8Ti

Amount of oxidation (scaling) of carban,
low-alloy, and stainleas steela In 1000 hours In air
at temperatures from 1100° to 1T00°F

use of steels containing one half percent or more chromium eliminates the danger cf graphitization.

(6) Carbon steel and carbon molybdenum tubing has not shown a similar tendency to graphitize as has

piping.

(7) The graphitization occasionally found in tubing is usually in the form of well-dispersed nodules that

do not weaken the steel.

(8) Carbon steel and carbon molybdenum tubing may be used in applications when the temperatures

reach 850° F and 900° F, respectively.
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B. Oxidation and Corrosion Resistance

(1) Chromium is the most useful alloying element for imparting oxidation and corrosion resistance to
steel. (Figure 4) shows the degree of oxidation sealing versus temperature for a number of steels with a
range of chromium from 0 to 18 percent. Note that silicon and aluminum also improve resistance to
oxidation scaling.

(2) Similarly, chromium additions improve resistance of steel to molten ash corrosion.

(3) Low levels of chromium, in the range of 1/2 to 2-1/4 percent, provide a useful improvement in high
temperature and corrosion resistance. Within this chromium, range, high temperature strength
accompanies the trend of somewhat improved corrosion resistance.

(4) For these reasons, there is widespread use of the family of low chromium alloys, up to 2-1/4, Cr, for

intermediate temperature range applications, where carbon steel and carbon molybdenum are not used
because of their low high-temperature strength and their tendencies to graphitize.

(5) The temperatures at which these low-chromium alloy grades are used involve censiderations of
high-temperature strength and corrosion /oxidation resistance.

(6) For superheater and reheater tubes in the boiler gas pass, alloy grades SA-213 T-11 1-1/4% CO and
T-22, 2-1/4% CO are limited by C-E to gas side surface temperatures of 1025° F and 1075° F, respectively.

(7) These temperatures, well below the point at which oxidation scaling is significant, were established
based on review of data detailing the external wastage rate from units in service experiencing coal-ash
corrosion.

(8) With these limits, excessive external corrosion leading to metal loss is not expected even when coals
with a corrosive tendency are burned.

(9) Generally the 2-1/4 Cr-1 Mo steel is the highest alloy used for pressure part components outside of the
gas pass because the metal has good strength and is oxidation resistant at outlet steam temperatures
between 1005° and 1055° F. Because some gas touched portions of the superheater and reheater are
exposed to skin matal temperatures in excess of 1075° F, alloys with high temperature sirength and
oxidation / corrosion resistance are needed.

(10) There has been some past use of tubing with 5 percent chromium, but eddly these alloys did not
provide a significant improvement in corrosion resistance and have lower high temperature strength than
the T-22 grade.

(11) 1) SA-213 T-9 (9 Cr-1 Mo) has been and continues to be used in some reheaters. The material has
good oxidation/corrosion resistance and may be used to outside surface temperatutes as high as 1175° F.
At these temperatures the high temperature strength (ASME allowable mid wall stresses) is quite low, less
than that for the T-22 (2-1/4 Cr - 1 Mo) grade.
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(12) AUSTENITIC stainless steels (grades grade 304H and TP 347H) are used for most of the tubing
operating at surface metal temperatures above 1075° F. Not only do these materials have excellent high
strength properties, which are characteristic of austenite, but they also have excellent oxidation resistance
because of their 18 percent (nominal composition) chromium content.

(13) However, it is important to recognize that no tube alloy operating above 1,000° F is immune to oil or
coal ash corrosion. By virtue of their higher operating temperatures, the austenitic stainless steels will
experience metal loss if there are molten ash deposits.

(14) Chromium is also important to the selection of non-pressure part materials such as shields, baffles,
and spacer attachments that will operate at elevated temperatures approaching gas temperature. In a coal
fired environment where corrosive ash cannot exist above 1350 ° F, the flue gas oxidation rate is similar to
that in air; therefore, data is useful for selecting these components. Type 309 is commonly used for these
applications.
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9. Commercial issues of procurement of new pressure
parts

There are two different types of pressure part component replacements:

“Replaced in kind" is the most common as this is the easiest project type to engineer, specify and procure.
This type of project will have the least impact from a “new source review” stand point. This type of project
requires a minimum of engineering and no input required from the original OEM. In this mode most tube
benders can provide a suitable quality product for the replacement. You should require field
measurements from vendors to place the responsibility of fit and suitability squarely on them.

“New design” would include a change in material like a hybrid reheater with a stainless steel reheater.
Another example would be a scenario of increasing or reducing the heating surface in a component. This
category of replacement will require legal review to determine suitability with environmental regulations
concerning new scurce review. We suggest that if this type of replacement is anticipated then engineering,
the OEM, and your legal department be consulted in this process. Proceed with caution!

We have provided a general outline of a UDC specification for component replacements. This is
illustrating some cf the general topics that should be covered in your purchasing requirements. Never call
the OEM and order a replacement in kind as the OEM will surely take financial advantage of your
circumstances. We have seen this to be true historically time after time.
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Inspection of new fabrications in the assembly shop QA/QC

It Is important to have
qualified inspection
and surveillance of any
new fabrications yvou
may order. This will
keep the fabricator
honest. Remember you
will have to live with
this pressure part for a
very long time to come.

WSS T

o

-
¢

Tu"lh._:l

The photographs
below are actual new
parts that were rejected
for poor quality. This
type of fabrication can
get into your boiler
very easily if you do
not monitor this
process carefully.
Many failure
conditions are a result
of this type of pocr
craftsmanship or
inadequate procedures.

These types of
fabrication errors cause
flow disruptions as
well as hoop stress
issues all of which will
likely result in tube
tailures.

Ovality and crushing are a prime concern especially in tight bends like hair pins.
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There are complex procedures in the proper fahrication of hoiler
tubing. The stress introduced into the assembly can set up a future
failure.

185 ERIFT-2010 UOC all rights reserved United Dynamics “ AT 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Failures due to material or fabrication error

CREEP, LOW TEMPERATURE

COMMENT:

Low temperature creep occurs from a relatively continuous extended period of slight overheating 570 -
790° well above the design metal temperature, from a slowly increasing level of temperature or stress, or
from the accumulation of periods of excessive overheating. This is usually complicated by stresses from
other sources.

LOCATION:

Occur primarily in medium temperature locations such
as primary superheat, low temperature reheat and
economizer tubes, It is usually found in high residual
stress locations imitated by the tube bending process.

EXTERNAL APPEARANCE:

This condition usually manifests itself as a crack on the
outside surface of a tube bend.

INTERNAL APPEARANCE:
The tube internal surface may also have a thick hard

oxide scale with oxide, which have an alligator hide
appearance.

PROBABLE CAUSE:

Creep low temperature is often confused with stress
corrosion or fatigue cracking. The difference is that only creep low temperature will exhibit evidence of
grain boundary creep cavitations and creep voids.

High stress areas from the tube bending (forming) process. Cold working is the most stressed.

High mismatch in ovality of the tubing greater than 8%

High hardness in material usually due to the forming process greater than 220-240 HV

Hammer blows or shot gun dents can create stress areas that are of concern 'l
CORRECTIVE ACTION:
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Replace the failed tube bend and plan to replace all other similar tube bends during the next most
convenient time. If you have this condition in one element you probably have it in all like loops.

REPAIR PROCEDURES:

Tube replacement is the preferred method of repair. Pad welding is not
recommended even in forced outage conditions. Complete removal of all stress
is un likely and a repeat failure is likely in the same general site.
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10. BOILER CHEMISTRY
Boiler Cycle chemistry

Why water chemistry is important.

Water, one of the building blocks of life, is rarely ever "pure” -- except,
maybe, in a lab. Most water contains different impurities and
compounds, and hence has different characteristics.

Dissolved minerals, acidity or alkalinity balance, dissolved gases --
they all can affect the longevity of equipment. But even pure water is
not enough to prevent equipment deterioration and possible failure.
Particularly with today's high-pressure boilers, water must be
chemically treated to assure long-term performance.

Understanding the issues related to water chemistry can give you a clearer picture on equipment
problems. And, most important, this knowledge will provide you with valuable insights on ways to guard
against system failure.

Common water chemistry problems and their consequences. (
Most people have experienced water chemistry problems in their everyday lives. Scale in coffee makers.
Pitted cooking pots. Dingy laundry. "Hard water" deposits inside showers and bath tubs. Most water-
related problems in the home are generally just an inconvenience. But some can be costly. For instance, it's
not uncommon for scale to accumulate in home water heaters and lead to a major repair or replacement.

In commercial equipment found in business, industry, and public institutions, water-associated problems
almost always lead to a significant expense. Boilers and water heaters, Steam generators, Water cooling
towers, Chillers, Heat exchangers. Even seemingly insignificant water problems can destroy major
components in these systems.

The environment inside the equipment. For instance, improperly treated water in aboiler can cause scale

or corrosion and result in serious damage surprisingly fast. In the cooling towers of commercial air
conditioning systems, mold, algae and other organisms can rapidly grow and clog the system.
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What condition might increase the chance of a water chemistry problem?

Do you need to frequently add water to make up for steam leaking? Do
your processes use up a lot of water in the form of steam, requiring
frequent replenishment or "make-up" water? If either of these are the case,
your odds of a problem are greater. The more water with improper

chemistry that passes through the boiler, the more scaling and corrosion
can occur.

Untrained or under-trained operators can also contribute to the chance a
problem. Maintaining proper water chemistry requires regular attention v
from someone who knows what to check and when. Frequent turnover in

maintenance staff can compound this problem.

More than just capital equipment losses. Depending upon the type of business or organization, these types

of problems can add up to business interruption losses. Loss of energy efficiency and loss of product

quality -- such as adry cleaner whose clothing becomes stained, or a food processor whose product
becomes compromised.

The elements of a good water chemistry program.

A good water chemistry program should be designed to minimize the failures caused by corrosion. Under
the conditions present in most boilers and steam generators, corrosion can destroy components or
complete systems within a short period of time.

A good water chemistry program should minimize the amount of scale-forming deposits that enter the
equipment. The buildup of scale on the waterside surfaces causes many problems, the least of which is a
decrease in the operating efficiency of the unit. A variety of water treatment techniques are available to
control scale, corresion, and steam quality.

A good water chemistry program should include regular water-quality monitoring. The quality of water
coming from any particular source can change significantly, even day to day. For instance, a municipality
routinely alters the chemicals it adds to its water distribution network. And construction or repair in a
municipal network can stir up particulates that can affect the water you count on. The bottom line: A
regular water-quality monitoring program is essential to effective, long-term equipment performance and

safety.
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And, finally, a good water chemistry
program should include regular periodic
maintenance. Proper "blow down" is
important to remove particulate matter and TUBE DIMENSIONS

sludge. Surface "blowdown" is used to 2%" 0D x 0.250" WALL Q/A = 200,000

remove surface particulates while bottom 500
"blow down" eliminates the sludge that QIA = 180,000
accumulates as a byproduct of chemical . A = 180,000
treatment. i
External water treatments. . QIA = 140,000
Depending upon the quality of the
incoming water, a variety of purification QIA = 120,000
processes are available, Most of these
processes are performed prior to the water QIA = 100,000
reaching your boiler. 300

Q/A = 50,000
Particulate and gas removal processes. For
heavily contaminated and polluted water, it
is necessary to remove coarse suspended QA = 80
solids, colloids, turbidity, and silt.

QIA = 40,000
Typically, a chemical is added that causes
these coarse organic contaminants to 1
"agglomerate” and settle to the bottom of Q/A = 20,000
the storage tank.
The effluent from this process is then

005 010 015 020 02

filtered to remove any remaining coarse

material. This filter bed is normally made Inside Scale Thickness (Inches)
up of graded stone, gravel, or coarse

5

anthracite coal. After being filtered, the
water is sent through an aerator, allowing

oxygen and nitrogen to replace gaseous Effects of steam side scale formation on the tube metal
compounds (such as carbon dioxide and temperature in a water wall tube where fluid side cooling
hydrogen sulfide). is by boiling heat transfer to the water.

Chemical softening processes. Calcium,

magnesium, and silica are the major scale-forming impurities found in raw-water supplies. The
concentrations of these impurities are measured in parts per million (PPM) of hardness. To remove these
impurities, it is necessary to apply one or more chemical softening processes.

The lime-soda softening process reduces the hardness concentration of the raw makeup water by

'cold” lime-soda

precipitating out the calcium and magnesium impurities as insoluble compounds. In the
softening process, relative hardness is significantly reduced. If the technique is heated up, this "hot" lime-

soda process can reduce relative hardness even further.
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Zeolite softening is an ion-exchange process that uses chemically synthesized compounds to remove
calcium and magnesium compounds, and replace them with sodium. Zeolite softening can be used
directly on raw water supplies that have an initial low hardness: it can also be used in tandem with the hot
lime-soda process on very hard water to produce an effluent with a hardness of 0 to 2 PPM.

Finally, the demineralization process also operates on the principle of ion exchange. In this process,
positively charged ions (such as calcium, magnesium, and sodium) and negatively charged ions (such as

TUBE DIMENSIONS
2700 x0.280 " WALL

QA = 1,000

QUA = 14000

QiA = 12,000

QA = Y00

€
;
}
:
!

D05 LT s o] : -]
Irgice Scule Thickness (nchad)

Effects of steam side scale formation on
the tube metal temperature in a

siinerheater or reheater hiihe where fluid

1491

bicarbonates, sulfates, chlorides, and silica) are removed
by specially developed resins. These resins can be used
either in separate exchangers or together in what is called
a mixed-bed ion exchanger. Demineralization is the only
chemical process capable of removing chloride and
sulfate from the water,

Mechanical softening processes. There are three major
physical processes for removing sczle-forming impurities
from raw water.

The first two, evaporation and distillation, are very well
known and widely used. Both provide pure water by
condensing steam vapors that have been cleansed of all
their chemical impurities. However, high operation
expense is a major drawback to both of these mechanical
processes.

The third mechanical softening process is called reverse
osmosis (RO). It produces pure waler by placing the
contaminated raw water on one side of an artificial
membrane called a permeator. Because this permeator
primarily allows water molecules to pass through it, most
of the chemical and organic impurities in the raw water
supply are left on one side of the membrane while
relatively pure water is produced ¢n the other side.

&N987-2010 LUDC all rights reserved United Dynamics AT 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Deposit Control

Deposits in boilers may result from hardness contamination of
feedwater, and corrosion products from the condensate and
feedwater system, Hardness contamination of the feedwater may
result from either deficient softener systems or raw water in
leakage of the condensate. Deposits act as insulators and slow
heat transfer. The insulating effect of deposits causes the boiler
metal temperature to rise and may lead to tube-failure by
overheating. Large amounts of deposits throughout the boiler
could reduce the heat transfer enough to reduce the boiler efficiency. The graph demonstrates that
different types of deposits will affect boiler efficiency differently. This is why it is important to have an
analysis of deposit characteristics.

When feed water enters the boiler, the elevated temperatures and pressures cause the components of
water to take on dramatic changes. Most of the components in the feedwater are soluble; they are
dissolved in the water. However, under heat and pressure most of the soluble components come-out of
solution as particulate solids, sometimes in crystallized forms and other times as amorphous particles.
The coming-out of solution is referred to as retrograde solubility, and means that as temperature
increases, ability 1o stay in solution decreases. When solubility of a specific component in water is

exceeded, scale or deposits develop.

Internal chemical treatment for deposit control is achieved either by adding a treatment to prevent the
contaminants from depositing or by adding a treatment chemical that will allow for easy removal by blow
down. Hardness can be kept from depositing in boiler water by treatment with chelating agents.

When phosphate treatment is preferred over chelant treatment, the boiler water is conditioned to form a
fluid sludge which can be removed by bottom blow down. Formation of this sludge requires that
alkalinity from caustic be present in the boiler water. If sufficient alkalinity is not maintained in the boiler
water, a sticky precipitate will form and reduce heat transfer.

Even when the precipitates formed in the boiler water are in the form most desired, they are often difficult
to remove completely by blow down. This is especially true when the precipitates also contain iron and
copper corrosion products from the pre boiler system and organic contaminants frem condensate returns.
Sludge conditioners enhance the removal of precipitates from industrial boilers. Sludge conditioners are
organic polymers which combine with the precipitates to permit the particles to be dispersed. This makes
removal by blow down easier.
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Conventional phosphate treatment:

Conventional phosphate control involves maintaining a phosphate residual and a hydroxide alkalinity
residual in the boiler water. Phosphate residuals are typically maintained in the range of 20-40 ppm PO4.
Hydroxide alkalinity, if controllable without excess blow down, are maintained in the range of 300 -500
ppm OH. This treatment provides the ideal conditions for formation of calcium and magnesium
precipitates in the preferred states. It also provides a residual of alkalinity to neutralize any acid
contamination, such as organic acids. It may, however, promote foaming, especially if organic
contaminants enter the boiler.

Chelant treatment;

A chelant is a compound which is capable of "grabbing onto" calcium, magnesium and iron. Chelant
treatment of boiler water is attractive because the chelates of calcium and magnesium are soluble.

The undesirable scales of calcium carbonate and calcium sulfate are successfully eliminated by chelant
treatment.

While the chelates of the hardness and iron contaminants are soluble, some chemistry precautions need to
be mentioned. Phosphate will compete with the chelant for calcium, and if present in significant amounts,
will result in undesirable calcium-phosphate deposits. Phosphate can enter the boiler water where city
water makeup supplies phosphate. Both hydroxide alkalinity and silica compete with the chelant for
magnesium. Depending on the concentration of all the boiler water chemistry, magnesium silicate
deposits may result.

Chelants should be fed to the feedwater downstream of any copper alloys, after the deaerator and before

the boiler drum. The preferred feed location is down-stream of the boiler feedwater pump. A stainless
steel injection quil! is required.

Feed to the Deaerator storage is not recommended since copper alloys in the boiler feed pump may be
attacked. Proper feed of chelant will result in a chelant residual in the boiler water.

A chelant residual in the boiler water, however, is not in itself proof of adequate feed control. A chelant

residual should be maintained in the feedwater at all times. Chelant treatment is not a solution for highly
variable and excessive concentrations of hardness in the makeup and condensate returns.

E1987-2010 UDC all rights reserved United Dynamics “AT” 2681 Coral Ridge Rd. Brooks, KY 40108 Voice- 502-957-7525



(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

Boiler off line lay up procedures

The best program for preventing scale and corrosion during the
operation of the boilers can be wasted by improper shut down,
improper lay-up, and improper maintenance on the boilers during
downtime.

