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Executive Summary (page 1)
Steam Turbine Efficiency and Heat Rate Improvements for Fossil-Fired Operating Plants
By Michael W. Smiarowski and James Auman, Siemens Energy, Inc.

Projections made by the Energy Information Administration estimate that around one-third of U.S. generation will still
be based on coal in the coming years. These coal plants will be the “survivors”, which are typically the larger (200MW+)
and newer units that are equipped with pollution control equipment. This article will provide an overview of some of the
available efficiency improving options for fossil-fired power plants.
Full Story….

High Ratio Fabric Filters with 12m Long Bags for Large Coal Fired Power Plants
By Peter Wieslander, Stephen L. Francis and Ajay Vajpeyi, Alstom Power

This article presents information on key issues that need to be considered when designing and evaluating a HRFF with
12m long bags for a large coal fired boiler installation. Aspects of gas/dust flow distribution to the individual
compartments of the filter as well as the concerns regarding large flow/loading into the bag nest in each compartment will
be discussed. A very efficient, newly developed, cleaning system has been incorporated in the filter to clean the bags
properly without increasing dust emissions, and allowing the system pressure drop to be kept as low as possible. The
reduction in HRFF first cost with 12m as compared to 10m long bags, and tighter bag row pitch, is estimated at
approximately 10%.
Full Story….

Innovative On-site SCR Catalyst Pluggage Removal Method
By Mike Dunker and Dorothee Seidel, STEAG Energy Services

STEAG’s has developed and patented a unique process for in-situ cleaning of all SCR catalyst types i.e. corrugated,
honeycomb, or plate inside the SCR reactor without removing the modules. This process utilizes dry Ice Blasting which
cost effectively removes the channel pluggage which reduce SCR pressure drop and effectively increases the catalytic
potential as more catalyst surface area becomes available without the pluggage.
Full Story….

ModuPower Reduces Particulate Matter Emissions from Undersized ESPs
By Jason Horn, Stock Equipment

Stock Equipment recently supplied ModuPower SMPS’s for two 135 MW pulverized coal generating units located in
Tocopilla, Chile. To control PM (Particulate Matter) emissions each unit was originally equiped with a 1990’s vintage
Mitsubishi electro-static precipitator powered by conventional TR sets (Transformer Rectifiers). The original design
collection efficiency of the ESPs was 98% which resulted in an estimated 211 mg/Nm3 emission rate at full load when
using an imported bituminous coal with 10.6% ash content. Changes to government regulations would require compliance
with a reduced PM emission limit of 50 mg/Nm3 in 2014.
Full Story….
Continued on next page

A Bi-Annual Newsletter Sponsored by the WPCA

Spring - 2014

Executive Summary (page 2)
Enhanced Capture of Mercury in Baghouse by Using Novel Filtration Media and Filter
Design
By Vishal Bansal, Robert W. Taylor, Pete Maly, and Bryan Yetter, Clarcor Industrial Air

A study was conducted at a 5-MW equivalent slipstream facility of Gulf Power’s Plant Crist Unit 5 located in Pensacola,
FL. The facility is also commonly referred to as Mercury Research Center (MRC). During the trials lasting 10 days, the
effect of a range of process variables was studied. The variables included flue gas temperature, air-to-cloth ratios, interval
between cleaning, and the effect of removing some of the fly ash by an electrostatic Precipitator (ESP) upstream of
baghouse, etc. CLARCOR Industrial Air tested a novel membrane-based filtration media formed as pleated elements.
Full Story….
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Abstract
Projections made by the Energy Information Administration estimate that around one-third of U.S. generation will still be based on coal in the coming years.
These coal plants will be the “survivors”, which are
typically the larger (200MW+) and newer units that are
equipped with pollution control equipment.
This article will provide an overview of some of the
available efficiency improving options for fossil-fired
power plants.
The options discussed include:

Three Dimensional (3D) Reaction Airfoils (Bowed)
Turbine efficiency is determined primarily by the blading and airfoil design as these are the components that
actually transform the available energy of the steam
into useful work for generating power. Industry developments of airfoil designs have progressed from simple cylindrical designs of the early 1900s to tapered
designs introduced in the 1970s up to the latest design
integrally shrouded blade designs. These designs use
bowed, tapered and twisted airfoil technologies. The
Siemens design philosophy is to apply the advanced
three dimensional airfoil profiles as a function of steam
conditions and turbine design. An example of the 3D
blade design appears in Figure 1 below.

1. Applying Latest Technology to the Steam
Turbine to recover Parasitic Load Losses due
to Pollution Control Equipment and provide
other benefits
2. Load Following Design Features, adapted to
following fluctuating demand versus base load
service (also influencing nuclear units)
3. Summary of condenser evaluations and modernizations
A reference project implemented in Germany in 2012
involved the full turbine train modernization and condenser optimization. This project example at the Ibbenbüren Power Plant highlights many of the efficiency
improvement measures to be discussed and shows how
the application of advanced technology can achieve up
to 6% efficiency improvements.
Applying Latest Technology to the Steam Turbine
for Efficiency Gains
The main areas of the steam turbine that yield efficiency improvement are the following areas listed below1 :
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Figure 1 – Siemens 3-D Blading

Benefits of the 3D Blade Design are:
 Forward leaning geometry to reduce blade loading
near end wall (base and tip) reducing secondary
flow loss
 Taper of the profile to give optimum blade loading
from base to tip reducing profile loss
 Twist to align steam and blade angles minimize
incidence loss
 Profile section design for highest reliability and
lowest profile loss
 Integral shrouds allowing improved sealing arrangements and hence reduced leakage loss
 Bow (lean) angle is optimized for specific blade
path requirements
 Proven Efficiency Improvement: modern 3D blade
designs have been tested and proven to have 2%
efficiency improvement over previous cylindrical
designs.
Increased Stage Count
As part of a turbine modernization project, it is common to
increase the number of stages or rows of rotating and stationary blading. This achieves more work from the steam.
For example, a HP turbine design from the 1960s may have
10 stages as compared to a latest technology design would
pack 13 stages in the same axial space.
Reaction versus Impulse Blade Designs
Stage reaction is the percentage of the total stage pressure
drop attributed to the rotating blade. In theory, a reaction
stage is where the rotating blade contributes half of the
stage pressure drop – 50% reaction. Conversely, an impulse stage is where the total stage pressure drop is across
the stationary blade. In practical use, a reaction blade path
has a range of 30% to 45% reaction while an impulse blade
path has a range of 20% to 30% reaction but typically is
25% reaction. From a turbine application view, the main
differences between impulse blading technology and reaction blading technology are, first, that a reaction stage is
more efficient than an impulse stage (as shown in figure
2) and, secondly, that an impulse stage does more work
(produces more power) than a reaction stage.
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Figure 2 – Efficiency Comparison of Reaction and
Impulse Designs

Advanced Control Stage Design
The main design feature that allows steam turbines to operate at partial load and low loads is the Partial Arc (PA)
design. In the example below, this old design control stage
was redesigned from 180° turn around flow to a straightthrough flow, to achieve improved turbine efficiency.
Elimination of the 180-degree turn-around reduces pressure losses and thereby improves overall turbine performance.
In addition to thermal advantages there are also hardware
advantages;
 The new design has replaced the bolted-on nozzle
block with a slide-in nozzle block design which
provides enhances reliability by eliminating the
risk of service issues with loose or broken bolting.
 The contoured-end wall nozzle block also reduces
secondary flow loss and the risks of solid particle
erosion (SPE) and nozzle vane chipping.
 The steam flow is turned at a lower velocity, which
enables any solid particles to follow stream lines
more closely, rather than impinging on the airfoil.
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Figure 3 below shows a comparison of the original 180o
turn around control stage and the new straight through control stage.