Continued maintenance of the entire boiler systems, even during
downtime, is essential in protecting the boilers against corrosion.
General Preparation

Prior to the shutdown, the blowdown rate should be gradually
increased, both via continuous and bottom blowdown. Chemical feed
rate may have to be increased to offset the additional chemical loss
through higher blowdown rate.

The solids level must be reduced to prevent potential precipitation. As
water cools while shutting down the boiler, the solubility of most
solids decreases...thus, increasing the potential for precipitation.
During operation, the solids are dispersed both chemically and
mechanically (by natural circulation of water). As circulation slows
down during shut-down, excessive solids can settle onto the waterside surfaces, and then dry to become (
adherent deposits.

If a boiler is drained while hot, the continued evaporation of water will cause the excess solids to
concentrate and precipitate on the waterside surfaces...and possibly bake on the hot surfaces too.
When boilers are removed from service, they can be laid up either WET or DRY. The choice depends on
how long a boiler would be laid up.

WET Lay-up

WET lay-up entails keeping a boiler filled with treated water. It allows the boiler to be returned to service
within a short notice. Under this method, the boiler water chemistry must be prepared before shutting
down.

The oxygen scavenger level must be increased significantly to protect boilers against higher oxygen level
during shutdown, As water cools down, it will absorb more oxygen.

The boiler water pH must be maintained at the high end to ensure against any acidic conditions.

The polymer level must also be maintained at the high end. The additional dispersion properties of the
polymer will assist in preventing the minerals from becoming insoluble at the lower temperature.

The boiler must be filled to the top with the above treated water to force out as much air as possible.
Otherwise, trapped air will consume the oxygen scavenger in the water. Excessive frapped oxygen may
consume the entire available oxygen scavenger, causing the boiler to corrode.

It is important that the chemicals are well distributed in the boiler water. It is desirable to fire up the
boilers lightly to provide some circulation of the chemicals.

It is also important that the analytical tests on the boiler water be conducted regularly to ensure the
maintenance of the above chemistry.
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DRY Lay-up

Dry lay-up entails draining the water out of the boiler completely. This method is used for longer outages.
Under this method, the boiler metal surfaces must be kept dry or the air must be kept out.

Idle boilers are vulnerable to attack when air contacts moist metal surfaces. To prevent corrosion, either
the boiler metals must be dried completely or air must be forced out by nitrogen blanketing.

To dry the boiler metals, circulate warm air through the boiler. Adding desiccants would also help. Seal
and blanket off all openings to the boiler to prevent air, or steam incursion.

For nitrogen blanketing, pressurize the boiler with nitrogen while draining. The nitrogen will force all the
air out. Pressurize all system to prevent air incursion.

It is also important that inspection be done regularly for evidence of corrosion and to replace the
desiccants if necessary. Reseal and restore to proper conditions.

At a recent seminar a participant suggested use of Protecsol as a material they have used for long lay up
periods with good results. The following is a brief description. We do not endorse any particular product
or service this is provided as a potential source of information that may be useful to you.

PROTECSOL 770P & PROTECSOL 700P From Ashland / Drew chemicals

Introducing PROTECSOL 700P and PROTECSOL 700P - two innovative, water-soluble corrosion
inhibitors designed to help you and your ship win the war against corrosion. Unlike inferior substitutes,
these non-toxic, nen-polluting additions to Drew’s already potent arsenal or corrosion inhibitors protect a
variety of metals in inaccessible areas, such as boilers and exchanger equipment.

Efficient, economical, and non-polluting to the environment, PROTECSOL 770P is a unique blend of self-
vaporizing corrosion inhibitors, specifically formulated for ferrous metals and aluminum. PROTECSOL
700P multi-metal powdered corrosion inhibitor provides effective, long-lasting protection for both ferrous
and non-ferrous metals, including copper and brass. Both powders are unique in providing a mono-
molecular inhibitor layer at THREE distinct phases - the water phase, the vapor phase, and the
water/vapor interface.

Versatile Protection

If you've already taken steps to combat corrosion, that's good. You realize the seriousness of the problem,
and the importance of protection. But if you're using competitive products, you may be lulled into a false
sense of security - and that's not good.

PROTECSOL 7707 ferrous powdered corrosion inhibitor and PROTECSOL 700P multi-metal powdered
corrosion inhibitor protect both long-term lay up of heat exchangers, boilers, and related piping and
equipment that is used intermittently, such as auxiliary boilers and cargo pumps. And because both
powders provide up to two years protection with a single application, they are ideally suited for those
instances which require equipment to be completely removed from service - including seasonal lay ups of
fishing fleets, long-term storage of decommissioned military vessels, and dry docking for ships for brief or
extended repairs,
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Chemical cleaning?

Removing Deposits

Chemical cleaning has been considered a necessary part of boiler
maintenance for years. The objective of a chemical cleaning is to safely
remove all the deposits from the inside of the boiler tubes. In higher-
pressure boilers, the major deposit removed is magnetite and some copper.
Chemical cleaning can improve the boiler heat rate and reduce the number
of tube failures. It typically improves the stability of boiler chemistry.
However, there also are down sides to chemical cleaning.

Heat Input -120,000 Btu/ft2/hr

Temp Drop across Water Film = 73°F Temp
Drop across Tube Wall = 57°F

Without Scale
Water-Steam Modure

Heat Input = 120,000 Btu/ft2/hr

0

Temp Drop across Water Film =76°F
Temp

Drop across Internal Scale = 362°F Temp
Drop across Tube Wall = 66°F Assumed
CaS50, Scale (0.024 in. thick) Thermal
Conductivity 10 Btu/fi2/hr.-"F/in.
Maximum Tube Temp (1004°F) is above
Allowable Oxidation Temp Limit for SA-
210 Carbon Steel

Chemical Cleaning May Be Hazardous

The chemical cleaning of a boiler is a project fraught with danger and horror stories abound. For example,
a few years ago a power boiler was cleaned with ammoniated EDTA (ethylenediaminetetraacetic acid).
The plant operators were unaware that chemical cleaning solution had found its way into the superheater
and was not flushed out. When the unit went back on line, the chemical cleaning solution evaporated in
the Superheater and caused it to fail. Complete replacement of the Superheater was required.
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Disposal of the chemical cleaning solution also can be a problem. Recently during evaporation of the spent
chemical cleaning solution in a utility boiler, the vendor allowed the solution to impinge on a riser tube,
causing it to fail catastrophically. The resulting repair cost the utility more than $1 million.

Another utility experienced a rash of catastrophic tube failures due to hydrogen embritlement. The
failures followed an incomplete chemical cleaning with inhibited hydrochloric acid.

When to Clean

In the past, utilities and others who operate steam generators have considered a number of factors when
determining the need to use chemical cleaning. The most common criteria are:

Deposit loading on tube samples

Time-based cleanings (operating hours or calendar months since last chemical cleaning)

A major contamination incident (condenser tube leak)

We will review each of these briefly.

Deposit Loading

One of the most common criteria is the deposit loading on the inside of the water wall tube. The plant will
take two or three boiler tube samples from the high heat areas of the boiler and have the deposit loading
analyzed on each. An average of the hot-side loading on the tubes is compared against a chart similar to
the one in Figure 1. This is still the best way to determine the need to use chemical cleaning, assuming that
there have been no major contamination incidents since the last chemical cleaning.

Deposit Loading

B0

Time-Based Cleanings
In the past, some boiler
operators cleaned based on 50
time — either the number of
operating hours or the number
of years since the last chemical

cleaning. This is probably the =3
worst way to determine the 30 E‘“"‘_

Cleaning Recommended

Ny
2

need to use chemical cleaning,.
Deposits do not form on boiler 4y ‘E"h
tube walls at a uniform rate
over time. Immediately after a
chemical cleaning, the boiler 10 —
tubes create a protective film No Cleaning Required =
of magnetite that limits further y
corrosion of the base metal. & & .-g?’mm Fmssur:?, & @
This quickly adds 3 to 5 or so N W v » N %
grams/ft.2 of deposits to the boiler. Over time, new deposits collect on top of this protective layer. These
deposits typically come from the boiler feedwater. Boiler start-ups and shutdowns can add a tremendous
amount of deposit to the boiler tube wall. The number of start-ups is a better predictor of tube deposit
density than operating hours.

Consider Cleaning

Time-based cleanings do not consider water chemistry (good or bad) or the amount of deposits since the
last cleaning. It may be that the water chemistry control has been particularly poor and the deposit
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loading is high. In that case, the frequency should be increased. The opposite also might be true, and the
chemical cleaning can be put off for years.
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Contamination-Required Cleanings

This criterion is often overlooked, particularly by those who clean on a set time schedule. If there is a
major contamination of the boiler water, a chemical cleaning must be performed at the next opportunity,
preferably before the unit is restarted.

The most common contamination incidents are calcium hardness in the boiler from a condenser tube leak
or demineralzier [ softener malfunction. Corrosion cells are created during this contamination that lead to
caustic gouging and hydrogen embritlement. In these cases, the high risk of major water wall damage
outweighs the risks associated with chemical cleaning.

How to minimize Chemical Cleaning

The need to use chemical cleaning is the result of corrosion products building up on the boiler tube walls.
The more corrosion products generated in the boiler and feedwater system, the more often the unit will
require chemical cleaning. Reducing corrosion in these areas can improve overall boiler chemistry and
extend the time between cleanings.

A large percentage of the corrosion products on boiler tube walls come in from the feedwater system
during start-up. Improving lay-up and start-up practices can mean the difference between needing to
clean with chemicals every three years and every 12 years. Find a knowledgeable consultant or chemical
vendor that will kelp you develop better lay-up and start-up practices and get out of the chemical cleaning
cycle. (
Failures caused by water treatment problems

HIGH TEMPERATURE CREEP see page 87
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LOCATION:

Stress corrosion cracking can be found in areas such as Superheaters, Reheaters and water tubes.
Superheaters and reheater tubing can experience stress corrosion cracking at locations that.
(1) Have been exposed to concentrations of chlorides, sulfates, or hydroxides.

(2) Have been stressed to high levels by service conditions or fabrication and assembly processes such as
at bends or at attachment welds and at supports.

PHYSICAL DESCRIPTION:

Most areas suffering from corrosion attack appear pitted and creviced.

Often times stress corrosion cracking will be hard to identify with the naked eye unless a failure has
occurred.

Stress corrosion cracking is caused by the concentration of corrosive materials at a tube location that has
high tensile stress and susceptible tube material.

Corrosive materials are introduced by "carry-over" from the drum or Injection with de superheater spray
water. These materials concentrate at flow disturbances or
bends on the internal surface. Fireside deposits can contain
high levels of nitrates, sulfates, or polythionic acid. These
conditions can become "sensitized” to stress corrosion when
exposed to normal boiler operating temperatures.
PROBABLE CAUSE:

For stress corrosion cracking to occur a synergistic interaction of

a tensile stress and a specific co rodent to which the metal is

sensitive must be present. When this phenomenon occurs the strength in the metal is diminished and if
not corrected a thick-walled fracture will occur.

The root causes of stress corrosion cracking can be verified by determining the source of the corrosive
materials and the reason for the high tensile stress. Internal
surface corrosive materials are usually chlorides or hydroxides.
Internal surface carrosive materials include polythionic acid or
sulfates. The stress level in the tube can be estimated by stress
analysis, while the susceptibility of the tube material can be
established by testing the material according to ASTM Standard 1_1
practices. Residual stresses in bends introduced during the i
forming operation are sometimes involved.
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Stress corrosion cracking produces a thick-edged fracture since the corrosion resuls in propagation of a
crack through the material instead of reduction in wall thickness. Crack arientation can be circumferential
or longitudinal depending on the direction of the tensile stress. Most cracks initiate on the internal
surface, but some cracks have been initiated from the outside diameter due to exposure to nitrates,
sulfates, or polythionic acid in fireside deposits.

Fluorescent dye penetrant examination of austenitic stainless steel tubing and fluorescent magnetic
particle examination of ferritic steel tubing are used for detection of cracks that initiate from the external
surface. It is necessary to increase the dwell time of the penetrant because of the closeness or hairline type
nature of the cracks. Multiple cracks may be present and hydrostatic testing can be used if a boiler stop
valve has been installed. NDE methods are not used to inspect for cracks that -::-rlgmate on the internal
surface since failure typically occurs within 100 hours after 4 '3

crack.

CORRECTIVE ACTION:

Fluorescent dye penetrant examination of austenitic stainless
steel tubing and fluorescent magnetic particle examination of
ferritic steel tubing are used for detection of cracks that initiate
from the external surface. It is necessary to increase the dwell .
time of the penetrant because of the closeness or hairline type nature of the cracks. Multiple cracks may
be present and hydrostatic testing can be used if a boiler stop valve has been installed. NDE methods are
not used to inspect for cracks that originate on the internal surface since failure typically occurs within 100
hours after crack.

Corrective actions depend on the severity of the stress corrosion cracking damage. Whole sections of
super-heater tubing have been replaced when corrosive chemicals were introduced during a Waterwall
chemical cleaning project. Surveillance for carryover from the boiler drum and observation of the source
of the de superheater spray water can prevent the introduction of corrosive chemicals during boiler
operation, Heat treatment of bends and control of installation welding can reduce the tensile stresses.
Usage of stabilized grades of austenitic steels can eliminate the sensitization effect.

Reducing the stress on cold side tube attachments.

Reinforcement of the attachment will exacerbate the condition.

Reduce sub cooling in natural circulation boilers. (Top to bottom temperature differential) on start ups.
Control and improve water chemistry and chemical cleaning

Utilize non hydrochloric acid cleaning schemes

REPAIR PROCEDURES:
Tube replacement is the preferred method of repair, Pad welding is not recommended even in forced

outage conditions. Complete removal of all cracks is unlikely and a repeat failure is likely in the same '
general site.
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CORROSION FATIGUE

ADVANCED BOILER INSPECTION TECHNIQUES 2011

COMMENT:

This condition is a result of the cyclic loading externally (OD) combined with corrosive environment
internally (ID). These cracks can have their origin in surface imperfections or pits. This condition should
not be confused with cracks that are initiated on the outside of the tubing. The physical description of
these cracks are usually transgranular, wide and oxide filled.

LOCATION:

Water side of water wall and economizer tubes. This
occurs specifically at attachments and restraints,
Specifically this occurs at:

Windbox casing attachments
Backstay connections

Sidewall to slope connections
Division wall at slope penetration
Burner elevations

Boiler water seals (weir box)
Boiler ash hopper seal plates

Gas recirculation duct attachments
¢ End of membrane connections

e FEconomizer fin welds

s Fin welded tubes

s Scallop tie bars

o  Waterwall gusset plates

s [Penthouse floor attachments

» Rear wall arch

EXTERNAL APPEARANCE:
INTERNAL APPEARANCE:

The cracking usually occurs on the inside diameter of the water touched tubes on the cold side of the
tubing. It is unusual but not uncommon that this also occurs on the hot side of a tube. These cracks are

usually orientated longitudinally in relation to the stress region. Cracks can also be circumferential or in
any orientation that is consistent with the stress region.
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PROBABLE CAUSE:

Carbon steel is usually protected by a layer of magnetite. When this layer is damaged then Corrosion
fatigue may form. This layer of magnetite can be compromised by either a mechanical (stress) or from a
chemical (corrosion). Most importantly the problem is exaggerated by the combination of both of these
conditions. The factors which directly affect this
condition are:

Mechanically
Boiler pressure
Thermal gradient through tube
Heat flux BTU/SF
Restraint during thermal expansion
Weight of restraint.
Start up and shut down ramp acceleration
Sub cooling on start ups in natural circulation
boilers

| Clase up of failure area 0.D. cold side

Chemically
PH excursions in boiler water
High levels of oxygen in boiler water
Phosphate hide out

Operating environment of the boiler can be a major factor to this condition.
Some specifics:

Thea hydrosdde o
Iron hytiroxide Quickly owidizes e This condition would be more likely
forme and 1o form nust diopet . . 3 B
i in peaking units where many thermal
o e T ‘EJH' 0. |Flecrochamical cycles are experienced.
s OH 5 Fa Fe 2 | cell action driven

oxidation continues|  Chemical cleaning with hydrochloric
tha corrosion

process. acid will aggravate corrosion fatigue.

\\ & T 5 / by the eneargy of

Anode ARction
causes pitling
of tha iren.

on | Cathode aclion
| reduces oxygen |

from air, forming

hydroxide ions.

A piece of bare iron left outside where it is exposed to
moisture will rust quickly. It will do so even more
quickly if the moisture is salt water. The corrosion rate
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Other factors which may contribute to corrosion fatigue
Phosphate hide out

Hydrogen damage

Caustic gouging incidents

Low PH in boiler blow down

High dissolved oxygen in feed water

CORRECTIVE ACTION:

Reducing the stress on cold side tube attachments.
Reinforcement of the attachment will exacerbate the condition
Reduce sub cooling in natural circulation boilers. (Top to bottom temperature differential) on start ups.
Control and improve water chemistry and chemical cleaning
Utilize non hydrochloric acid cleaning schemes

REPAIR PROCEDURES:

Tube replacement is the preferred method of repair. Pad welding is not
recommended even in forced outage conditions. Complete removal of all
cracks is un likely and a repeat failure is likely in the same general site.

Corrosion fatigue metallurgical considerations:

As the name implies, corrosion fatigue is
failure by repeated or cyclic stresses in a
corrosive environment. There is a stress
level for steels, called the endurance limit, below which failure will not
occur, regardless of the number of cycles. In a corrosive environment,
no true endurance limit or safe working stress may exist. Corrosion-
fatigue cracks are typically transgranular; they may be branched, but
usually are not; and several minor cracks may be visible at the metal
surface in the vicinity of the major crack that accounted for final failure.
Fatigue cracks, on the other hand, while they are similarly
transgranular, have rarely more than major crack. On occasion, the
fatigue crack may originate at an oxygen pit, in effect a stress-
concentration factor, but oxygen pits are not necessary. - 6.10 shows
an example of a corrosion-fatigue crack. An oxide wedge s once a fatigue crack occurs. Since the volume
occupied by the oxide is greater than the volume of metal from which it forms, the wedge adds stress to
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the crack tip and prevents the crack from closing. On the next cycle, the c moves further and propagates
faster than without the formation of the wedge and the corroding media in which it formed.
Mild case of intergranular oxide penetration, normally not a severe problem for ferritic steels below about

1250-1300°F (680-700°C) (Magnification 100x, nital etch).

Corrosion fatigue; a single spear-shaped oxide wedge is typical of failure (Magnification 500x, nital etch).

Inspection techniques

The unit failure and inspection history will dictate the inspection scope. It is not practical to uncover the
entire boiler on the cold side in search of these types of cracks. Visual inspection, Magnetic particle and
dye penetrant Ultrasonic shear wave and borescope are acceptable methods for this condition.

Ultrasonic Circumferential Shear Wave Inspection

In the circumferential wave technique, ultrasonic waves are introduced and detected from the process side
of the boiler tubing. To develop adequate coupling, adherent accumulations of oxide as well as any loose
rustfash and debris must be removed, most typically with a power wire brush or sand blasting. The
technique detects longitudinally oriented discontinuities. The approximate size/penetration depth of the
flaw is estimated by comparing the signal fraction that is reflected from discontinuities with that which
travels the entire circumference, and the relative position of the discontinuities it detects longitudinally
oriented flaws best (because they are perpendicular to the direction of wave travel), which is consistent
with the predominant orientation of stress corrosion cracking discontinuities in boiler tubes.
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This shows a seal box on the cold side of waterwall tubes.
They are restrained by this box and have failed due to
corrosion fatigue

ADVANCED BOILER INSPECTION TECHNIQUES 2011

A possible disadvantage of the technique
is that, due to the limited inspected area,
it is inefficient for examination of an
entire boiler. As a result, analysis using
this technique typically must focus on
particular "suspect” areas based on
history as mentioned above.

Also, the technique works best from the
process side of the boiler opposite the
external attachment locations because
this position places the expected stress
corrosion cracking location in the center
of the detection range (halfway around
the tube from the transducer). This
means the boiler can most practically be
inspected with this technique only at
outage.

o Ultrasonic Longitudinal Shear
Wave Inspection

In this technique, known as the guided wave method, ultrasonic waves are introduced on the cold side of
boiler tubes with a transducer array. The waves travel longitudinally down a length of tubing to be
detected by a separate receiver or, alternatively, reflected from circumferentially oriented flaws and
detected with the same unit as the input transducer. Like the circumferential wave technique,
discontinuities can be located and sized by analysis of the pitch/catch time for reflected waves and the
fraction of the input energy collected at the receiver. Similar to the circumferential wave technique,

appropriate surface preparation and coupling is required.

Advantages of this technique include that it can be used from the cold side of the beiler. In addition, the

technique is not necessarily a localized technique.

Disadvantages of the technique are that circumferentially oriented indications are not particularly
common for stress corrosion cracking, which limits the general usefulness of this method.

205
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e Borescope/Visual Inspection
The borescope should have an adjustable power light at the tip and an optics system capable of
approximately 5x magnification. This process is slow and tedious but very accurate with virtually no false
positives.

s Magnetic Particle Inspection
Magnetic particle inspection on the cold side of the tube can be effectiwve in
locating Stress corrosion cracking. Magnetic particle will examine an area
below the surface of the tube. This does however require removal of
obstructions such as insulation and lagging and in some case3ds buck stays.

e [Dye penetrant Inspection
Dye penetrant can be effective if the crack extends thru wall. It will not
locate cracks below the surface. These tests are conducted on the cold side of
the tube. This does however require removal of obstructions such as insulation
and lagging and in some case3s buck stays.

s« V“RTY x-RAY could be used if the source can be located in such a way to
develop a meaning full picture of the affected area.

Inspection case history

Repair #: 130-b >>Record:# 132>> (REPLACE TUBE). Priority #: 1

Location of repair is Steam Cooled Wall Rear Cold side, elevation 103.2°'
This appears as cracked

Material specification = SBA-209T1A X 0D =2.0" X MWT =0,203" Weld rod = 7018-
Aal, I " }

UDC has performed a Magnetic
particle test by means of GLO-NETICS
spray sclution. This record is for
all crack indications found at the
second buck stay elevation down from
the top, at all support clip
locations. UDC recommends that all
tubes that show crack indications be
replaced. Replacement should range
from one foot below the hanger
supports @ roof line, down to the
nipple welds at the rear Primary
Superheat inlet header, The
following tubes showed indications
of cracks: 19 / 20 / 22 / 23 / 25 / B9 / 90.
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PITTING
LOCATION:

Pitting can occur anywhere in the boiler
including economizers, superheaters,
reheaters, and the non-heated portion of
waterwall tubes.

Locations where high levels of oxygen can
be present are most likely to experience
pitting. Inlet tubing in economizers and
low points in reheater tubing where
condensate can collect during outages are
locations, which have frequent pitting
problems. Horizontal reheater tubing is most susceptible due to the relatively thin wall thickness of the
tube and to the direct exposure of the internal surface to the atmosphere during unit outages.

PHYSICAL DESCRIPTION:

Pitting produces perforations of the tube wall
through localized corrosion on the internal
surface. Crater-like corrosion sites develop
from galvanic activity and may have a red,
rusty appearance due to the production of
Fe203 (hematite) corrosion products,

PROBABLE CAUSE:

Pitting is caused by exposure of the tube to
water with a high concentration of oxygen.

[n economizer tubing, the cause of pitting is
likely to be high levels of oxygen in the feed water entering the economizers during boiler startups and
low load operation periods. In reheater tubing, the cause of pitting is likely to be the collection or pooling
of condensate in bends and low points in horizontal sections during start up.

The root causes of pitting can be verified by monitoring the level of oxygen entering the economizer,
especially during startups and low load operation periods. The cause of the high oxygen concentration
nay be mal-function of the de aerating heater, inadequate injection of oxygen scavenger chemicals, or
excessive air in leakage in low pressure heaters, condensate piping, and the main condenser. During
boiler outages, inadequate draining and standby protection methods can be verified by tube sampling to
reveal the formation of any localized corrosion cells.

Ultrasonic (UT) tube wall thickness measurements are used to detect wall thinning that results from
localized corrosion. Access to the tube surface for a complete wall thickness survey is limited in some
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cases. External surface preparation is necessary since the UT transducer must traverse this surface in
search of wall penetrations.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

Corrective actions involve control of the oxygen level in the economizer feed water and protection of the
tubing during non-operating periods. When oxygen levels exceed 10 ppb in the feed water, steps must be
taken to immediately locate and isolate the source of the problem.
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CAUSTIC CORROSION / GOUGING

CONMMENT:

Caustic corrosion produces thin-edged
ruptures or pinhale leaks in tubing where the
corrosion on the waterside has reduced the
wall thickness. Caustic gouging and ductile
gouging are other names for this mechanism,
since the tube fails in a ductile manner after
the wall thickness has been significantly
corroded through.

rrtrvlliiw‘t' alf AL |
LOCATION: o

Water-cooled tubes can experience caustic
corrosion at locations that;

(1) Have flow disruptions such as welded joints with backing rings or protrusions, bends,
or deposits.

(2) Have horizontal or inclined tubing,
(3) Have high beat flux or flame impingement.

EXTERNAL APPEARANCE:
MNone

INTERNAL APPEARANCE:

The cracking usually occurs on the inside diameter of the tubing. A thick deposit on the internal surface is
usually present.

PROBABLE CAUSE:

Caustic corrosion is caused by concentration of sodium hydroxide from boiler water high heat flux and
deposits. Deposits are formed from feed water system corrosion products or from condenser in-leakage
constituents. As porous deposits build up in high heat Input areas, sodium hydroxide can concentrate
within the deposit to a locally corrosive level. An increase in the tube metal temperature due to the heat
transfer resistance of the deposit supports the concentrating mechanism.

The root causes of caustic corrosion can be verified by an investigation into the water chemistry practices
and the amount of feed water corrosion product deposition on the boiler tubes. Condenser leakage from
fresh water-cooling bodies can be monitored. Tube sampling can be performed to measure the relative
thickness and amounts of deposit buildup on the heated side of the internal surface.

{
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Tube sampling practices and test methods are detailed in ASTM Standards D 887-82 and D 3483-78.
Upsets in water chemistry from malfunctions and operating errors can be verified by review of the
chemical control logs, on-line water chemistry records, and instrumentation alarms. Radiographic and
ultrasonic (UT) techniques have been used to detect wall thinning that results from caustic corrosion.
Since deposit buildups are likely to occur at tube joints the surface when using the UT technique at the
welds. The weld crown on the external surface needs to be ground flush with the surface to allow access
for the UT transducer. The tube end preparation on the internal surface must be known to differentiate
any reduction in wall thickness due to weld fit-up requirements from wall thinning that is caused by
caustic corrosion. Tube metal temperature monitoring by cordial thermocouples can be used to indicate
when deposition of feed water corrosion products has reached a significant level; however, corrosion
damage can occur without any measurable increase in tube metal temperature.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

CORRECTIVE ACTION:

Corrective actions involve control of boiler water chemistry, minimization of ingress of feed water
corrosion products and condenser leakage products into the boiler, and removal of corrosion product
deposits by periodic chemical cleaning. Elimination of welds with backing rings or other welded joint
surface contour irregularities can be beneficial. Low chromium ferritic steel (such as ASME SA 213 Grade
T-11) and rifled or ribbed tubing are less susceptible but not immune to caustic corrosion damage.

Reducing flow disruptions in tubing, reducing burner impingement, and reducing steam blanketing will
all help reduce this condition.

REPAIR PROCEDURES:
Tube replacement is the preferred method of repair. Pad welding is not recommendead even in forced

outage conditions. Complete removal of all thin areas is un likely and a repeat failure is likely in the same
general site.
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ACID PHOSPHATE CORROSION

COMMENT:

Acid phosphate corrosion occurs when tube
deposits form from feed water corrosion
components allow phosphate salts to
concentrate. This concentration leads to under
deposit corrosion. This condition is in a family,
which includes hydrogen damage, and caustic
gouging. It is easy to confuse all of these
conditions since they are similar in appearance.

LOCATION:

¢ Locations of high heat flux (BTU /SF)

* Locations where water turns to steam in the water wall tubes

¢ Locations where disruptions in flow

s Flame impingement (burner mis alignment)

s  Welded joints (
¢ Backing rings

¢ Poor quality welds

¢  Window welds

» Canoe welds

* Internal deposits

EXTERNAL APPEARANCE:
On failure, the tube will be typically thin edged due to ductile overload.
INTERNAL APPEARANCE:

Tube gouging is the trademark for acid phosphate corrosion. See photo above. This condition is usually
identified because of the sharp edge between the gouge and adjacent metal. Multiple layers exist which
will be white and gray with red speckled throughout.

Acid phosphate corrosion differs from hydrogen damage is that hydrogen damage is typically thick edged
upon failure. Acid phosphate corrosion differs from caustic gouging is that caustic gouging damage is
represented by the deposits found on the ID of the tubing. Maricite forms instead of crystals of sodium
ferroate, which would be the case for caustic gouging.

PROBABLE CAUSE:

A breakdown of the protective layer of magnetite by a fluxing action causes acid phosphate corrosion.
Unlike hydrogen damage where growth of an oxide layer occurs on the tube internal surfaces which
results a layer that is internally stressed. With acid phosphate corrosion, the feed water corrosion
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products accumulate at areas where there are disruptions in flow. Disruptions in flow can also include
steam blanketing. This can be exaggerated by increased heat of the area affected. The compounding of an
initial deposit coupled with the addition of mono and di sodium phosphate in an area where heat
concentration is high causes this corrosive condition. A area prime for this condition is where the water in
the Waterwall tube is converted to steam (steam phase). This varies from boiler to boiler but it is usually
just above the burners.

Chasing phosphate hide out with mono sodium phosphate or excess use of di sodium
phosphate in your chemical program is usually a source

Maricite is the key to determining whether acid phosphate corrosion is your problem. Maricite is
produced only when magnetite and mono di sodium phosphate are reacted. If this is the case then you
have acid phosphate corrosion.

CORRECTIVE ACTION:
Keeping the boiler clean on the water side is paramount. The prevention of the ingress of boiler water
contaminates will help prevent this condition.

Reducing flow disruptions in tubing, reducing burner impingement, and reducing steam blanketing will
all help reduce this condition.

REPAIR PROCEDURES:

Tube replacement is the preferred method of repair. Pad welding is not recommended even in forced
outage conditions. Complete removal of all thin areas is un likely and a repeat failure is likely in the same
general site.
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HYDROGEN DAMAGE
COMMENT:

Hydrogen damage is caused by operation
with low pH water chemistry from ingress of
acidic salts through condenser leakage,
contamination from chemical cleaning or
malfunction of the chemical control
components, and concentration of the
corrosive contaminants within deposits on
the internal tube wall. Deposits are formed
from feed water system corrosion products
or from condenser in-leakage constituents.

LOCATION:
Typical Locations
Water-cooled carbon steel tubes can experience hydrogen damage at locations that:

(1) Have flow disruptions such as welded joints with backing rings or protrusions, bends, or deposits.
(2) Have horizontal or inclined tubing,.

(3) Have high heat flux. N

e

EXTERNAL APPEARANCE:

Hydrogen damage can
produce a "window opening”
and thick-edged split" fracture
appearance. The lhick-edged
fracture surface will outline
the region of hydrogen
damage. A thick internal
surface scale may be present.
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INTERNAL APPEARANCE:

PROBABLE CAUSE:

The root cause of hydrogen damage can be verified by chemicals
in the boiler and into the amount of deposition on the boiler tubes..
Tube sampling is performed to measure the relative thickness and
amounts of deposit buildup on the heated side of the internal
surface. Tube sampling practices and test methods are detailed in
ASTM Standards D 887-82 and D 3483-78. Potential sources of
corrosive chemicals include in-leakage from the condenser,
malfunction of the boiler water conditioning facilities) and errors
in the boiler chemical cleaning process. In-depth review of
chemical control logs, on-line water chemistry records, and
instrumentation alarms can be performed.

Radiographic and ultrasonic (UT) techniques have been used to
detect hydrogen damage. UT methods include detection of wall
thinning and attenuation of sound energy in the damaged steel.
Properly calibrated UT instruments can indicate an increase in sound attenuation that is caused by
degradation at the grain boundaries. Care must be taken to assure good contact between the UT
transducer and the tube surface. A clean fireside surface is essential when using this technique. Tube
metal temperatures can be measured and monitored by cordial thermocouples to indicate the deposition
of feed water corrosion products on the tube internal surface;
however, corrosion damage can occur without any measurable
increase in tube metal temperature.

Hydrogen damage a more in depth technical discussion
Hydrogen damage or hydrogen attack is produced in steel from
the seepage of hydrogen that reacts with carbides to form methane
gas. This gas decarburizes the steel, produces microcracks, and
lowers the toughness of steel without necessarily a loss of
thickness. Detecticn of hydrogen attack is important to assure safe
operation of pressure vessels and piping susceptible to such
damage.

#

ID damage

Fe 3 C + 2H2 - 3Fe (decarburization) +Cl14 (methane)

The ty pe of damage caused by hydrogen attack depends on the :
source. The source of hydrogen in boiler tubes is from a reaction of BD“E[ TUbe
steam and steel. Hydrogen damage in boiler tubes is, therefore,

always associated with ID corrosion.

Hydrogen attack, The dark area on the Boiler Tube ID represents hydrogen damage.
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Hydrogen damage in boiler tubes is caused by a corrosive reaction between steam and steel as follows:
Fe + H20 = Fe304 + H2

The hydrogen available from the above reaction reacts with carbides to decarburize the steel and forms
methane gas at the grain boundaries. Hydrogen damage results in wall loss due to corrosion and a loss of
strength in the material attacked by hydrogen.

Hydrogen damage occurs in
waterwall tubes when the pH level
drops below the normal level. The
damage usually occurs in areas of
high heat flux and flow disturbances.
These include circumferential welds,
tubes vpposite Lo burners and lube
bends.

Technique “A”: Inspection for
hydrogen damage in boiler tubes is
accomplished in a two-step
procedure. The first step is locating
areas with ID surface corrosion. This
is done with a ultrasonic scanning method that detects areas with ID surface corrosion,

The second step is to determine whether the corrosion was a result of hydrogen attack or some other
mechanism. Ultrasonic velocity measurements are taken in the material under the corroded area. A loss of
ultrasonic velocity is an indication of hydrogen damage. This velocity loss is measured by a pitch catch
method. The loss of ultrasonic velocity is related to hydrogen damage.

Hydrogen Attack can occur both in the base metal and the weld HAZ. The attack in the base metal is wide
spread and distributed uniformly. Weld attack is very localized and grows along the HAZ, The
susceptibility of attack in the weld HAZ depends on the heat treatment. Post-weld heat-treated welds are
less susceptible to hydrogen attack compared to the welds that are not heat-treated. There have been
several cases where the depth of the attack in the HAZ is greater than the depth in the base metal. It is
therefore imperative that both the base metal and the weld HAZ be inspected for presence of hydrogen
attack.

Technique “B”: Base metal attack as shown in then is detected by using a combination of ultrasonic
backscatter and velocity measurements (1,5). Hydrogen attack increases the ultrasonic backscatter and
reduces the ultrasonic velocity in the material.
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These two measurements are applied to detect hydrogen attack. Details of the techniques are given in the
references, Weld HAZ attack is detected
using the ultrasonic shear wave technique.
Since the cracking caused by hydrogen
attack in the weld HAZ is extremely fine,
the shear wave inspection is done at a very
high sensitivity. Both the base metal and
weld HAZ should be inspected for
hydrogen attack. Further verification of
attack can be done by surface replication.

CORRECTIVE ACTION:

Corrective actions involve the restoration

of boiler water chemistry to the proper - _
values and the consideration of boiler chemical cleaning. Chemical cleaning should be considered when
the boiler water pH has been below 7 for more than one hour due to the ingress of saline condenser
cooling water or acidic chemicals into the boiler from breakdown of boiler water conditioning facilities.
Chemical cleaning is performed to remove the internal deposits and to stop further generation of
hydrogen on the tube surface. If significant wall thinning has occurred, the tube will have to be replaced
to prevent a ductile type fracture later in service.

REPAIR PROCEDURES:

Replacement is mandatory. No other action is recommended.
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11. STEEL APPLICATIONS AND USE
Metallurgy

Metallurgy can be defined as the science and technology of
metals. It is a technology that combines different chemical
elements (chemical composition) and processes that optimized
blend (to obtain given microstructure) to produce desired
properties. The major types of metallurgy are process metallurgy,
defined as the reduction of ores, refining metals, alloying, casting,
and shaping metals (i.e. steel production companies) and physical
metallurgy which includes application, design, testing, and
inspection (i.e. steel tube manufacturing). We will address the
latter in this section.

Some simple descriptions of the elements of steel may be useful
here. These are some general rules, Nickel increases low
temperature toughness, molybdenum increases high temperature
strength, and chromium increases corrosion resistance. The
following represents a discussion of how all of these elements fit
together.

6 During the 1980s considerable attention was focused on

preventing and understanding boiler-tube failures, which are the
principal cause of forced outages in power plants. Understanding
boiler-tube failures may lead to substantially improved performance, availability, and reliability of steam
generating equipment, The explanation of the root cause of the failure may lead to reduced frequency of

future failures, sirce appropriate corrections may be made in a timely fashion.