Figure 3: Original Nozzle Design (Top) vs. New Design
(Lower)
Using a partial admission control stage, improves the part
load turbine heat rate by several hundred BTU/kWh compared to a full arc HP turbine. This type of design is more
efficient at partial load operation, which is typically in the
range of less than 95% of full load.
The PA design steam turbine is best suited for load following and low load turn down operation that many coal-fired
plants are seeing in order to accommodate other type of
generation given priority dispatch, such as renewables and
CCPPs.
There is even discussion of utilizing this type of HP turbine
design for nuclear power plants that have traditionally operated as base loaded units.
Optimized Sealing Technology
Turbine efficiency is determined primarily by the blading
and airfoil design as these are the components that transform the available energy of the steam into useful work for
generating power. However, seal leakage also needs to be
Spring 2014

considered as this contributes to loss of stage efficiency.
Since the advent of the steam turbine, labyrinth seals have
been used to minimize steam leakages across the stages.
These leakages are of primary concern when considering
stage efficiency because they are a major contributor to
stage performance loss for a given blade geometry. This is
significant when considering that it is possible for two percent of the steam flow to be diverted over the top of a blade
row without producing any useable power. The losses are
actually even higher due to the disturbing effect of the leaking steam re-entering the main steam flow path downstream
as proven from computational fluid dynamics (CFD) analyses as shown below.

Figure 4 - Seal Leakage Interaction from CFD
Analysis
The above seal design is representative of a labyrinth blade
path sealing most common in areas of high pressure and
smaller axial expansion. Other sealing arrangements include: spring-back seals, retractable seals, and abradable
seals.
Select LP Annulus Area for Best Efficiency
In order to improve efficiency in the Low Pressure (LP) turbine elements, similar improvements in blading and sealing
as previously discussed can be employed. Additionally, a
key factor is choosing the best LP annulus size to match the
exhaust volumetric flow. For example, the cross section in
figure 5 shows a modernized low pressure steam path. To
optimize the LP efficiency improvement, the annulus area
and the corresponding last three stages of blades were carefully matched to the application and steam conditions.
Special attention was also given to improving the stationary
blade profile design. The objective of any advanced stationary blade profile is to provide optimal mass flow distribution for the rotating blades over their entire length. The Siemens advanced forward leaning, tapered and twisted blade
profile provides optimal flow distribution with increased
flow at the hub avoiding flow separation, and reduced flow
at the moving blade tip for minimizing boundary losses.
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Figure 5 – LP Turbine Modernized Steam Path
The best performing center section of the rotating blade
receives an increased mass flow due to this better distribution. An example of this forward leaning blade design is
shown in figure 6 below.

Figure 7: Single Casing HP/IP Turbine (Old Design in
Lower-Half and New Design in Upper-Half)
The scope of the HP-IP modernization includes:
 Partial arc configuration based on unit operating
mode and boiler capabilities
 Fully integral, mono-block rotor design, eliminating rotor bore inspections
 T-root, integral shroud stationary and rotating blading
 Optimized thermal performance
 New, two-piece inner casing with horizontal joint
bolting
 Slide-in nozzle block eliminating nozzle bolting
 Designed for ease of installation
 Contour-end-wall nozzle block helps improve efficiency and reduce solid particle erosion

Figure 6 – LP Last Stage Stationary Blade Ring with
Forward Leaning Design
Project Application - HP/IP Steam Turbine
Modernization
Figure 7 shows a single-casing High Pressure/Intermediate
Pressure (HP/IP) with the old design in the lower-half and
latest technology in the upper-half. The most pronounced
design difference is that the new design uses fewer and
more robust components.
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 Improved aerodynamic analysis
 Reduced secondary losses
 Enhanced sealing
 Over 50% less bolting and alignment parts
The upgrade of a HP/IP turbine can be a highly cost-effective way to help improve the thermal performance and reliability of a steam turbine plant.
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Benefits can include:

Some of the drivers for modernization and upgrades to
steam condensers are:







Increased output and efficiency
Optimal installation time
Faster start-ups
Shorter maintenance outage
100,000 equivalent operation hours (EOH) outage
inspection interval.
 Reduced life cycle costs
 Potential to increase system output without increasing emissions. 2

Steam turbine modernizations have been one of the most
cost effective means to improve performance, typically
showing efficiency improvements in the range of 2-6% on
technology only based on individual project scope of supply.
Condenser Evaluations and Modernizations
Another area of the power plant to achieve improved performance is a condenser optimization. The goal here is to
optimize the flow patterns and heat exchange properties of
the condenser to achieve the following: 3
 Optimized tube bundle arrangement - performance
improvement/efficiency increase
 Lower back pressure - higher power output