P
=]
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Thermal degradation of the microstructure occurs at elevated
temperatures and weakens the steel. The onset of this change is
temperatures above about 850°F for carbon steels and above about
1000°F for chromium-molybdenum steels. Microstructural changes
precede creep failures. Occasional short-term, high-temperature
excursions hasten the process. Excursions to very high metal
temperatures will, by themselves, cause instantaneous failure.
Examination of the microstructure will indicate its temperature at the
moment of rupture.

Metal wastage reduces the thickness of the pressure part and
increases the operational stress that hastens the onset of failures.
Erosion by fly ash, soot blowers, or coal particles leads to metal loss.
Usually erosion patterns are well known and may be repaired as a part of an annual outage. Fire-side
corrosion comes from liquid-ash attack in the superheater and reheater at temperatures above 1000°F
(540°C), on furnace walls at temperatures below 750°F (400°C), and dew-point corrosion by condensing
sulfuric acid occurs at temperatures below 300°F (150°C). Ordinary high-temperature oxidation consumes
steel also. Metal loss from oxidation is 1-2 mils per operating year, while liquid-ash corrosion rates may be
as high as 15-25 mils per operating year, although they usually are 2-4 mils per operating year. Water- or
steam-side corrosion comes from impurities, most often oxygen, or excursions in boiler-feed water
chemistry that are outside of the normal control range.

Welds are a continuing source of trouble, especially in high-temperature components. When a superheater
and Reheater support or alignment clip breaks, oxidizes, or corrodes, or slip spacers do not slip because of
fly-ash pluggage, welds break. These failures cause bundles to fall out of alignment, and improper flue-
gas distribution through the pendant sections results. Poor flue-gas distribution then puts added thermal
stress on these high-temperature components. Weld backing rings are a source of corrosion, hideout, and
fatigue cracks. Chemical cleaning may lead to preferential corrosion of the heat-affected zone of welds in
drums, headers, and downcomers. Rolled tube ends are also subject to more rapid corrosion during
chemical cleaning. Dissimilar-metal welds between ferritic and austenitic alloys have local high -
temperature stresses that lead to premature failure.

Fatigue, thermal fatigue, and corrosion fatigue are causes of failures that are difficult to identify before
actual failure occurs. Thermal-fatigue cracks can form on the insides of headers and drums that suffer
temperature excursions. Superheater and Reheater outlet headers may have large tube-to-tube
differentials in steam temperature that accentuate and promote thermal fatigue or creep-fatigue failures,
Waterwall tubes suffer corrosion fatigue, especially at welded attachments or buck stays, when there is
insufficient allowance for differential thermal expansion.
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Failures caused by human error or poor overall quality can occur in any manufactured item. However,
within a boiler, human error can be operator error (e.g., a low-water upset) design error, or poor choice of
material. Material defects, laps, seams, ar poor-quality welds are amenable to prevention by appropriate
inspection techniques. For the most part, these kinds of mistakes have been well identified and are not a
principal focus here,

A variety of steel materials are applied to fabricate the tubes used throughout a boiler. As much as 300
miles of tube ranging from 0.75 to 3.0 inches outside diameter may be required to generate, superheat, and
reheat in a large unit. The design coolant temperature and thus the tube metal temperature vary from as
low as 350° F at the economizer inlet to over 1050° F at the final superheater / reheater outlet.

Engineering choices based on economics are made to place the appropriate tube steel at any one location
in the boiler. Temperature is one of two considerations, the other being pressure. The units operate at
several thousand pounds of pressure.

Table 1 -- Most Frequently Used Steels

ALLOY SPECIFIC ATION .MAXIMUM s EFUL

TEMPERATURE [

sm?a, SA192, [

Carbon-steel SA210, SA106, (850 |

SA515, SA516 [4

Carbon-1/2 it
A2 9

Mulyhdenum A0 o i1

1 1/4 Chromium- {SA213 T-11 E'mw H

1/2 Molybdenum [SA335 P-11 i

2 1/4 Chromium- §5A21 3T-22 e 1

1 Molybdenum |SA335 P-22 Ij

18 Chromium- ISA2]3 TP304(H), | I i

10 Nickel 321(H), 347(H)

ﬁ.?r_tm TP ~ T il g i 1 !

These five alloys cover probably 85% to 90% of the steels used of the many acceptable grades listed in the
Code. There are others that may find specific applications, for example 1/2 Chromium-1/2 Molybdenum
alloy 5A213 T-2, 9 Chromium-1 Molybdenum alloy SA213 T-9, and corrosion-resistant, high-temperature
alloys of nickel and chromium, SB-407.

The maximum useful temperature is determined either by corrosion or oxidation concerns that limit the
useful life before premature failure or changes within the microstructure occur that weaken the steel too

much for elevated-temperature service.
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Exotic materials are required to
perform reliably and safely for the
life of the unit, which can be more
than forty years. A primary
function of the boiler inspection
team is to manage these exotic
materials by replacing and
repairing them before degraded
performance and subsequent
failure occur.

(

An accurate record of the locations
where material and size
transitions occur is essential to
assure the proper replacement
steel and welding procedure is
used when failure repairs are
performed. Tubing circuit
diagrams of Superheaters and
Reheaters are essential reference
documents for each boiler in a
power station. These diagrams
must be updated when changes
are made during the service life of
the boiler. There are occasions
when materials must be
substituted due to lack of
availability of the design material.
This section on metals is designed
to empower you with the
knowledge necessary to properly
select substitute materials.
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Since the steam temperature in a superheater tube can vary from below 800° F (427° C) to over 1050° F
(566° C), the material and minimum wall thickness (MWT) of a tube will vary at different locations within
the circuit. The tube material varies from plain carbon steel (SA-192) at the superheater inlet header to
austenitic stainless steel (SA-213 TP347H) just before the rear pendant superheater outlet header. Usually
a material transition from austenitic steel to ferritic steel will occur in
the final leg because the tubing is outside the boiler gas passage and
inside the boiler header enclosure or penthouse.

See the drawing above to appreciate the complexity of tube materials

in a typical superheater or reheater.

The American Society of Mechanical Engineers (ASME) has approved
certain steel materials for use as tubes in boilers designed according

g |

®

to the ASME Boiler and Pressure Vessel (B&PV) Code. The ASME specification number is commonly
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used to identify the tube steel type allowed at different sections of the boiler. The ASME specifications are
essentially the same as the American Society for Testing and Materials (ASTM) standard specifications for
stee] tubular products. The ASME specification is normally used to purchase replacement tubes.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

The ASME Boiler and Pressure Vessel Code govern all boiler pressure part materials. The ASME B&PV
Code have established criteria for the allowable stresses that may be placed on all tube steel as a function
of temperature. Allowable stresses are reduced for operation in the high temperature regions of the
superheater and reheater. These criteria have been set to allow for considerable tube life, provided design
conditions are not exceeded and corrosion or erosion does not appreciably reduce the tube wall thickness.
Experience shows that virtually all boilers frequently operate outside design conditions. This is the sole
reason boiler inspection teams exist. It is the responsibility of all involved with boiler inspections and
maintenance to mange the variations in design and performance of these exotic materials.

One important factor in the selection of a tube material is its oxidation resistance at high temperature.
While the ASME B&PV Code provides allowable stress values at high metal temperatures, the boiler
manufacturers have placed maximum allowable temperature values that are lower than the highest ASME
temperature values.

The limits take into consideration the heat transfer design analysis and the oxidation resistance properties
of the actual tube materials used by the manufacturer. A direct comparison of maximum tube metal
temperature cannot be made without information on design calculations and on actual material
properties.

Tube metal temperature will increase throughout the steam path in both superheater and reheater circuits
and requires the use of more oxidation resistant material when the temperature exceeds these limits.

Overheat is the creep (time-dependent strain that occurs under stress) resistance of the metal must be
considered. Chromium is added to the steel to enhance its oxidation resistance and to improve its high
temperature strength, Ferritic and austenitic stainless steel alloy tube products, such as made in
accordance with ASME specifications SA-213 and SA-249, are employed to provide the high temperature
strength, oxidation resistance, and ductility required.
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Technical Discussion of the Properties of Steel

ADVANCED BOILER INSPECTION TECHNIQUES 2011

A. Tensile Properties

1) When metals are pulled (stressed) with a uniaxial increasing load, the material stretches (strains).

Figure 1 shows the relationship between stress and strain for specific materials. With increasing load, the

material strains elastically until it reaches the yield point. During this period of elastic behavior, there is
no permanent deformation; strain is

[ Steel E,-"‘x"'--.__ Tensile Strength directly proportional to the stress.
-

s

YR Steel A \ 2) Continuing to increase the loading
a2
[J

Yield Point or Proportional Lirmit beymr'-d thaa‘ yield point results in
v P plastic strains and eventually

breakage of the component material.

A to YP Elastic Deformation  Puctility is a measure of the amount

¥YP to X Plastic Deformation of plastic deformation the steel will

X Breaka . . i g
Spacimg;;naf Tensille  gustain before breaking. It is usually

expressed as a percentage elongation
or reduction in cross sectional area of
the specimen. How much plastic

strain steel will exhibit is quite variable and is generally inversely related to the tensile strength of the
material.

Stress —

o Strain

(3) The effects of carbon (carbides) in tensile properties are that with increasing carbon content, tensile and
yield strength increases in the carbon steels, while elongation values (ductility) decrease with increasing
carbon.

(4) Greater strength could be realized by using steels with higher carbon, but ductility and weld ability
would suffer. Pressure part steels have a specification requirement of 0.35 percentage carbon or less due
to this limitation.

B) Hardness

(1) The hardness of a material is a measure of resistance to plastic deformation and is related to the tensile
strength of the steel. It is also used as an indicator of the machinability and abrasion resistance of steel.

C) Fatigue
(1) The stress a material can withstand under repeated application and removal of load is less than that it
can withstand under static conditions. Dynamic, cyclic loading causces slip and cold working in minute

areas localized at grain boundaries and at stress concentrating notches of various types.

(2) Fatigue strength is the magnitude of a cyclic stress, which a material can resist for a specified number
of cycles before failure.
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(3) The endurance limit is the stress level at which a material can tolerate an almost infinite number of
cycles.

ADVANCED BOILER INSPECTION TECHNIQUES 2011

(4) There are not specification requirements for measuring fatigue strength or endurance limit.

(5) Fatigue failures in boilers are the result of excessive or unexpected cycling strains and are not
attributable to in any deficiency of the steel.

D) Toughness

Under most circumstances, ductile steel can tolerate localized stresses
above the yield point by plastically absorbing and redistributing
these stresses. However, under certain circumstances of geometry or
impact, when this redistribution is not possible, steels with
considerable ductility area subject to a brittle cleavage mode of
failure. The property of toughness is the ability to resist this type of
failure.

Impact tests are the means of assessing toughness, but such tests are
not required for boiler steels.

(3) Temperature is important to determine whether cleavage type failure can occur at a temperature
decrease below 70 degrees F. As such, the only concern for this type of failure in boilers is during
hydrostatic test.

E) High Temperature Properties

(1) Creep- At elevated temperatures, steels will continue to elongate under constant load below the yield
strength of the material, Creep rate is used to measure this property,

(2) Stress Rupture- At elevated temperatures steels will fail under constant load below the yield strength
of the material. Stress rupture strength is used to measures this property.

(3) Creep-fatigue interaction- when metals are exposed to cyclic loading while operating at temperatures
within their creep range, the effects can reduce fatigue life. The introduction of periods of hold time at
temperature, while under maximum strain, causes the slope of fatigue curves to change considerably.

(4) There are not specification requirements for assessing any of these properties important to high

lemperature properties. Room temperature tensile properties do not provide a basis for determining
behavior at elevated temperature, i.e., behavior in the creep range.
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Fia. 10-26 Type 321 stainless steel superheater tube that failed by thick-lip stress rupture
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IMPORTANRT MICROSTRUCTURAL CONSTITUENTS OF BOILER TUBE STEELS

Appaatance in Hardness

Conscicuant Erched Section Cowmposition and Strengrh Doctilicy Commants

Ferrite Bright Iron with Low Ductila

(a=4iron) digsglved

carbon and
other
elesents

Anstenite Bright Lroa with Low Dactile Koomagretic; main

(r=irom) dissolved constituent of maoy

carbon and 300 paries scainless
other steals and a faw
elamants . othars

Cemsntite Particleas, Iron car- HBigh Vary
rods, plataa, bida, FeqC brittle
usually small

Othart Parcicles, Carbides of High Very In alloy steels

carbidas rods, plates, molybdenus, brictle
usually emall vanadium,

chromius,
[ --

Graphite Dack gray Carbon Low Brittle GCenarally wndesicable
sodules or in stsals; may form
flakan by decomposition of

carbides

Sigma phase Must be fden— Variable: High Vary May form in high
tified by spa= ooaimally briccla chromiva boiler tubae
cial staining FeCr steals dorlog servies
etchanks or by
X-ray diffrac-
tion

Paarlite Lamellar Moderate Duccile
(layared) com—
binacion of
ferritas +
capsntice

Martensite Bright, Iroa with High Brictle Bot foond 1o tube

{uncempared) aclcular dissolved steal voless tube
(nesdle-liks) carboa has been capidly

quenchad from high
temperaturs aftar
overhaating fallure

Tempared Dark-satching, Iron with Lower than Leas

martenaite acicular dissolved unt eapared bricela

carbon + marceasite than
carbidas unt empeTad
martensite

Bainice Highly wari- Farrite Intersadiate Doctile
abla: feathery, platas + batween fer—
blocky, or sis~ fios car- rite snd
ilar to cew— bida martansita
paTred marten— particlss
site

226 E&1987-2010 LDC all rights reserved United Dynamics AT 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525




(0

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

The figure at the right shows a schematic of a time- 0 L e BRALLL BRURLL BREALLL RLRAAL BEELLL
temperature-transformation diagram for low-carbon |- A '
steel, similar to SA-192. Three cooling curves are .
superimposed to indicate the cooling rates needed to
form three types of HAZ microstructures, Cooling
rate "¢”, the slowest, forms ferrite and pearlite. From
a practical viewpoint these HAZ structures are
seldom seen. Cooling rate b leaves a mixture of
ferrite and a quenched structure from the austenite,
often a Widmanstatten structure. This intermediate
cooling rate is most often found. Cooling rate “a"”
forms a martensitic HAZ and is to be avoided,

especially in the higher-chromium alloys.

FIGURE 7.4. T-T-T curve for a low-carbon steel with 051 2 510 i 103 io? 10" 10
three cooling rates superimposed. Tume: (3}

The cooling rate from the all-austenite region determines the final microstructure. Under equilibrium
conditions, cooling rate ¢ and slower, ferrite begins to appear at the upper critical transformation
temperature. The relative amounts of austenite and pearlite change, as does the composition of austenite.
At the lower critical transformation temperature, the austenite transforms to pearlite. At a more rapid
cooling rate, b, the transformation of austenite is suppressed and ferrite only begins to form at
temperatures below the upper critical transformation temperature. The dashed line in Fig. 7.4 indicates the
formation of ferrite, which forms preferentially along the austenite grain boundaries and along particular
crystallographic planes in the austenite. The cooling rate is now fast enough to prevent the formation of
pearlite, and the austenite transforms to bainite or, perhaps, martensite. Extremely rapid cooling rates,
“a", prevent formation of ferrite, pearlite, and bainite, and the final microstructure is martensite. In low-
and medium carbon steels (SA-192 and SA-210 A-1), cooling rates are seldom quick enough to form
martensite, and the usual HAZ structure is ferrite and bainite,
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Figure at the right shows the expansion and contraction
characteristics when heated to and cooled from about
TR00°F. The hady-centered-cubic arrangement of atams
in ferrite is not as densely packed as the face-centered-
cubic arrangement of atoms in austenite. Thus, at about
1350°F, the lower critical transformation temperature, as
ferrite transforms to austenite, the denser atomic
packing appears as a contraction of the length of a
sample. The lower critical transformation temperature
depends on the alloy content. Table XV in the appendix
gives the approximate temperatures for the more
common ferritic boiler steels. At about 1550°F, the upper
critical transformation temperature, the ferrite-to-
austenite transformation is complete. The slope of
heating curve below 1350°F is in the thermal-expansion
coefficient of to and peatlite; the slope of the heating
curve above 1550°F is the thermal expansion

coefficient of austenite. During welding the base- Schematic presentation of the expansion of
metal heat affected zone will follow a heating curve
similar to that in Fig. 7.5. The slope ferrite and a low-carbon steel during heating and

pearlite is not as steep as the slope for austenite; that
is, coefficient of expansion for austenite is greater than that of ferrite and pearlite.

When welding is complete, the HAZ begins to cool. When the cooling rate very slow, the transformation
back to ferrite and iron carbide or pearlite follows the heating curve, and the final transformation product
in the HAZ be ferrite and pearlite. For more rapid cooling rates, the transformation ferrite and carbide is
suppressed, and martensite begins to form at a temperature of about 400°F; see Fig, 7.4. For carbon steels,
the cooling rate prevent the formation of ferrite and iron carbide is very rapid, and, for the A part, the
heat-affected zones show structures that are free of martensite.

Another consideration in carbon steels is the cooling rate through the two phase region of ferrite and
austenite. Again, if the cooling rate is slow enough to allow ferrite to form, the initiation sites for ferrite
formation are in the austenite grain boundaries and along particular crystallographic planes in the
austenite. Under these cooling rates, the microstructure just prior to austenite transformation is a mixture
of austenite and ferrite with h austenite grain nearly surrounded by ferrite. The final microstructure is a
Widmanstatten structure.

The second effect of the cooling of the heat-affected zone is the residual stress that remains following the
austenite transformation. The change from BCC ferrite to FCC austenite involves a rearrangement of the
iron atoms > a more densely packed structure. The discontinuous change in length at 1350°F in Fig. 7.5
reflects the closer spacing in the atomic alignment.
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The change in volume of the HAZ must be accommodated by the surrounding metal. Stresses, or more

accurately strains, within this material leave both HAZ and adjacent material with locked-in residual
stresses. Such strains lead to distortion or, perhaps, cracking,

Figure 7.5 shows that when the transformation occurs at an elevated temperature, the volume change
(shown in Fig. 7.5 as a change in length) is filler than when the transformation occurs at a low
temperature.
Extrapolation of
the cooling of
the austenite
line to 500°F,

for example,
leads to a
bigger change
in length
because the
coefficient of
expansion of

¥,

austenite is

larger than that

of ferrite. When EXPERIMENT .1]., I l

th'E' SU'H'EEWM’J

transformation of austenite occurs at high temperature, the surrounding material is both more ductile and
weaker than at low temperatures. When the transformation of austenite occurs at a low temperature, the
volume change is greater and the surrounding material is stronger and less ductile. The net result is a
greater strain and residual stress within the heat-affected zone when the transformation occurs to
martensite rather than to ferrite and iron carbide.

The effect of alloying elements on the T-T-T curve of Fig. 7.4 is to shift the nose of the pearlite
transformation to the right. Slower cooling at SA-213 T-11 or 5A-213 T-22 than in 5A-192 will form
martensite, for example. The transformation to ferrite and carbide is suppressed, and martensite will form
at slower cooling rates. Cooling rates for the formation of satisfactory heat-affected zones in low-carbon
steel will form unsatisfactory, martensite, heat-affected zones in alloy steels. Thus, for low-alloy, ferritic
steels, cooling rates need to be reduced to prevent excessive residual stresses. The easiest way to
accomplish this is to preheat the area surrounding the weld. Depending on the alloy content, higher
preheat temperature will be needed to retard HAZ cooling rates enough to prevent damage
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How much preheat depends on the composition. ASME suggest the following,.

Material Preheat, °F

Carbon steel (<I in and <0.30% C) 50
Carbon steel (>1 in and >0.30% C) 175
Carbon + 1/2Mo (>5/8 in) 175
Carbon + 1/2Mo (<5/8 in) 50
1-1/4Cr-1/2Mo (>2 in) 250
1/4 Cr-1/2Mo (<2 in) 50
21/4 Cr-Imo 300

The heat-affected zones of austenitic stainless steels are different in the sense that there is no
transformation between ferrite and austenite on heating and cooling during welding. The heat-affected
zones of the austenitic stainless steels reflect only the peak temperature during welding. As temperature is
increased, residual-stress relief, recrystallization of cold-worked structures, and grain growth occur. In
those regions immediately adjacent to centerline of the weld, there will be fairly laige austenite grains,
and the n size will decrease until the cold-worked structures are not altered by heating and cooling cycle
of welding,.

The long and the short of all of this is that no pad weld or overlay should be installed in carbon steels
below 50° F. Any T-22 pad weld should be preheated to 300 ° F. This will help reduce stress in the
materials. As discussed in other sections ot this manual the cooler the application of the weld the better.

Last but not least the pad welds should be TIG re melted at the edges of the pad area to reduce the notch

at the toe of the welds all the way around the area. Grinding or smoothing the transition would be a
second choice although not as effective.
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12. Hydrostatic testing yes or no?

The use of hydrostatic testing has become a commercial issue
rather than the diagnostic it was designed for. The issue to
many is the rapid return to service after a boiler repair. If we
don’t hydro then the thinking is that we can reduce the overall
time that we are not commercial. This is strictly a gamble
assuming that no other leaks or conditions present themselves
during the after repair hydro.

The following is same guidelines for doing a hydrostatic test.
In North America then the NBIC will give the guidelines on
hydrostatic testing,

Hydrostatic test duration of boilers is placed in to four
categories;

1-Proof [British developed this many decades ago]
2-Integrity [Brand new units get this]

3-Repair

4-Leaks.

Hydrostatic tests can be at 1.5 times MAWP. This is an integrity test.

The repair hydrostatic test is done just below the lowest safety valve setting. There are some folks who
believe that inspection cannot be carried out at 100% MAWTP and should be lowered after holding for 30-
minutes then the boiler entered for inspection. Now, hydrostatic tests are not going to create any serious
hazard if inspected at that pressure. You will have to make that determination.

The leak test is less or equal to the pressure just below safety valve settings. It should be at least at 90% of
operating pressure, The problem is very tight cracks will not leak at low pressure so do the leak test near
the safety valve setting for the best success.

Finally the temperature of the water and metal surfaces has to be such that at the lower temperatures
condensation or dew point will not occur and at the higher temperature the tinniest of leak will not
evaporate from heat, ASME wants not less than 70F and NBIC wants not less than 60F and not greater
than 120F. I would work with in the NBIC but follow what I said before about condensation and
evaporation. Evervone should buy in to this.

The purpose of the hydrostatic test is to find leaks and it is not a proof test where deformations are the
criteria. Although, while you are inspecting the boiler during a hydrostatic test you should inspect for
leaks and if you notice a deformation then take appropriate action. Some folks take the safety precaution
that there maybe weld repairs that have not proven themselves under a hydro and deformation may occur
or the repair may blow out. This has happened although rare.
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The duration should be at least 30-minutes or longer [this time frame is determined by the ability for a
leak to manifest. Drop the pressure to less than MAWP or to a safe agreed upon pressure that will still
attribute to a leak and enter the baoiler firesides and inspect.

BOILER FILL WATER TEMPERATURE REQUIREMENTS

Items 1 and 2 are recommended boiler water and metal temperature limitations for
filling the boiler during normal unit start up and operation. Items 3 and 4 define
ASME code temperature limitations prior to applying pressure for a hydrostatic test
and before close examination, respectively.

1. The temperature differential between the fill water being introduced and the
boiler metal temperatures shall not exceed 200°F. The boiler metal is defined as the
highest temperature component that will be wetted by water for, and for hydrostatic
test filling it is defined as drum shell and superheater outlet header(s). The intent of
this limitation is to reduce stresses within thicker walled components that can be
exacerbated by thermal gradients.

2. If the boiler metal temperature is less than 100°F and the fill water
temperature is greater than 100° a low fill rate shall be used, i.e. a single condensate
pump or a feed pump at minimum flow rate. The intent of this limitation is to reduce the risk of brittle
fracture. The risk for brittle fracture increases if external surface cracks exist.

3 * 1992 ASME Power Boiler Code, Section 1, PG-99 Hydrostatic Testing states: "After a boiler has
been completed, it shall be subjected to pressure tests using water at no less than ambient temperature,
but in no case less than 70°F." The intent of this limitation is to reduce the risk of brittle fracture. When
metal temperatures are below the transition temperature, steel is more prone to brittle fracture. We
further qualifies ASME by recommending both water temperature and metal temperature to be no less
than ambient, butin no case less than 70°F. The 70°F temperature limit must be observed on all pressure
parts subjected to the hydrostatic pressure. The water and metal temperature limitation can be found in
the Hydrostatic Test Procedure tab of the Unit Instruction Manual.

4. * ASME Code, PG 992, further states that prior to examination of the pressure parts when the
boiler pressure is at maximum allowable working pressure (MAWP) or less, "The metal temperature shall
not exceed 120°F during the close examination.” The intent of this limitation is to reduce the risk of injury
to personnel during close examination,
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NOTE:* Depending on the condition of a component to be hydrostatic pressure tested, it may be our
recommendation to maintain a metal temperature greater than 120°F. The 120°F maximum temperature
limit is applicable in most cases, however, if the component is sampled and assessed to have reduced
fracture toughness (a metal's resistance to brittle fracture) the transition temperature will increase. The
transition temperature range is the range at which a particular grade of steel shifts from having ductile
properties to becoming more prone to brittle fracture.

NOTE: The ASME code applies to new boilers. Hydrostatic Tests performed after the successful
completion of the unit's initial hydrostatic test are guided by the National Board Inspection Code (NBIC)
and the owner's Insurance carrier. The NBIC states the following: "The temperature of the water used to
apply a hydrostatic test should not be less than 70°F (21°C), and the maximum temperature during
inspection should not exceed 120°F (49°C). If a test is conducted at 1-1/2 times the MAWP and the owner
specifies a temperature higher than 120°F (49°C) for this test, the pressure should be reduced to the
MAWP and the temperature to 120°F (49°C) for the close examination.”

For further information on Hydrostatic Testing refer to Hydrostatic Testing or ASME Code requirements
for Hydrostatic Test - New Boiler Construction.
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13. Repairs

Tube replacement vs. repair

Welding

There are about 25 welding processes. We
will only discuss three of these as they
apply to welding in and around the boiler.
Shielded metal arc (SMAW) (rod or stick),
gas metal arc (GMAW) (MIG), and gas
tungsten arc (GTAW) (TIG).

For SMAW use 3/32"diameter

electrodes for tubes over 0.125"

thick. Before using this process a
minimum thickness of 0.150" is required.
Follow the weld layer sequence and
general techniques of the aforementioned
instructions. The E7010-Al electrode may
be used for hard to weld areas and where
the electrode may not be kept within 20° of
perpendicular to the tube. Otherwise use
the E7015-Al or E8015-B2L electrode.
Always use the lower half of the
recommended amperage range. Maintain
the stringer bead technique to minimize
penetration.

For GMAW use only the short-
circuiting type of arc. This
process may be used on tubes
0.90" or heavier wall. The
thickness is based upon using 75% argon -
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Arc walding & motal with o low melting point
ar low polidus requires less heat Input and more
accurate control of the process to prevent melting
through, especially if the metal ia thin. Melling
pointsof scomecommon metals and other temperatires
of intereat are shown in Fig. 1-31.

¢ [ °F
&020 -++ 10,900 Welding arc
3500 13 £330 Duyscatylwng Mame
3410 4+ 6170 Tungsien malis
2800 <4+ 5070 Oxyhydrogan flame
1890 44 3430 Chromium melts
1870 +1+ 3340 Natural gas burner
1539 + 2802 iron melts
1083 - 198 Copper melis

680 ++ 1230 Aluminum malts
419 =+ 787 Zingc malts

737 4 449 Tin moits

044+ 32 lce melts

-39 H —38 Murcury melts
—78 -+ =110 Dry ice vaporizos

—273,184+ — 46072 Absalute oo

Fig. 131, Meitng paents of 10100 Metals and olher tempoatunes §
miereal

25% carbon dioxide shielding gas. Carbon dioxide (100%) may be used for the shielding gas with the
advantage of less penetration but more spatters would be present. Voltage and amperage values should
be in the lower half of the range specified, but carefully balanced for good weld ability.

This may be used after depositing one bead layer on thin tubes with the gas tungsten arc process. Less
heat input is used when compared to manual metal arc allowing for thinner sections to be welded.
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For fill welds this is best suited for use on thin sections or holes. Filler metal should be added

for all passes unless a bead is not completely fused. A pass without adding filler metal may be

used, butis not recommended. By starting on the heavier section of tube, a puddle is

established before entering a thin area. Once a weld puddle has been established, begin adding

filler wire to the front of the puddle. By laying the wire on the surface and passing over it, the filler wire

absorbs some of the heat reducing penetration and the change of burn through. Repair of holes, leakage
points, and severe notches or dislocations are best repaired by this method.
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Pad Weld / Overlay Applications

There is much discussion about replacements as repairs and their proper application. In a utopian world,
replacements are the desired repair for anything threatening the pressure boundary. There are, however,
constraints such as access, time, length of repair, and material availability, which force alternatives. In
these cases we must make other repairs that may not include replacements. Pad welding and tube
shielding are common alternatives to tube replacements.

EXPERIMENT FEM

10 &

Stran x10.000

The extremes of compressive (blue) and tensile (red) strains in steel carrying a pad weld / weld overlay are
shown by neutron diffraction mapping. Undesired welding process variations cause irregularities in the
strain distribution.
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When considering repairs, a well-defined repair criteria must be considered. As previously discussed,

action levels need to be established based on prior set criteria. To determine criteria we must follow some
rules.

You can calculate your own thresholds by calculating hoop stress based on ASME specifications and
applying that information to your MWT of each component.

You can adopt a recognized criteria used by most OEM’s and UDC. These suggestions are based on item
one above.

<65% of MWT for replacements
<75% >65% of MWT for pad welds
<85% >75% of MWT for shielding

3. Thinning rates must be established before proper application of the rules.

4. The scheduled run time must be considered in applying the rules. You must effect a repair that will not
be compromised within the scheduled operations time. You may have to implement a more conservative
criteria to achieve the desired result. Depending on the circumstances, you may need to increase the
MWT above design or to apply heavy shielding. When increasing MWT, consult your engineering

department for their interaction, as this will affect performance of the boiler. Always consult engineering
when considering a design change in the boiler.

It has been our experience over the last 30 years that a properly installed pad weld can be an effective
long-term repair. This is some contrast to the formal recommendations suggesting replacement. We do
not support pad welding in lieu of replacement; however, we do suggest that the pad weld will be more
survivable if installed properly. It is common practice to install pad welds as a compromise to
replacement.

To continue this discussion we must consider the
physical risks of other repairs. Pad welding is the
most popular repair method for thinned tubes. A
pad weld is nothing more than a large heat affected
zone on the tubing. In all heat affected zones there
is a modification to the grain structure, which
affects the strength of the modified material.
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The number one suggested repair for pressure boundary thinning is replacement; however, there exists
several conditions when pad welding is more practical:

If the thin area is small (less than 25% of the surface of the tube outside diameter vertically and
horizontally), then pad welding is acceptable. This would also apply to crack removal as well as tube wall
thickness restoration.

If acceptable replacement material is not available.

If access is not practical.

You should never pad weld under the following
conditions.

If a copper deposition on the waterside of the
tubing is likely.

If a hole or crack breaches the tube inside diameter.
If the remaining wall of the tubing is very thin
(<.0625" 1/16").

If the lengths of the pad weld exceeds 18",

If the work quality of available welders is
questionable.
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,"i-

Copper (Weld Repair Caution)

(]

&' a. Molten copper can penetrate the grain boundaries of steel causing failure.

b. Weld repairs of either the butt weld or pad weld type can readily melt any copper present on the ED
surface. This can result in failures.

c. Copper can be locally removed when preparing the ends of tubes for butt-welding.

d. When considering making weld build up pad welds, samples should be checked for the presence of
copper.

e. If present, it would be prudent not to weld the tubes until the copper is removed by chemical cleaning
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Problems associated with the use of Pad welding and Overlay welding

The failure conditions listed below should be considered before any pad welding or overlay welding are
administered. If you have any of these underlying conditions then you should not overlay or pad weld.

HYDROGEN DAMAGE see page 165

PITTING see page 159

CAUSTIC CORROSION see page 161

STRESS CORROSION CRACKING see page 153
THERMAL FATIGUE see page 79

Corrosion Fatigue see page 155

Dissimilar metal welds see page 67

CREEP see page &7

ACID PHOSPHATE CORROSION see page 163
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Repair procedures

Caution with stainless steels

A presentation was made by Mr. R. Schueler on the use of austenitic stainless steel on October 28, 1999
during the Annual Chiefs’ Technical Seminar held at Columbus, Ohio is quite relevant to the discussion of
stress corrosion cracking. The presentation can be summarized as follows:

Type 300 series stainless steel has been used in boiler and pressure vessel applications for quite some time.
Typically it is used where contamination and/or corrosion may be considered a problem. Some ty pical
applications include food processing vessels and boiler Superheaters.

However, it is important to consider that there may be downsides with the use of these materials. For
many years, the oldest code of the ASME, Section I, Power Boilers, has made a number of precautionary
statements for the use of austenitic stainless steel. However, because not all people took notice of the
provisions, a number of revisions in Section I have been added in the last few years.

In particular, a new paragraph PG-5.5 was added in the 1998 Addenda which states that "The use of
austenitic stainless steel is permitted for boiler pressure parts which are steam touched (sic) in normal
operation. However, the use of such steel for boiler pressure parts which are water wetted in normal
service is prohibited except as specifically provided in PG-12 and PEB-5.3.1"

The added footnote (1) of the paragraph noted that "Austenitic alloys are susceptible to intergranular
corrosion and stress corrosion cracking when used in boiler applications in water wetted service. Factors
which affected the sensitivity to these metallurgical phenomena are applied or residual stress and water
chemistry. Susceptibility to attack is usually enhanced by using the material in a stressed condition with a
concentration of corrosion agents (e.g. chlorides, caustic or reduced sulfur species).

For successful operation in water environments, residual and applied stresses must be minimized and
careful attention must be paid to continuous control of water chemistry.”

The 1999 Addenda of the ASME Section I Code introduced a new set of rules under paragraph PG-19
which requires the calculation of percentage strain in the forming of the various shapes used and items
exceeding the limits will have to be heat treated at a temperature over 1800°F (982°C) and in some cases
over 2050°F (1121°C).

Although not having the statements because the Section is less product specific, ASME Section VIII
Division 1 provides for guidance under paragraph UHA-6 that "Specific chemical compositions, heat
treatment procedures, fabrication requirements and supplementary tests may be required to assure that
the material will be in its most favorable condition for the intended service. It goes on to note that "This is
particularly true for vessels subject to severe corrosion. These rules do not indicate the selection of an alloy
suitable for the intended service or the amount of corrosion allowance to be provided”.

For the National Board Inspection Code, NBIC-23, paragraph RB-3240(g) also provides for specific
guidance on this matter. It should be noted that stress corrosion cracking introduced by chlorides could
actually occur in such simple instances as a hydrostatic test using city water.

The three factors which promaote Stress Corrosion Cracking in this case are a) Stress which could be
induced by pressure or weight, b) chemistry of contents, such as a very small amount of chloride and c) a
liquid, normally water, in contact with the metal. Removal of any one of the three factors will help to
prevent this form of corrosion.

Other possible preblem areas with the use of stainless steel in conjunction with carbon steel include the
different heat treatment temperatures and differential expansion. P-1 material is typically heat treated in

241 @1987-2010 UDC all rights reserved United Dynamics “AT” 2681 Coral Ridge Rd. Brooks, KY 40108 Voice- 502-957-7525



(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

1100°F range while P-8 in the 1900°F range. Also, stainless steel typically has an expansion rate 1.5 times
that of carbon steel. Special attention must be paid when the materials are used together.

Codes and standards provide for good guidance but purchasers, designers, manufacturers and users need
to become more aware of the properties of stainless steel for the actual intended services to allow for safe
pressure equipment applications.”

Coming after the alert we issued in the last issue of the Pressure News concerning the mistaken
substitution of stainless steel for carbon steel in a mechanical clamp that caused a catastrophic failure, Mr.
Schueler’s presentation again alerted our industry to the importance of cautions that must be exercised in
the selection and use of materials for pressure equipment.

ABSA wishes to acknowledge the support of the National Board in all matters related to pressure
equipment safety in general and in the publication of this article in particular.

242 19872010 UDC all rights reserved United Dynamics "AT" 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- S02-957-7525



(8

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

The National Board Inspection Code (NBIC) provides guidelines and rules for repairs and

alterations to boilers and pressure vessels after they have been placed into service. Any welding

should be done accordance with your local rules and codes. This jurisdiction may be under the

authorized inspector. Jurisdictional requirements involving the Al vary widely. Most
jurisdictions require the owner to obtain the Al's ACCEPTANCE BEFORE REPAIR OR ALTERATION.
However, the NBI Code places the responsibility of coordinating the acceptance inspection on the
contractor. Anyone that is required to do pressure part welding owner, contractor or manufacturer must
use approved welding procedures done by qualified and certified welders.