 New materials (Titanium, Stainless Steel) - benefits
for maintenance and reliability
 Reduced condenser tube corrosion and erosion
 Reduced bio-fouling and improved cleanliness
factor
 Reduced cooling water in-leakages , resulting in a
“tight condenser“
 Minimized stress corrosion in steam/water cycle
initiated by condenser problems (at nuclear power
plants (NPP) operation with high pH-values)
 Safety and environmental aspects (in NPP)
Project Example - Ibbenbueren
Modernization Project
A project that provides an excellent example of the application of steam turbine and condenser efficiency improvement measures was undertaken at the Ibbenbüren hard coalfired power plant in 2012 . 4
This plant is owned by RWE Power AG had an initial installed rated gross power output of 752 MW and was commissioned in 1985. In 2009, Siemens modernized the high
pressure (HP) turbine, and intermediate pressure (IP) turbine, the two low pressure (LP) turbines and the two condensers with deployment of the latest turbine and condenser
technology.

 Increased condensate dearation
Prior to the project, a detailed plant assessment in cooperation with the power station’s owner RWE was conducted.
A project specific product development resulted from the
assessment study deliverables, whereby only reasonable
economic and environmental approaches have been chosen
to achieve the business and emission goals of the customer.

 Lower condensate sub-cooling

The stated customer objectives were:
 Performance increase (efficiency increases of all
turbines and the condenser) associated with CO2
reduction,
 Lifetime extension,
 Improved reliability
 Improved availability

Figure 8 – Typical Vertical Discharge Condenser
Spring 2014

These objectives could be achieved by installing new turbine rotors and inner casings with advanced blading and
seal technologies combined with the installation of optimized condenser tube bundle modules. Once the retrofit
was completed, the successful modernization measures
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yielded the following results:
 Increase in generating capacity: 86 MW
 Improved energy efficiency: 43 MW resulting
from increased thermal efficiency, so-called “green
MW”.
This means:
 Additional power output with the same fuel consumption
 Reduced emissions: A considerable CO2 emission
reduction of about 260,000 tons/year was achieved.
This helped to:
 Ensure achievement of German CO2 targets
 Improved availability and reliability
 Lower production and maintenance costs by
–Improved profitability
–Improved operating characteristics (rotor and
bearing vibrations and acoustic emissions)
–Increased operational flexibility
–Lifetime extension until 2030

Critical success factors
The major success of this modernization project can be
attributed to various reasons. The most important success
factors are listed below:
 Establishment of a project organization characterized by open communication and a willingness to
jointly resolve issues;
 Joint elaboration of a detailed project plan with
clear interfaces and responsibilities;
 Establishment of a culture of occupational safety,
health and environmental protection which was
implemented throughout the entire project;
 Support of power plant personnel by Siemens Engineering in modernization of the cooling tower, the
cooling water pumps, the generator cooling system
and the boiler to ensure optimum coordination of
the modernization measures;
 Detailed quality assurance plans (manufacturing,
assembly and field erection) accounting for the
results of earlier projects;
 Detailed planning of commissioning, commitment
and hard work by power plant personnel and the
Siemens commissioning team during commissioning and trial operation.
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Figure 9 – Turbine Deck at Ibbenbüren Plant
Conclusion
This article showed the efficiency improvement areas that
are achievable through modernizing the steam turbine.
These applications are possible at fossil-fired power plants
as well as nuclear and combined-cycle plants.
When looking at applying latest technology improvements
to an operating plant, such as the Ibbenbüren example, an
efficiency improvement of approximately 6% increase due
to technology has been achieved. It must be stated that each
such project needs to be evaluated individually to determine improvement potential.
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Abstract

fired power plant applications, for a number of reasons, e.g;

For many years, electrostatic precipitators (ESPs) have been
used to collect particulate emissions from coal fired boilers.
Today, with the need to produce the lowest cost electricity
with the lowest possible emissions, coal fired boilers need
to have flexibility to burn a wide variety of coals and at
the same time achieve very low emissions. In this case the
size, cost and arrangement of the ESP becomes very large
and plants are now considering the use of high ratio fabric
filters (HRFFs) to meet these requirements. While HRFFs
have been used to collect particulate emissions from coal
fired boilers for many years, designing the filters to meet
the required emissions from large 800 to 1100 MWe boiler
systems is a more challenging task than for smaller boilers
(100 to 600 MWe).

A major advantage of the HRFF is its ability to cope with
most fly ashes, with practically no change in the outlet emission. This allows the user to burn a wider range of fuels than
would be possible with an ESP. The particulate collection in
a fabric filter is not effected by the electrical properties of the
ash. The tolerance for variations in boiler operation is larger
for a HRFF than with an ESP, provided the gas temperature
entering the filter stays above the flue gas acid dew point
and at or below the maximum design level. A fabric filter
efficiently collects the very finest particles, and may also be
designed in such a way that a PM10 or PM2.5 emission limit
can be obtained. 1

The most effective means to reduce the steel weight and
footprint of HRFFs is to increase the bag length, while maintaining, or even reducing, the bag-to-bag pitch. Alstom has
more than 20 years experience of 8m (meter) long bags, online cleaned, and more than 5 years successful experience of
10m long on-line cleaned bags in coal fired boiler applications. Alstom Power has now developed a HRFF design with
12m long bags, and reduced bag-to-bag pitch, for large coal
fired boilers, as a continuation of the HRFF design with 10m
long bags successfully launched in 2008.
This article presents information on key issues that need to
be considered when designing and evaluating a HRFF with
12m long bags for a large coal fired boiler installation. Aspects of gas/dust flow distribution to the individual compartments of the filter as well as the concerns regarding large
flow/loading into the bag nest in each compartment will
be discussed. A very efficient, newly developed, cleaning
system has been incorporated in the filter to clean the bags
properly without increasing dust emissions, and allowing
the system pressure drop to be kept as low as possible. The
reduction in HRFF first cost with 12m as compared to 10m
long bags, and tighter bag row pitch, is estimated at approximately 10%.
Introduction
HRFFs are gaining market share over ESPs for solid fuel
Page 8

Fabric filters offer a distinct advantage for scrubbing with
dry sorbents in its capability of further enhancing, as compared with ESPs, the absorbtion process, due to the forced
contact with the absorbent on the surface of the bags. 2,3
The most effective means to reduce the steel weight and
footprint of HRFFs is to increase the bag length, while maintaining, or even reducing, the bag-to-bag pitch. An extensive
effort of further increasing the amount of filter area that can
be installed in each compartment of a HRFF, by further increasing the bag length to 12m and, at the same time, reducing the bag-to-bag pitch is currently being completed.
The new HRFF design with 12m long bags, which is a continuation of the current design standard with 10m long bags,
aims to further reduce the capital cost - as well as offer a
smaller footprint due to its more compact design - with no
degradation in performance with regard to outlet emission,
pressure drop and bag life. The major technical challenges
are to achieve low velocities close to the bags (avoiding bag
erosion), the same or lower pressure losses, and to ensure
that the pulse cleaning system has sufficient cleaning capability for the 12m long bags and increased bag area per pulse
valve. At the same time, the design should be robust enough
to withstand normal variation in filter operating conditions,
as well as capable of handling extreme conditions.
This article presents the key aspects of the required HRFF
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design to address gas and dust distribution and pressure drop
issues, as well as the pulse cleaning system design and capacity with 12m long bags.
Cleaning system
The performance of the bag cleaning system is an essential part of successful HRFF operation. The quality of the
cleaning system has a great influence on:
• Bag life
• Gaseous and particulate emission
• Pressure drop across filter bags
• Total energy consumption
The most important design criteria for the cleaning system
is to quickly produce a high pressure inside the filter element, by rapidly injecting a large volume flow of pressurizing air against the resistance offered by the filter fabric.6
A very high rate of volume flow rapidly injected into the
filter element is essential to achieve the large cleaning forces
required for efficient on-line cleaning of long bags. In the
Alstom pulse system design, these requirements are met by
using components with low pressure loss, large flow cross
section areas, and an optimum geometry, see figure 10. The
system is designed to work with a pressure in the pulse tank
between 2.5 - 3.5 bar.
.