What are the functions of the National Board?
The National Board is comprised of Chief Boiler Inspectors representing government agencies from across
North America. functions include:
= Helping to maintain quality within the boiler and pressure vessel industry through the process of
third-party inspection during the manufacturing process as well as promoting the establishment of
manufacturing, maintenance, and repair standards for boilers and pressure vessels.
= Offering an extensive training program for inspectors and other industry professionals, involving
continuing education in various disciplines of the boiler and pressure vessel industry.
= The commissioning of inspectors who pass an extensive examination administered by the National
Board, enabling the qualified inspection of boilers and pressure vessels.
* Maintaining a pressure relief testing laboratory -- setting the industry standard for testing pressure
relief devices and other appurtenances.
= Maintaining detailed records of all National Board registered boilers and pressure vessels.
= Accrediting qualified repair organizations and owner/user inspection organizations for repair and
alteration cof pressure-retaining items and pressure relief devices.
* Investigating accidents and code compliance problems involving boilers and pressure vessels.
* Educating the general public and government representation on the need for safety standards.
= Developing inspection, repair, and alteration standards (National Board Inspection Code).
What is the National Board Inspection Code?
It is the only standard recognized worldwide for in-service inspection repairs and alterations of boilers
and pressure vessels. This American National Standard has been adopted by a number of states and
jurisdictions, as well as by federal regulatory agencies including the U.S. Department of Transportation.
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The use of overlay welding on tubes (pad welding by a different name)
The use of overlay welding on tubes

(1) Since the early 1990's, U.S. utilities have been making major modifications to their fleets of coal fired
boilers to comply with NO, regulations. In many cases, this involved installation of low NOx burners and
overfire air registers, often resulting in oxygen deficient regions in the vicinity of the burners. Some of the
coal-fired utility boilers, which were converted to low NOx operating conditions, subsequently
experienced increased rates of waterwall corrosion. In response, some utilities turned to weld overlay
coatings for corrosion protection. In 1998, reports began drifting back to the ERC that some boilers with
weld overlay coatings were experiencing circumferential cracking of coated waterwall tubes. Since then,
researchers al the Center have been working to determine why these coating failures are occurring,.

The materials research team, led by Drs. Arnold Marder and John DuPont has been studying coatings for
boiler tubes for more than a decade. Their work has included investigations into the mechanisms of
waterwall corrosion and the effects of furnace conditions and alloy composition on corrosion rate. They
have looked at different types of coatings, including weld overlay, thermal spray and chromized. Their
research has included laboratory experimentation, laboratory evaluation of tube specimens obtained from
the field, and computer simulations.

As part of this activity, they recently completed a research program that evaluated the corrosion resistance |
of commercial weld overlay

coatings in a range of
oxidizing/sulfidizing
environments and various slag

compositions. With these results '

they were able to better define L

the corrosion mechanism in low Weld Cladding
NOx boilers through i
accelerated tests that included

cyclic gas experiments. They _ |

have also looked at the stresses gl |
and strains which arise during ' | Base Metal
the application of weld overlay O,
coatings. Teaming with Dr. hhz]ﬁ_ﬁ.l s o)
Herman Nied, a specialist in \ Amm.
stress analysis and fracture :

stedimsice

mechanics, they investigated the
effects of welding procedures on
the quality of the weld overlay coating and on the

Cross Section View of Circomferentiol Cracks in o Weld Cladding

In 1998, the group obtained five tube samples from three utilities, all with Inconel 625 weld cladding.
Laboratory analysis showed the weld clad coatings were not visibly thinned, but they did contain
longitudinal and circumferential cracks which were quite severe on four of the five tubes.
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The cause of the longitudinal cracks was 30

attributed to improper welding procedures ® Annealed

and recommendations were made on ways o As-Welded 50

of avoiding these types of cracks. 8 g
The circumferential cracks found across the § 0 oﬁ g 8 g
weld cladding are of greater concern since =] o D%EIPQ_IBO o "
they are related to boiler operating ; Iz o © e
environment. These ranged from minor to (%j_ > 5 4 % A W
very severe, with almost half the g ©

circumferential cracks having fully g © 10

penetrated the cladding, and in some cases, :f 2

into the tube material beneath the cladding, .90

Detailed chemical analysis showed each
circumferential crack contained a sulfur

"spine” which extended all the way down to Residual stresses in Inconel 625 weld overlay tubii
the crack tip.

Position From Interfaze, mm

Comparison of cracks to those found in an earlier study of chrome moly low-alloy boiler tube steels
showed a striking similarity. In the 1989 study, the materials group characterized citcumferentially
cracked low alloy steel tubes retrieved from service in several pulverized coal boilers. There were
approximately 20 to 25 circumlerential cracks per inch. Just as with the cracks recently tound in weld
overlay claddings, each crack was filled primarily with an iron oxide corrosion product, but each also
possessed an iron sulfide "spine” running down to the crack tip.

According to Marder, "Our research suggests the circumferential cracks are caused by a combined process
of corrosion and thermal fatigue. Stresses in the tube walls can be caused by temperature gradients,
resulting from fluctuations due to slag falls, sootblower operation and changes in the flame. These stresses
are magnified, in some cases, due to a thermal expansion mismatch between the cladding material and the
base metal. In general, corrosion can be caused by both oxidation and sulfidation mechanisms. However,
sulfidation is a more severe factor in coal-fired boilers because of the role which the sulfur plays in the
crack propagation process. Susceptible locations on the cladding surface act as thermal stress
concentrators and are potential sites for crack initiation and propagation. Corrosive sulfur species diffuse
to the crack tip and react with the steel alloy at the tip. This weakens the alloy and permits continued
growth of the crack with time."

DuPont adds, "Now that we think we know the causes of cracking of weld clad coatings, we are
continuing our studies to determine why some weld overlay coatings experience circumferential cracking
and others don't. Some coating alloys are obviously more susceptible to corrosion attack. There may also
be some features of the weld overlay process which lead to initiation of corrosion induced cracking. Our
goal is to be able to specify which alloys to use and how to perform the welding process to minimize the
potential for failure.”

Marder adds, "Based on discussions with our utility sponsors, we've developed proposals for two new
research projects that we think will help power companies cope with waterwall degradation in low NOx
boilers. One project, "Development of Low Cost Weld Overlay Coatings for Low NOx Waterwall Tubes,"
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will apply material design principles to develop low cost core wire compositions for weld overlay
coatings. The other project, "Remaining Life Assessment of Circumferentially Cracked Weld Overlay
Coatings” will estimate remaining life of circumferentially cracked tubes as a function of stress level,
coating composition and corrosion environment. Together, these two programs will enable utility
companies to overcome the circumferential cracking problem found in certain existing weld overlay
coatings and apply a new generation of low cost weld overlay coatings for the more stringent
requirements expected in the future.”

(1) LEHIGH research project Lehigh University.
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Waterwall panels have been weld overlaid in the field utilizing both 309 stainless steel and Inconel Alloy
625. Typical weld thickness has been to

100", The weld procedures were developed to minimize the hardness of the heat-affected zone (HAZ) of
the base metal. The concerns caused by this process include residual stresses introduced into the panels
due to the heat input during the welding and the different coefficient of expansion of the overlay. The
welding process may also introduce panel distortion, which could initiate problems at the buckstay
connections, The overlay could be applied on the tubes with the panels filled water to minimize the panel
distortion. However, this practice can limit other work planned on the waterwall circuit. The boiler will

require scaffolding to these areas with the proper clearances for the applicator's equipment. Power supply
and access are also important.

Weld Overlay Replacement Panels

The same material has been used on the shop-applied
panels. The same concerns apply on shop-applied panels
as far as residual stresses and heat input. Some of the
supplier has mechanically straightened the panels by
inserting the panels in roll mills.

Cost of Various Solutions

The cost per square foot for new waterwall panels for
supercriticai boilers without attachments and
installations are:

Carbon steel $100 - 125
T2 $125 - 150
T $150 - 175
Table 1

Installation cost is estimated to be $300 - Malerial Propertly Comparison Char
350/square feet Carbon Type Incoloy Inconel
Similar waterwall panels (material only) for sub Property Steel 304L 825 625

e e : Expansion Coefficient 759 969 83 7.5
critical boilers can be as low as $501ft. Mean to 700 F (370C) x
Overlay Costs 10°, in.fin. F
Their "all-inclusive” prices usually range from Thermal Conductivity @~ 320 142 115 "7
$200 - $500 per square foot TO0F (370C), Blwh ft* F

P 9 ’ Ultimate Tensile Strength, - 56 86 132
Ksi @1000F (540C)
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Information on Inconel 622

9 INCONEL Filler Metal 622 overlays have been used
successfully for more than four years in low-NQOx
boilers. In side-by-side testing, where Alloy 625
overlays have cracked in as little as 18 months, 622
overlays have performed with no cracking at very low
corrosion rates for more than four years.

In laboratory testing in waste-to-energy boiler
simulated environments, INCONEL Filler Metal 622
overlays exhibit about half of the weight loss and
depth of penetration of that exhibited by 625 overlays.

In low-NOx boiler survey results, INCONEL Filler
Metal 622 overlays have shown about 300% lower attack rate than 625 and type 309 stainless steel.
INCONEL' Filler Metal 622 exhibited no cracking or preferential attack, while 625 is subject to circumfer-
ential cracking and 309 suffers preferential attack.

In a 2765-hour low-NOx boiler field test type, 312 stainless steel overlays were attacked at a rate 1.5 times

(0.21 mm) faster than INCONEL Filler Metal 622 (0.14 mm). INCONEL Filler Metal 622 welds have
minimum tendency for cracking and have nearly two times more active ingredients than 625.
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Thinning weld repair guidelines

When to apply

@=r 1. Most of the wear is general erosion of a localized area.

2. Notches and dislocations are present in a random manner. These may
penetrate deeply into the wall, possibly extending through the wall (leakage).

3. Repairs may have to be made in all positions.
4. Tubing to be repaired will be some form of carbon steel.
5. Wall thickness to consider: Must be above 65% of design MWT.

6. An aluminum or stainless steel coating may have been applied to various areas of the tubes by
metallizing,.

Base Metal Preparation

Prior to cleaning, the tubing has been exposed to service environment and is covered with grease, oil,
paint, dirt, coal dust, and/or slag. For areas requiring repair, and six inches around the area, all loose

material must be removed. For one inch around the defective area, the tube shall be cleaned to base metal,
removing all f{:reign matter.

The above requirements are valid whether or not any metallizing is present. If either the aluminum or
stainless steel has been applied, this must be removed. These coatings are not compatible to the parent
base metals if diluted with weld metal. Due to the very thin nature of the remaining base metal in the
defective area, grinding in this area is not recommended. Either a power steel brush or a flexible flap
wheel will clean the defective areas properly. Grinding may be used to complete cleaning to white metal
around the weld joint.

After cleaning the defective area to sound parent metal etching the surface will reveal any remaining
foreign materials. This is left to the discretion of the individual. If it is felt that no metallizing, other
coatings, or foreign material remains, the etching is not required.
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Bi metal tubing INCOCLAD® 625/5teel
Tubes comprised of a ferritic boiler
steel core with an austenitic,
corrosion-resistant cladding of
INCONEL® alloy 625 offer a
unique combination of properties
for service in aggressive elevated
temperature conditions such as
those encountered in many power
and process boilers. Ferritic steels
are favored for steam service
because they are essentially immune
to chloride stress corrosion cracking
(SCC). Unfortunately, such steels
have very marginal resistance to the
aggressive corrodents in boiler
environments. INCONEL alloy 625,
however, offers excellent resistance to corrosive attack. Thus,
ferritic steel tubes clad with INCONEL alloy 625 are ideal for
steam service in boilers, especially those exhibiting very

corrosive conditions,

The composition range of the alloy 625 cladding of the
INCOCLAD tubes is the same as that of conventional alloy
625 tubes and is specified by ASTM B 444 - UNS N06625.

The grade and composition of the steel substrate are
dependent on the steel specified. Some of the common boiler
steel grades used for the tube core are ASTM A 210 - grade A-
1, ASTM A 213 - grade T-2, and DIN 17175 - grade 15Mo3.

Welding Applications

INCOCLAD 625/5teel clad tubes may be joined by procedures
essentially identical to those used for welding conventional
INCONEL alloy 625 tubes. Recommended welding products
are INCONEL Filler Metal 625 for GMAW and GTAW and
INCONEL Welding Electrode 112 for SMAW. The included
angle of the weld joint should be as steep as practical to
minimize iron dilution of the weldment.

g ADVANCED BOILER INSPECTION TECHNIQUES 2011
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Production and Testing of Clad Tubes

INCOCLAD tubes are produced by means of co-extrusion. The metallurgical bond between the two alloys
is achieved by the high temperature and pressure required in this process. The tube shell is then cold
worked to the required diameter and wall thickness by standard tube reducing/pilgering techniques.
Tubing is ultrasonically tested to ensure a good metallurgical bond between the two alloy layers. This is
essential in service for effective heat transfer. The inner tube material is mechanically tested to ensure
conformance to the normal pressure vessel standards.

251 E1987-2010 UDC all rights reserved  United Dynamics “AT" 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



(9

g ADVANCED BOILER INSPECTION TECHNIQUES 2011

INCOCLAD® alloy 625/Steel bimetallic clad tubes are designed for service as boiler tubes for steam
generation and heating in utility, municipal solid waste (MSW) fired boilers in waste-to-energy (WTE)
incineration systems. Doiler tubes in these environments are exposed to corrosion by halogens such as
chlorine and fluorine generated during the incineration of plastics. Steels and iron-base alloys are rapidly
attacked by these elements because iron forms stable compounds with the halogens at elevated
temperatures. Alloy 625, however, by virtue of its high nickel content and low iron content offers excellent
resistance to attack by halogens as nickel does not form stable compounds with these elements at elevated
temperatures. Alloy 625 also offers excellent resistance to oxidation, sulfidation, and carburization due to
its content of chromium. INCONEL Filler Metal 625 has been successfully used for many years for weld
overlay of boiler components for increased resistance to corrosion in WTE boilers in MSW incineration
systems. Production of alloy 625 clad tubes is an extension of that proven technology.

The black liquor recovery boilers used in pulp processing for paper production should also benefit from
the use of INCOCLAD alloy 625/Steel boiler tubes. These boilers burn the concentrate left from de-
watering the spent liquor from the pulp digestion process. Consequently, the boiler tubes are exposed to a
very corrosive environment that contains significant concentrations of halides and sulfur. As in WTE
boilers, INCONEL Filler Metal 625 weld overlays have been widely used for protection of the boiler
components against corrosion. Thus, alloy 625 clad tubes offer proven corrosion resistance to the exterior
environment and SCC resistance to the steam in the interior in a fully wrought tube,

INCOCLAD and INCONEL are trademarks of the Special Metals Corporation group of companies.

Chromizing

Chromizing is the diffusion-controlled enrichment of component surfaces
with chromium to impart superior levels of corrosion and/or erosion
resistance. As noted above, ATC pioneered the development of the
chromium-enhanced studs for use in both the Pulp and Paper and Utility
industries. You can also chromize larger pressure parts, such as waterwall
tubing panels for installation in Recovery and Utility type boilers.

Chromized Replacement Panels

This process was developed by primarily ABB-CE, however, B&W also offers
chromized replacement panels. Chromized replacement panels have limited
use since this process requires shop application. The process used by ABB-CE
involves a pack cementation process in which the panel is packed in a mixture
of chromium, halide activators and inert materials and placed in a retort, and
raised to a temperature below 1400°F to allow the chromium to diff-use into the
material. B&W uses a blanketing process which results in less dense material
and a shorter time at temperature, which reduces the thickness of the
decarburized layer between the chromium coating and the tubing material.
Both of these processes applied between 10 - 1 5 mils of protection that is metallurgical bonded and have
been used successtully by other utilities.
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14. Thermal Spray Coating and when to use it?

Thermal Spray coatings that have been used by the utility industry include arc and plasma spray and high
velocity oxygen fuel (HVOF). Wire Arc spray coating is a mechanically bonded coating that has a bond
strength of 5000 psi while the HVOF applied spray coating has a bond strength of 10,000 psi or more. The
other significant difference is in the porosity of the finished product. This is important, since the denser
the material, the less likely that the corrosive byproducts of combustion (H2S) can penetrate the coating
layer. When the coating is breached, the mechanical bond is broken and the coating will spall. Once the
coating is gone, the base metal is exposed once again to the corrosive environment. All of these products
have been successful and unsuccessful. The major drawbacks to field applied coatings is the criticality of
the tube cleaning procedure and operator competence resulting in problems caused during field
applications are the grit blasting process delaying other critical boiler repairs and the combustion products
of the process themselves.

In the simplest terms possible, thermal spray coating involves heating a material, in powder or wire form,
to a molten or semi-molten state. The material is propelled using a stream of gas or compressed air to
deposit it, creating a surface structure on a given substrate. The coating material may consist of a single
element, but is often an alloy or composite with unique physical properties that are only achievable
through the thermal spray process.

Generally speaking, thermal coatings are a highly cost-effective way to add superior performance qualities
to a given substrate. The variations on this technical theme are virtually limitless. Coatings can be
metallic, ceramic, plastic, or any combination desired to meet a broad range of physical criteria.

The coating materials can be applied using several different processes. Thermal coating methods utilize
fuel combustion, plasma spray and electric arc delivery systems. Coatings can be applied under standard
atmospheric conditions or in
specialized, highly controlled MATERIAL
atmospheric environments — even
under water! Coatings can be applied

¢ P
manually or with the automated i tw"
precision of software-driven robotics. 4
Thermal sprayed coatings can be the J

maost cost-effective means of ENERGY EQUIPMENT

protecting substrate surfaces from COMPONENT

Wear or Corrosion.

-
-
'
0 m
w
=

e  Woear Resistance to reduce the effects of:
Fretting
Adhesive or Galling Wear
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Impact Resistance
Abrasion
Erosion
Cavitation
Sliding Wear

s Corrosion Resistance to:
Chemical Attack
Oxidation
Sulfidation
Galvanic Corrosion

s Chrome nickel spray coatings

Large power boilers that are exposed to highly corrosive sulfur
gases and have water-wall temperatures from 700 to 800;F (300 to
425;C) are prone o wall failure due to corrosion. Thermal
spraying the wall with a metallized coating of Cr-Ni alloy can
extend the wall life five years or more, reducing downtime and
saving hundreds of thousands o f dollars per boiler each year.

In the power industry, high-chromium alloys extend the life of
power plants that burn high sulfur coal. Tests have shown that
chromium contents have the largest influence in determining
resistance of an alloy to coal ash corrosion. Metallized coatings are

also used to prevent erosion in slag-collection systems and
Superheaters.

Application of high-chromium alloys using the thermal spray
process instead of weld metal cladding will save both money and
down time. Thermal spray application involves grit blasting to a
"clean white metal" (S5P -5P-5). The metallized coating is then
applied in multiple layers to about 10 to 15 mils total thickness
(this thickness varies according to specifications) with a bond-
strength of greater than 5000 Ib/in2. Being a "low heat” process
shrinkage and thermal distortion is minimal so the coating can be
applied quickly and downtime kept to a minimum,

Metallizing is generally 3 to 4 times less expensive than metal cladding and about 10 times as fast.
See appendix page 253 for specifications of nickel spray materials
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HVOF (High Velocity Oxy-Fuel) Spray

High-Velocity 7200 FPS

The coatings have low residual internal stresses and can be
sprayed to thicknesses not normally associated with dense,
thermal sprayed ceatings.

The process uses an oxygen-fuel mixture. Depending on user
requirements,

propylene, propane or hydrogen may be used as the fuel gas.
The coating

material, in powdered form, is fed axially through the gun
using

nitrogen as a carrier gas. The thoroughly mixed gases are then
ejected from a nozzle and ignited externally of the gun. The
ignited gases form a circular flame

configuration which surrounds and uniformly heats the powdered spray

material at it, also, exits the gun and is propelled to the work piece

surface.

As a result of the high kinetic energy transferred to the particles by

the HVOF process, the coating material generally does not need to be

fully melted. Instead, the powder particles are in a molten state and

flatten plastically as they impact the work piece surface. The result are

coatings with more predictable chemistries that are very homogeneous

with a fine granular structure.

This adds up to coatings that can survive harsher service conditions, particularly in wear and many
corrosion applications, greatly increasing service life. The smooth as-sprayed surface finishes; uniform
chemistry and low porosity of the coating can be machined to

very high surface finishes.
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Air Plasma Spray
Plasma Spray is perhaps the most flexible of all of the thermal spray processes
as it can develop sufficient energy to melt any material,

Since it uses powder as the coating feedstock, the number of coating materials
that can be used in the plasma spray process is almost unlimited. The plasma
gun incorporates a cathode (electrode) and an anode (nozzle) separated by a
small gap forming a chamber between the two. DC power is applied to the
cathode and arcs across to the anode. At the same time, gases are passed
through the chamber. The powerful arc is sufficient to strip the gases of their
electrons and the state of matter known as plasma is formed. As the unstable
plasma recombines back to the gaseous state thermal energy is released.
Because of the inherent instability of plasma, the ions in the plasma plume
rapidly recombine to the gaseous state and cool. At the point of recombination, temperatures can be 12,000
“F to 30,000 °F (6,600 °C to 16,600 *C), which exceeds surface temperatures of the sun. By injecting the
coating material into the gas plume, it is melted and propelled towards the target component.

Arc Wire Spray

Arc Wire Spray uses two metallic wires as the coating feedstock. The two
wires are electrically charged with opposing polarity and are fed into the
arc gun at matched, controlled speeds. When the wires are brought
together at the nozzle of the, the opposing charges on the wires create
enough heat to continuously melt the tips of the wires. Compressed air

is used to atomize the now molten material and accelerate it onto the

work piece surface to form the coating,. In arc wire spray, the weight of
coating that can be deposited per unit of time is a function of the
electrical power (amperage) of the system and the density and melting point of the wire.

Wire Flame Spray

Wire Flame Spray is the earliest thermal spray processes to be developed, with its usefulness enduring
even today. The spray material in wire form is fed continually into a fuel
gas-oxygen flame where it is melted by the heat of that combustion.
Compressed air surrounds the flame and atomizes the molten tip of the
wire. This accelerates the spray of molten particles towards the prepared
work piece surface. Typical choices for fuel gases are acetylene, propane,

hydrogen or MATP,
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Powder Flame Spray

The Powder Flame Spray process is similar to the Wire Flame Spray
process except that is has the advantage of using powdered materials as
the coating feedstock. This offers a much wider range of coating material
options than the Wire Flame Spray process. In addition, the use

of powder allows for a greater degree of freedom for spray gun
manipulation, The spray material in powdered form is fed continually
into a fuel gas-oxygen flame where it is typically melted by the heat of
combustion. A powder feed carrier gas transports the powder particles
into the combustion flame, and the mixed gases transport the material
towards the prepared work piece surface. Typical choices for fuel gases
are acetylene or hydrogen.

Many Utilities have experienced high corrosion rates in boiler
components primarily waterwalls since the retrofit of Low NOx Burners with over-fire air (SOFA) ports.
To protect against the effects of the corrosive environment caused by the new burners, many utilities are
applying protective surface coatings. This protective coating will range from mechanically bonded spray
coating, to metallurgical bonded weld overlays and chromized layers. All of the currently applied

solutions should introduce at least 20% chrome between the tube and the corrosive furnace environment.

The life of the coatings or weld overlay varies. Theoretically, the mechanically applied spray coating (Wire
Arc) should have the shortest life span. The HVOF (High Velocity Oxygenated Fuel) Spray Coating
should have the next longest life span. Both of these processes are only as reliable as the success of the
preparation and application.

The most reliable and most expensive coatings are weld overlay and chromized tubing. Both of these
processes are metallurgical bonded into the subsurface of the base metal.
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15. How to handle a tube sample

It sometimes becomes necessary to remove a tube sample from the fumace for a waterside inspection, or
to be sent out for analysis. Certain procedures should be followed to insure that the sample is removed
intact, and that it is documented as to its exact location.

A boiler becomes dirtier as operating time increases, making it more prone to tube failures caused by
deposit build up.

2.) Tube sampling and deposit analysis after
a failure occurs, serve only to confirm that
the boiler is dirty and that deposits
promoted the failure.

~3 <A S
M u U

R
3
)
2

3. Forced outages caused by these types of
failures can be avoided by establishing a
planned sampling and analysis program for
waterwall tubes.

4. The basic purpose of such a program is to '
monitor the boiler cleanliness. Periodically,
all factors influencing boiler cleanliness are
reviewed to determine the quantity of
internal deposits and to predict when a

I
1159
chemical cleaning will be necessary.

o6 | |57 | [58] |59 | |62
- 5. Tube samples are generally taken from

o ©- the waterwalls of Controlled Circulation
units at a location approximately 10 feet
above the upper most elevation of fuel

nozzles. This is found to be an area of potentially high deposition.

e e e e e —

6. On natural circulation units tube samples are removed from the same location as well as the arch and
bottom slope tubes.
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When removing a tube sample:
a. Dry cut the sample out
b. Seal the sample from the atmosphere
c. Wrap the sample in packing material to prevent damage.
When submitting the sample for Analysis State the specific information needed from the analysis. Also
include:
a. Sample location
Which unit did the sample come from.
Where on the unit was the sample taken.
Include a marked cross-sectional drawing
State the elevation and tube count to an adjacent wall. b. Sample material (1) Type
Diameter.
Age
Was the tube original to the unit.
Was the tube part of a replacement section.
Date the sample was removed.
Unit operating history
Date of last chemical cleaning

Number of start-ups

Boiler water chemistry log.
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DC TUBE SAMPLE REPORT

Date
Customer Plant
Unit No. Location

Initial Firing Date

Commercial Operation Design Capacity Main Fuel
Alternate Fuel Yo Drum Pressure PSI
Superheater Outlet Pressure PSI Reheater Outlet Pressure___ PSI

Superheater Outlet Temperature____ OF Reheater Outlet Temperature____ OF
Sample1l Sample2 Sample3

Estimated In-Service Hours Of Sample

Tube Sample Source Element Row

Tube Size

oD

MWT

Elevation

Material

Surface Condition
Comments.
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16. What Are Refractories Used For?

In general, refractories are used to build structures subjected to high temperatures, ranging from the
simple to sophisticated, e.g. fireplace brick linings to reentry heat shields for the space shuttle. In industry,
they are used to lire boilers and furnaces of all types--reactors, ladles, stills, kilns--and so forth.

Depending upon the application, refractories must resist chemical attack, withstand molten metal and slag
erosion, thermal shock, physical impact, catalytic heat and similar adverse conditions. Since the various
ingredients of refractories impart a variety of performance characteristics and properties, many
refractories have been developed for specific purposes. It is a tribute to the refractory engineers, scientists
and technicians, and plant personnel that more than 5000 brand name products are listed in the latest
Product Directory of the Refractories Industry in the United States.

Refractory basic specifications

2400° Refractory Castable / Plastic

A very high purity, high alumina castable manufactured from selected grains of tabular alumina and pure
calcium aluminate cement. It has a very low iron content making it resistant to carbon disintegration and
reducing atmospheres. The maximum use limit is 34000F.

3300° Refractory Castable / Plastic

An 80% plus alumina castable designed for areas where resistance to abrasion and hot load strengths are
desired. Has excellent resistance to slag and molten metal. The maximum use limit is 33000F.

3200° Refractory Castable / Plastic

A 70% alumina castable containing a blend of high alumina grogs and high alumina hydraulic binders. It
was designed for quick cast, cure, and firing (when properly placed and cured) thus eliminating excessive
delays in preheating schedules. Has good volume stability and exceptional strengths at intermediate
temperatures. The maximum use limit is 32000F.
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31007 Refractory Castable / Plastic
A high alumina castable with an alumina content of 65%. This mix is designed with good volume stability
and a minimum of shrinkage at high temperatures. The maximum use limit is 31000F.

3000° Refractory Castable / Plastic

A low iron, high purity, 60% alumina castable. It is designed to successfully withstand high sulphur fuel,
reducing atmospheres, carbon deposition, erosion and abrasion. This can be used for casting or troweling.
The maximum use limit is 30000F.

2800° Refractory Castable / Plastic

A 28000F castable used extensively for blast furnace repair. The material has been designed to give a low
iron content to resist the effects of CO disintegration. It possesses excellent strength to resist abrasion.
Able Cast BF is also useful in repairing tread-wells, open top iron ladles, hot metal mixers and other
similar applications. The maximum use limit is 28000F.

2700° Castable

A specially formulated low iron, high duty refractory castable designed to withstand loads exceptionally
well and resist normal abrasion and erosion at moderate temperatures. This material is ideal for use in
Seal Tanks of Fluid Catalytic Crackers. The maximum use limit is 27000E

2600° Castable .
A general purpose refractory castable. It has been specifically formulated to resist erosion and abrasion at '[

moderate temperatures. Able Cast 2600 is also available as a gunning mix. The maximum use limit is
26000F.
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Refractory
APPLICATION EXAMPLE MAX
OR AREA PRODUCT TEMP REMARKS

Access Doors >rsse s s s e S S S S S B I DN

Mortar Super 3000 2700  High temp/abrasion

2700 Plastic Super Moldit 2800  High temp/abrasion

Moldit S 2400  High temp/abrasion

2700 Castable Ricast 2700 High temp/abrasion
Moldit D 2400  High temp/abrasion

Ash P I e S S S N S S R S S S B S S S N S S RIS

Mortar Super 3000 2700  High temp/abrasion
2700 Plastic Super Moldit 2800  High temp/abrasion
Moldit 5 2400  High temp/abrasion
2700 Castable Ricast 2700  High temp/abrasion
Moldit D 2400  High temp/abrasion

B eTS oo o o o o o o o o o o o o B B B B D B o o D 3 e B B e B e s s B e D B e e e B B e S S e

Mortar Super 3000 3000  Extreme temp/abrasion
3000 Plastic Moldit chrome 2900  Extreme temp/abrasion
Wasp 60 2900 Extreme temp/abrasion
Ramtit 25 2900  Extreme temp/abrasion
Blu-Ram HS 3100  Extreme temp/abrasion
Ramtite 25 2900 Extreme temp/abrasion

Emerald Ram HS 3400 Extreme temp/abrasion

3000 Castable Cercastm 70 3000 Extreme tem/abrasion
CercaM HT 2900 Extreme tem/abrasion
Ceramic blanket Fiberfrax 3000  Extreme temp/no abrasion

Extended side walls and back pass areas >>55555555500000 500050500005 5055
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Mortar Super 3000 2700  High temp/abrasion

2700 Plastic Super Moldit 2800  High temp/abrasion
Moldit 5 2400  High temp/abrasion

2700 Castable Ricast 2700  High temp/abrasion
Moldit D 2400  High temp/abrasion

Ceramic blanket Fiberfrax 3000  Extreme temp/no abrasion

Furnace walls line of sight to fire (fireside) >>>5>>35555555055555555500

Mortar Super 3000 3000  Extreme temp/abrasion
3000 Plastic Moldit chrome 2900  Extreme temp/abrasion
Wasp 60 2900
Ramtit 25 2900
Blu-Ram HS 3100
Ramtite 25 2900

Emerald Ram HS 3400

3000 Castable Cercastm 70 3000 Extreme tem/abrasion
Cerca M HT 2900 Extreme tem/abrasion
Ceramic blanket Fiberfrax 3000  Extreme temp/no abrasion

Furnace walls notin line of sight to fire (fireside) >>>>>5>>>055>5>5555>

Martar Super 3000 2700  High temp/abrasion
2700 Plastic Super Moldit 2800  High temp/abrasion
Moldit S 2400  High temp/abrasion
2700 Castable Ricast 2700  High temp/abrasion
Moldit D 2400  High temp/abrasion

Ceramic blanket  Fiberfrax 3000  Extreme temp/no abrasion

Penthouse =>o0sssesssnnmnnss s nnn s na b n s n bbb bbb EEEEEE0>

Ceramic blanket Fiberfrax 3000  Extreme temp/no abrasion
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Pourable insulation CER-Lite 18 1800  Med-Hi Temp/low abrasion
Mineral Fiber CER-Wool 1200 Med temp no abraison.Tubes
blanket Blanket headers and nipples.
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17. Isomembrane and its usefulness:

What is ISOMEMBRANE?
The ISOMEMBRANE is a flexible, elastic, ash- and gas tight sealing, based on a special
combination of mainly refractory materials.

- The ISOMEMBRANE is a sandwich-type construction. It consists of an ISOMASK made by layers
of specially designed high density ceramic fibre, a special metal lattice, or mesh. Between the
layers High Temperature Adhesive is applied. To finish off of the top layerit is covered with a
high temperature castable.

The ISOMEMBRANE can be installed in many shapes according to the actual need of the different sealing
areas. It can be fixed to any clean surface by welding, casting or gluing.

266 19872010 LUDC all rights reserved  United Dynamics “AT" 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525

—



(8

3 ADVANCED BOILER INSPECTION TECHNIQUES 2011

Penthouse floor conditions that isomembrane might be
considered for repair.

Actual in-field application of Isomembrane located just
above the fire box.
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An Inspection Note Primer

If inspection notes are to be hand written, data sheets can help simplify and clarify the task. Some items
are universal regardless of the method of note taking.

Clearly identify where your inspection is taking place. An example would be: The economizer top of bank
one in the forward crawl space starting on the left side wall and working to the right side wall. Be specific
about the exact configuration such as dogleg, hanger tube, or bent tube. Proactively simplify future report
generation. Be sure to include changes in your notes to delineate a change in location.

Identify each problem by a specific element (assembly) and tube number. Also identify element, tube, and
bank counts. Element #34 as counted from the left side wall tube #5 from the top five feet from the front
steam cooled wall.

If relevant, identify the elevation. This need not be the elevation above sea level. You can reference a
landmark such as a soot blower or access door. This is located 37 below the center line of retractable soot

blower [K-2,

Almost all repair items in the boiler have a length. Include the length of the item in your notes. The tube
is eroded for a total length of 6”.

Also include the length of the required repair. A 12” long straight shield will be required to cover the
eroded area.

Describe the required repair. A 24" straight shield and inside radius bend shield will be required.

If you are using a digital camera then you should record the photograph numbers so that you can easily
match them when you are preparing your inspection report.

-
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MNon code documentation

[E c:\Hetwork ATracker\Deseret\Unit 1\DESERET 1. MDB

(=]

Workorder: _|| | Report _|| w| | Lesk Date:_|[21/27/1999
?|Atea WATERVALL FRONT | Specific: | _~|Detail| j
FElem[0 LEem(o | 2[FTubely  LTubefo 7|Etev [sz00 pist [ ‘ config | | I postott
e Material: 2| [sAz10c v| DPja.o0 7| Thik |n.29 Red 4

B b [ _:j uuuga| :J
o P ] £
§ '..}..'.‘::"-;1..\. Repair: _ﬂ Fl‘hn:i.':.qr closely j Length ti

Repair Comment:
o S wan
A st T General Comment:
Mamh vt This will regquire further
wimay wngre PUTRIERciriicisiie rweme smee  ImONitoring, no sction is
U g menr Jrequired at this time.
it o o Status | Inspected -}
e wnemar B_p; unc ‘:“

mioy 5 | I~ mrotoony[morori |
zm|;:|ea|1mm].| Fiter | Sent [| Mew | Edt |  Del | Ext | Update | Goto |[I4] 4]Rec hHI
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Effective applications of protective shielding
In many cases blacking the medium that is causing the erosion can arrest thinning. This is true only if the

pressure boundary has not been reduced to an action level more severe such as replacement or pad
welding. You should utilize clear and concise criteria for established this action level.

~ |t W Hacoes Tons
i —T.-—Mﬂ.?

SHig] g
on(vi:s-fd': sHietd 12 abne seallen
o TN T
-l'ﬁ asg, ﬂ*m:n—- e the
‘F"M‘l‘ e of the hupe

Y

TYPICALARRANGEMENT OF SHIELDS FOR REAR WATERWALL
HANGERTUBES
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a. Tube shields should be 210'to 225'circumferentially instead of 180’ to allow the shield to actually clamp
onto the tube helping it to remain in place longer. (Figure 1)

ADVANCED BOILER INSPECTION TECHNIQUES 2011

b. Tube thickness and material should be:

(1) Up to 1750° F. inclusive 14 gauge SS AISI type 304 (2) Over 1750°F. 10 gauge SS AISI type 309 or 310

¢. Tube shields should be limited in length to 18" to 24", Longer shields tend to warp and distort and will
break away from the tube. If longer sections are needed they should overlap approximately 1" starting
from the bottom and working up.

d. Tube shields should only be attached to clean tubes. Clean tubes actually help to cool the shield while
a tube with slag may cause the shield to overheat sooner.

e. Tube shields should be attached to the tube by 1" wide
straps on 6" - 8" centers. Through experience we have found
that the durability of the shield is improved if the clips were
| attached with a GTA weld using bare filler wire. Each shield

| should then be welded to the tube in one spot to secure it
and to allow for thermal expansion the attachment at the
bottom is perfered.

| f. In cooler areas of the boiler tube shields can be attached
using straps less than 1" or no strap at all and use a 1-1/2"

stitch weld on each side.

g. In some cases, tube shields may not be the best
solution. Lowering soot blower pressures, repairing
traps, or installing baffles may be more appropriate.
Remember, tube shields treat problems, not cure
them.