The pulse cleaning system has been developed and continuously improved during the last 30 years, utilizing e.g. a fullscale pulse test rig, where the static pressure inside the filter
bag during pulsing is measured using pressure sensors. The
test rig is further described in 9 .
The cleaning system produces a large flow rate of cleaning
air. Peak pressure in the bag is reached in about 10ms. The
high cleaning energy can be utilized in several ways, for example:
•
•
•

Cleaning very long bags and many bags at same
time
On-line cleaning is no problem
Cleaning flexibility as required for process changes

The fast action of the pulse air delivery system results in a
minor stretch of the fabric when it is expanded to the circular form. At the same time no bending of the fabric or friction against the cage occurs in this expanded circular form.
Hence, the fast, efficient cleaning will have no negative effect on the bag life. On the contrary, it prolongs the bag life
by keeping the fabric clean and in full operation throughout
the life of the bag. When the pulse pressure across the filter
bag decreases to a value less than the differential pressure
across the filter bag, the return of the bag towards the bag
cage starts. The return force is of the same magnitude as the
previous cleaning force if the pulse is cut off in a fast manner
(short pulse), and will result in an aggressive landing of the
bag on the cage, with abrasion and increased local stress in
the bending zones, as well as significant emission peaks due
to seepage and straight through PM penetration. Seepage is
normally dominating. 10
The negative landing effects of the bag on the cage can be
very much reduced by decreasing the pulse pressure gradually in a controlled way to achieve a soft landing of the filter
bag on the cage. Alstom has developed and implemented as
standard for more than 10 years the Modulated Pulse Cleaning (MPC) system, to reduce PM emissions and bag wear in
connection with pulse cleaning of bags. The MPC cleaning
system can be described as a 3 step operation, with a rapid
acceleration during the pulse, followed by flushing with a
large quantity of air, and finally a slow decrease of pulse
pressure to reduce the impact when the bag returns to the
cage, see Figure 11 on page 10.

Figure 10:. Pulse cleaning system with valve, tank and
pulse pipe.
Spring 2014

The MPC system fulfils the important factors for long bag
life by a very effective and even cleaning of all of the bags
in each row. This is achieved with very low stress on the bag
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during the whole cleaning action, expansion and return of
the bags to the cages.

valve for the new FF design with 12m long bags, were performed, see figure 12 and figure 13.

Figure 11: Typical pulse pressure profile vs time, MPC
cleaning system

Figure 12: Pulse pressure along nozzle tube with 12m
long bags. Radius Nozzle pulse pipe

To enable the new HRFF design with 12m long bags and
increased total bag area per pulse valve as compared to the
existing design with 10m long bags 5, an enhancement of
the pulse system performance was a prerequisite.
Prior to initiation of the development work, benchmark
design criteria with regard to minimum and maximum bag
pressure, as well as the pressure distribution along the nozzle tube were set, based on Alstom Power´s experience. The
cleaning pulse must reach all the way to the bottom of the
bag, without either excessive pulse overpressure in the top
of the filter bag, or insufficient pulse pressure in the bottom
portion of the bags in the row.
A systematic investigation of the potential to improve the
currently used pulse cleaning system was performed, utilizing flow modelling work with CFD (Computational Fluid
Dynamics) transient compressible model simulations, and
test rig measurements, as well as dynamic Finite Element
Analysis (FEA) for fatigue resistance. Each system component, from pressure vessel to filter bag inlet, was studied to a
varying degree, focusing on minimized pressure loss.
A new nozzle pipe design, denoted Radius Nozzle pulse
pipe, was developed. The revised nozzle pipe design uses
the dynamic part of the pressure to a high extent. The usage
of the dynamic pressure decreases the pressure loss between
the tank and the bags. The nozzle also provides a homogeneous shape of the jet, which gives a uniform cleaning pressure along the bags, see figure 13.
Pulse system performance measurements, to verify sufficient cleaning power for the increased total bag area per
Page 10

Figure 13: Pulse pressure along the depth of a 12m long
bag. Radius Nozzle pulse pipe
The results from these tests confirm that the benchmark design criteria have been met, and that approximately 20%
more bag area per pulse valve can be efficiently cleaned.