71 @1387-2010 LDC all rights reserved United Dynamics “AT* 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



(

272

Q
g ADVANCED BOILER INSPECTION TECHNIQUES 2011

GENERAL TUBE SHIELDING GUIDELLNES

Hotes: 1. Tube must be clean, prior to shielding.
Z. Strapa are typically welded to shields, but,
may be turned avround and welded Lo tube.
3. shields to overlap cne inch, with lower
| . . shield underneath upper shield,
Direction of 4. Shield may be singly cack welded on Face,
soot blower or, onto each side.

5. Shield on tube bend may have one end cack
welded, in liew of strap.

6, Tack weld to be same material as tube.

7. Short(€4") shields may be welded both ends,

wash or fly ash

1
+_ Welding at

Sea Mote 5

bottomis | ——

R T |

' Strap (TYP) L

See lote 2

Sec Wote 3
\N‘

[:’— Scrap (TYR®

View "A=B"

( 1 - - :
]
\‘\ \'
.Il
”A“ |
v—ﬁur Lotes & & 6 r . Tack welds (2]
& P @

——x " ' I __.-q:’
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This is a chart of nickel powders available for spray coatings.
hitp://www .powderalloy.com/spray/nickel.asp

@

Nickel
98C

Nickel
98C-1

Nickel
98F

Nickel
O8F-1

Nickel 99

Mickel
625

273
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Chemically similar to PAC 98F. However, a
coarser cut of powder is utilized to permit
build-up of coatings as thick as 0.050 to
0.100 inches. Coatings are bright and
resistant to oxidation and corrosion. Useful

for heat resistance.

Same as PAC 98C except certifiable to
industrial specifications at as listed below.
INDUSTRIAL SPECIFICATIONS: US
Naval Specifications, OS5 8293 and OS5
10602.Also GE B5OTF40 Class A;PWA
1315;Boeing Co. BMS10-67 (Type 6);and
General Motors Co.EMS 56760, RR9507/8.

A fine nickel chromium alloy developed to
produce dense, clean bright coatings
resistant lo oxidation and corrosive gases at
temperatures to 1800 degrees F. Coatings of
PAC 95F are readily machinable.

Same chemistry as PAC 98F except
screenad for compliance to industrial

specification at right.

A highly machinable nickel base chromium
alloy useful for salvage and build-up
applications on corrosion resistant steels or
nickel base alloys where high hardiness is
not required;but good wear and corrosion

resistance are needed.

Is identical in chemistry to wrought alloy
IN 625. Can be used for build-up of mis-
matched or damaged parts. Is also the most
versatile corrosion resistant alloy for use in
chemical, petrochemical, flue gas

desulfurization and sea water
envircnments.

3000 PsI
MIN

3000 pPsl
MIN

2500 PsI
MIN.

2500 PSI
MIN.

2500 PSI
MIN

5500 P51
TYP

Easily
machined
with all
grades of
cutting
tools.

Easily
machined
with all
grades of
cutting
tools.

Easily

machined PWA 1317:GE
with all B50TF40 Class
grades of B RR9507/27
cutting tools

Easily
machined
with all
grades of
cutting
tools.

PWA 1319

Easily
machined
with all
grade tools

Machines

ready with

Silicon- Industrial
Carbide

tools.

E1387-2010 UDC all rights reserved United Dynamics “AT 2681 Coral Ridge Rd. Brooks, KY 40109 Voice- 502-957-7525



uDC

Nickel
718B

Nickel
718F

Nickel
900

MNickel

9620 AM
9630AM
9640AM

Nickel
93652 AM
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Is identical in chemistry to wrought super-
alloy IN718 and thus designed for
dimensional build up of damaged or mis-
matched IN718 parts. Produces coatings
that can be built in excess of 030" with
porosity less than 0.5%.

Identical to chemistry PAC 718B, but
precision sized for HVOF applications.
Coatings have been sprayed to thickness
up to.200" with porosity less than 0.5%.

A high purity nickel powder used to
produce dense, hard coatings
recommended for the salvage and build-up
of nickel and nickel alloy parts. Coatings
are smooth, low in porosity and bond well.

Are Nickel-Chromium-Aluminum-Yttrium
alloys that provides outstanding resistance
to oxidation and corrosion resistance in
environments up to 1800 degrees
Fahrenheit. These materials are primarily
used for bond-coats on Thermal Barrier
Coatings but also show promising results
in protecting boiler tube walls from
corrosion and sulfidation/oxidation.

A ductile, Nickel-Cobalt-Chromium-
Aluminum-Yttrium Alloy that provides
increased resistance to hot corrosion and
oxidation at temperatures up to 2000
degres Fahrenheit. Also, provides a rough
as-sprayed surface for ceramic, top-coat
applications.

RB90

RB 94

RB
50-70

RB 85

12,000PSI

2600 PSI
MIN

5500 PSI
TYP

Machines
with Silicon-
Carbide
tools.

Machines
readily with
Silicon-
Carbide
tools.

Machines
with most
grades of
cutting
tools.

Waet grind
with Silicon-
Carbide
wheels.

GE B50TT202
CL.B

GE B50TF202
CL.D

PWA 1324; GE

B50TF17

GE B50TF192
CL.A GE
BAOTF162 CL.
A MSRR
9507/48
Garrett 52432
xxl
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=2
Summary of Typical Bodar Tubo Masriais of Construcsion
Class of Material  Typical Alloy Dasignatio s Ganeral Propeties
Carbon sisal SA-178 Wadded carbon sheel Hyposutecion sissls
SA-182° Scamigss carbon. sificon steal Mild conosion resistance.
SA-210 Ssamigss crbon-mangensse- Modems shengh up b 538°C
sifcon sipdl (1000°F)
Sistictibie Io grohiztion
abowe 427°C (800°F).
Curbos - SA-208-T1, T1a snd T1b Ssarmiges Geoater crecp shrangth than cxr-
malybdanum carbon-% molybdenam steel bon stals
stagl SA-250-T1 Welded carboe- Susoaptible 1o graohitzation
¥ MalybSenum s Wl pralanded BOSUR B
8°C (875°F)
Chuomuum- S4-213-T2 Scamigss % chromam - Most commoa bagr e
midybdanum ' molybdenum sisgl malsrials (particularly T22 and
Stad SA-213-T12 Ssamisss 10+ %Mo sisal T11)
SA-213-T11: Seamiass 1¥Cr-pMo sieel  Each mesease in Cr conlent
£A-213-T22 Ssarnigss 2Ce- 1M sieel yieids moroved prodertes,
SA-213-T21: Seamigss 3C+-1Mo skl particutarly highar TG,
SA-213-T5: Seamigss 5Cr-1Ma stesl CI0 DIOORIRS, A0 IMpioved
SA-213-T5b Soamiges SCrphlo-Sisteal comoson rssstancs
SA-13.T5C Saamiess SC-nMo-Tises  Ressiant b graphimdion
SA-213-T7: Seamiess 70r-Yhda st
SA-213-To Ssamigss oCr-1Mo sioal
SA-213-TE1 Seamigss oCr-1Mg-
=X (CoNNYA) stesl
hustanbe 3A-213-TP304304H Scamiess 180r-8N  Excaliont andabion reustancs
SimNigsT Smal Busieniic Sinisss and good slevaled lampsrature
54-213-TP215/318H: Seamiass 180:- shangh
12N1-2M austenibe staniess H bllowing 4.
SA-213-TPA21/321H: Seamiess 170 calss higher carton contant and
1IN-Ti auslenific stamiess shightly highar solution haat
S4.213.TP347/347 Seamioss 180 raa ampareta
10N-Co BStanic sniess
Famioe siaanigss For uss in highly aggressae of
A gh Bmperatury savedament
Margnste For uss in hughly aggressive of
stmniess sBel gh Empecaturs smwonmand.
Nonlorous slioys  Nickel-chromsum (Alloy 800) For use in highly aggressive of
g BTOXARLIS AW DIMEn]
Neckal-chromuum.  Alloy 800 of B0 H For uss in highly agoressive of
N Mg BTOALS HTwOnmenl
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-
Tuba Sweel Typa  ASME Grade Minimum Tensile  [£99M Ngig
Spacification? Strength (ksi) Strangth (ksi)

Carbon Steel

Elactric rasis- SA-178 A 470 260

ance waldad c 60 v

Ssamless SA-102 - 4 26

Saamlass SA-210 At 80 a7
C 10 40

Electnc rasis- SA-226 - 4 00

tance waldad

Ferritic Alloy

Elactnc rasis- SA-250 1 &8 30

tance waldad

Seamless SA-209 T g5 30
Ta &5 30

SA-213 Tib 55 30

12 60 30

Seamless T8¢ 60 30
1% 80 30
T11 B0 30
T12 80 30
12 60 30
1914 85 60

Austenitic

Stainless Steel

Seamless SA-213 TP304H 75 30
TP316H 5 30
TP321 5 30
TP347 15 30
TP34TH 5 30
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MAXIMUM TUBE METAL TEMPERATURES

ASME ASME B&W C-E Rilev
Tube Steel Spec. Max Max. Max. Max.
Type No.
Carbon Steel SA-178C 1000(538) 950 (510) 850 (454) 850 (454)
Carbon Steel SA-192 1000(538) 950 (510) 850 (454) 850 (454)
Carbon Steel SA-210 Al 1000(538) 950 (510) 850 (454) 850 (454)
Carbon Moly SA-209TIl 1000(538) 900 (482) 900 (482)
Carbon Moly SA-209Tla  1000(538) 975 (524) - n
Chrome Moly SA-213T1l  1200(649) 1050 (566) 1025 (552) 1025 (552)
Chrome Moly SA-213T22 1200 649) 1115 (602) 1075 (580) 1075 (580)
Stainless S5A-21332111 1500 (B16) 1400 (760) = 1500 (816)
Stainless SA-21334711 1500 (816) o 1300 (704) --
Stainless SA-21330411 1500 (816) 1400 (760) 1300 (704)

Upon prolonged exposure to temperatures above about 800 degrees Fahrenheit (427 degrees C), the
carbide phase of carbon steel may be converted to graphite.

Only killed steels shall be used above 850 degrees Fahrenheit (454 degrees C).
Upon prolonged exposure to temperatures above about 875 degrees F (468 degrees C,) the carbide phase
of carbon steel molybdenum steel may be converted into graphite.
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18. ASME APPROVED BOILER TUBING STEELS

Mechanical Properties of Steel

NOTE: Certain mechanical properties of steel affect its fabrication and performance in service. Among
these are tensile properties, hardness, toughness, fatigue strength, and high temperature characteristics.

ASME" APPROVED BOILER TUBING STEELS

Number Title of ASME Specification

SA-178 Electric-Resistance-Welded Carbon Steel Boiler Tubes

SA-192 Seamless Carbon Steel Boiler Tubes for High Pressure Service

SA-209 Seamless Carbon-Molybdenum Alloy-Steel Boiler and Superheater Tubes

SA-210Seamless Medium Carbon Steel Boiler and Superheater Tubes

SA-2135eamless Ferritic and Austenitic Alloy-5teel Boiler, Superheater, and Heat Exchanger Tubes
SA-226 Electric-Resistance-Welded Carbon Steel Boiler and Superheater Tubes for High Pressure Service
SA-249 Welded Austenitic Steel Boiler, Superheater Heat-Exchanger and Condenser Tubes

SA-250 Electric-Resistance-Welded Carbon-Molybdenum Alloy-Steel Boiler and Superheater Tubes
SA-268Seamless and Welded Ferritic Stainless Steel Tubing for General Service

SA-423Seamless and Electric Welded Low Alloy Steel Tubes

SA-450General Requirements for Carbon, Ferritic Alloy, and Austenitic Alloy Steel Tubes
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Materials Used In Boller Construction

T===== =S==I= = T=SSSSESES EEEEE mmun [_ 1] EEEEE EmEEs Ee e R i T iy =reww ==wew

ASME Minimuam  Minimum
of Temp. Tonsll yiold Composition (a),%

ASTM ASME Product Strength  strength

Specs. Grade Alloy FiC} Form ksl ksl [ Mn P 5 5i Hi Cr Mo

=== ===== FEEENEAEEEE -] E_ -] E . - ] e ey E_ - - - 3 ==I== ===== ===z ERIER EEEED EEEEE

Carbon Steel
BA-192 — Lowstrength W0 (538)  Tubes ar 26 06018 027-063 0048 0058 025 .
5a-192 A W0 (538)  Tubes (ERW) o —_ 06018 027063 005 006 — w— — —
SA-Z26 _— 000 {538)  Tubes (ERW) a7 26 006018 0.27-063 005 2006 — e — e
SA-210 A Intermediale 1000 {538) Tubes ] ar 027 093 G048 0058 010 Min ] ——
S5A-178 c Srangth 1000 (538) Tubes (ERW) 1] ar 035 03 005 006 e = — -
SA:106 B 1000 {538)  Pipe =1] 35 0.3 0.28-106 0048 0058 0.10 Min —— — —
SA:216  WCA 1000 (538)  Castngs (o) B0 aa 025 0.7 o 00ds 06 . — —
1000 {538)  Structural
AL _— Shapas 58 3B (1 ] e 0.4 oS — e —— -
SA-106 L3 High Srength 1000 (538)  Pipo o 40 0.35 029406 0048 0058 0.0 Min e -
Sa-299 - 10001533  Pate 75 40 L1 5] 0B6-1.56 0035 004 013033 - - —_
SA-515 T 1000 [538)  Pise i) L 035 L% ] 0o3¥s 004 043033 — - —
Sh-105 - 1000 (538)  Forgings T 35 0,35 060105 0.4 0.5 035 — -
Sa-216 WCBH 1000 (538)  Castings (b) T 36 03 1 0 oS 06 — et -
Farritic lioys
Sa-204 T G050 1000 (538)  Tubes 55 30 0100020 030380 Q45 0045 O10-0.50 — — 44005
EA-536 Fi2 1Cr-0.540 1200 (649)  Forgings m 40 00020 030080 04 0.4 0104050 - 0.80-1.10 045065
BA-213 Ti2 1200 (B43)  Tubes L] an 015 030061 45 0045 0.5 - GAG-1.25 044065
B335 P12 1200 (643) Pype 2] ki LRE] 0304061 D45 005 0.5 — 080125 044065
SA38T 12092 1200 {649)  Plate E5 40 oy 026069 0035 0035 0134032 — 074121 0.40-0.65
SA-162 Fiz ‘200 (648)  Forgings T 40 010020 030080 04 o 00060 — 080125 0440065
SA-213 T 126C-06Me 200 (640) Tubos (2] i Q.16 a3 080 003 0.03 060 1.00 1.00-1.60 0,44 085
5A-335 P11 200 (649}  Fipe 60 X0 0.15 030060 0.3 0.03 0.50-1.00 - 1.00-1.50 O.4d-0.65
SA-387 11012 200 (849}  Fale 15 a5 07 036069 0035 004 044-0.86 —_ 0.94-1.56 0.40-0.70
5A-182 F11 200 {649)  Foogings 0 Aag 010020 030080 004 0.4 0U50-1,00 — 1.00-1.50 044065
SAZ1T  WCE 1200 (B4%)  Castings{b) 0 a0 oz 0.50-0.80 0045 0045 0.6 - 1.00-1.50 045065
SA213 T2 225C-1Moe  1200(649)  Tubo &0 30 [ B 1] 030060 003 003 0.5 - 1.90-260  DET-1.13
SA-335 P22 1200 (B4%)  Pipa 60 30 015 030080 003 003 0.5 — 1.90-2.60 0.E7-1.93
SA-387 2201 1200 (843)  Prate B ¢l 300 c) 017 027063 0035 0035 0.5 e 1.88-2. 62 0L.B5=1.15
SA-38T ci1z 1200 (B45) Th5{d) A5{d]
S5A-182 Faz 1200 {645) Forgings Fi-1 45 o5 020060 004 U 05 —_— 2.00-2.50 0a7-1.92
SA-T  WHS) 1200 {649)  Castngs(b) ki i] 40 R 1] 040070 O 045 (1] — 200-2.75  0.50-1.20
SA-213 TS 5Cr-0.5Ma 1200 [649)  Tubes [=1] 30 .15 030060 003 003 05 - 400600 045065
SA-13 T8 BCr-1Mo 1200 (645)  Tubes &0 30 045 030060 003 003 0.251.00 — A0D-1000  0.90-1.10
Austenitic stainloss alloys
54213 TP34H 18Ce-aM 1500 {B16)  Tubes &0 30 (18 £ 030080 003 003 0.5 = 1.60-2 60 ®87-1.13
SASTE  TPIAH 1500(816) Ppes 60 30 015 030080 003 0.03 0 — 1.90-260 067113
SA-240 G304 1500(816) Fate TS 0 0.08 2 0,045 0035 1 B.OD-10.50  18.00-20,00 -
S5A-240 3MH 1500 (B16) T5 il 0.04=0,10 z 0045 003 1 B.00-1200  18.00-20.040 —
5A-182  F3MH 1500{816)  Forgings T ] 0.04-0,10 2 0 0.03 1 B.90-19.00  16.00-20.00 —
SA-213 TPEIH  WACH10M-TI  T500(816)  Tubesia) T ] 0040010 2 o 0.03 075 B.00-1300  AT.00-20.00 ane
SA213 TPBATH  18C-10M-TE 1500 (B16)  Tubesil) 75 k1] 0.04-0010 F (1] 003 0.75 000300  17.00-20.00 —
SA213  TPIGH 1ECHTZM-ZMo 1500 (B16)  Tuhos 5 30 0,04 01 2 0o oo 75 11004400  16.00-1800 2.00-3.00
Sa-376  TPAMEH 1500 (B16) Pipa ki) 30 0,04 0, 0 2 0,04 0oz L 11.00-04.00  16.00-1800 2.00-3.00
5A-182  F3EM 1500 (816)  Forgings 5 ] 040010 2 04 0.03 1 10.0044.00  16.00-18.00 —
SA-240  316H 1500 (816)  Plate 5 30 0.04-0,10 2 oMs 003 1 1000-14.00 16.00-1800 2.00-3.00
Strscturad
AART AR 1R {RIR) =hast il R 0.0% 2 LUT L T 8 1 10014.00  16.00-1800 2.00-300
SA-351 CHIZD 25Ce-1IN Castings. L] ] 02 1.5 004 o 2 12001500 22.00-26.00 asas
279
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Tl Sriidh EDIS0ON COMPANY
Wb SAMBIS PLANT
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