Gas Distribution Design
Proper gas distribution into each bag nest in each compartment of the filter system is essential in order to facilitate online cleaning of long bags, and to achieve long bag life. In
the HRFF design the raw gas enters the filter compartments
from the inlet distribution plenum via inlets equipped with
guide vanes to direct the gas towards the upper section of
the filter bags. This arrangement creates a downward gravimetric gas flow along the filter bags, assisting ash transport
into the hopper at cleaning of the bags. The optimized gas
distribution system further ensures that local high approach
velocities of the gas/ash mixture are avoided at the filter
bags, which is very important to avoid erosion damages on
bags and to achieve long bag life.
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The new HRFF design was targeted to use 12m long bags,
and in addition, a reduction in the bag row pitch of around
10%. This required the development of a revised gas flow
design, as a continuation of the current HRFF design. 5
Benchmark design criteria with regard to velocities in the
inlet plenum and dampers, and velocities close to the filter
bags were set, based on experience. Likewise, design criteria
for the mechanical pressure drop were established, based on
experience and contract requirements.
Extensive flow modelling work with CFD and physical
modelling, was performed to develop the gas flow design.
The aim of the model testing was the following:

CFD modelling, using ANSYS CFX software, was done on
a single FF compartment model, see figure 14, on an inlet
plenum consisting of inlet duct and inlets to 3 compartments.
One compartment including filter bags was fully modelled,
and the other two compartments were represented with an
outlet and a fixed flue gas flow. The CFD model, and the
physical flow model, reflects a FF design with 2 rows of
compartments, each row with 3 compartments, i.e. in total 6
compartments, with 1200 bags in each compartment.
Figures 15, 16 and 17 illustrate the flow pattern and velocities for the recommended design from first round of CFD
analysis. Among the newly developed gas distribution devices was a progressive bar grid to improve the velocity profile in side inlet duct.

1. Verify and tune the design of the inlet distribution
plenum, dimensions, inlet dampers and the design
of guide vanes, taking into account the risk of dust
accumulations.
2. Verify and tune the maximum gas velocities, approaching the bag nest, at the bag face and in-between the filter bags, not to exceed certain criteria.
3. Minimize the mechanical pressure drop from the
common inlet duct to the filter bag plane.
4. Verify the design of the outlet gas flow path, including pulse tubes.
5. Minimize the mechanical pressure drop, from the
bag plane to the common outlet plenum, including the restriction of the pulse tubes and the outlet
dampers.
6. Verify that the design is robust with regard to varying velocity profiles throughout the system.
Figure 14: One chamber CFD-model
The flow modelling was performed at a typical gas-to-cloth
(G/C)-ratio for power plant applications, 75 m/h (4.1 fpm).
In order to optimize the flow modelling work, physical scale
model testing and CFD analysis were planned and performed
to complement each other.
CFD was the main design tool, and was utilized for modelling and optimizing of the ducting arrangement, as well as
modelling of a single FF compartment with detail studies of
the flow arrangement inside the compartment. Physical scale
model testing was then performed to confirm and fine-tune
the design derived from the initial CFD modelling.
Finally, a final round of CFD modelling utilizing the results
from the physical scale model testing was performed to arrive at the final, recommended design.
Spring 2014
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Figure 15: Flow pattern in inlet plenum.
First round CFD design.
Page 11

internals such as guide vanes, dampers and structures have
been represented in the model. The model chamber and the
chamber bypass duct are connected to a permanent flow exhaust system by separate calibrated venturi meters for flow
control. The bypass duct is adjusted to have the same pressure drop as the filter chamber, and simulates the flow to the
two chambers downstream of the tested chamber.

Figure 16: Velocities close to the bag nest.
First round CFD design

Figure 18: Physical flow model

Figure 17: Velocities between first and second bag row .
First round CFD design
The physical model, see Figure 18 and Figure 19, was built
in scale 1:8.44, with perforated plastic tubes used to simulate
the filter bags. One compartment of the FF is modelled. In
full scale, there are 1200 bags per compartment. All required
Page 12

Figure 19: Physical flow model with perforated plastic
tubes
Figures 20, 21 and 22 illustrate flow patterns and velocities
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from the physical flow model testing.

Figure 23 and Figure 24 illustrate the flow pattern and velocities for the final, optimized FF design with 12m long
bags and a reduction in the bag row pitch of around 10% as
compared to previous design. 5

Figure 20: Velocities close to the bag nest.
Physical flow model
Figure 23: Velocities close to the bag nests.
Final FF design

Figure 21: Skewed inlet velocity profile, robustness test.
Physical flow model
Figure 24: Gravimetric flow in bag nest. Final FF design
A gravimetric flow pattern in the bag nest is achieved, and
all other benchmark design criteria have been met.
New HRFF Design
Catia dimensional parametric design was used to develop
design drawings, see figure 25.

Figure 22: Smoke test photo to verify gravimetric direction of flow in the bag nest. The arrow indicates the
observed smoke flow direction from the bottom part of the
bags down into the hopper area. Physical flow model
Spring 2014

Figure 25: New HRFF design with 12 m long bags and
tighter bag row pitch
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A top door design or walk-in-plenum type is available, see
figure 26.

Figure 26: Clean gas plenum type walk-in-plenum, with
upgraded pulse cleaning system
The estimated reduction in HRFF first cost with 12m as
compared to 10m long bags, and tighter bag row pitch, is
significant at approximately 10%.
Conclusion
Due to the increasing market demands for HRFFs for power
plant applications, suppliers need to provide properly designed, efficient, cost effective HRFF designs. The major
technical challenges with more compact and cost effective
designs are to achieve low velocities close to the filter bags
- to avoid bag erosion - the same or lower mechanical pressure losses, very low emissions, and to ensure that the pulse
cleaning system has sufficient cleaning capability for the
longer bags and increased bag area per pulse valve.
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2. Fly ash can create a dense second layer of macroscopic blockage over the catalyst surface area.
For example the combination of PRB coal creates
a coating of calcium (Ca) or magnesium (Mg) (figure 28).
3. Fly ash can be poisonous and can chemically attack the pore system and surface area causing the
catalyst active sites to deactivate. Arsenic, Phosphorous, Sodium, and Potassium are the four main
deactivation elements (figure 29).

Abstract
STEAG’s has developed and patented a unique process for
in-situ cleaning of all SCR catalyst types i.e. corrugated,
honeycomb, or plate inside the SCR reactor without removing the modules. This process utilizes dry Ice Blasting which
cost effectively removes the channel pluggage which reduce
SCR pressure drop and effectively increases the catalytic
potential as more catalyst surface area becomes available
without the pluggage.
Introduction
The standard for removing nitrogen oxides (NOx) from flue
gases is the selective catalytic reduction (SCR) process
which uses a titanium dioxide catalyst impregnated with
vanadium pentoxide (also called a DeNOx catalyst). A reducing agent, ammonia (NH3), is injected and mixed into
the NOx rich flue gas stream upstream of the SCR catalyst.
With the right temperature, the catalyst in the SCR releases
Oxygen (O2) and a reaction of the NOX with the NH3 and the
O2 results in Nitrogen (N2) and Water (H2O).

The aforementioned deactivation mechanisms (figure 27plugging and figure 28 – masking) can be economically
minimized with the use of STEAG’s in-situe cleaning process. De-activation is resolved with either new catalyst purchase or regeneration of the existing catalyst.

The SCR reaction as described above is a very effective.
Problems arise with the other constituents in the fuels such
as solids (fly ash) and other de-activating compounds i.e.
arsenic, phosphorus, etc. The focus of the STEAG in-situ
cleaning process is on minimizing the pluggage from solids
contained in the fly ash. This pluggage can lead to one or
more of the following:
•
•
•
•
•
•

Maldistribution of the flue gas
Unacceptable NH3 slip
Excessive pressure drop
Erosion of the catalyst from increased velocity in
the sections of the catalyst that are not plugged
An increase in NH3 slip, as the amount of NH3 is
normally based on the amount of NOX reduction
required
A reduction in the amount of surface area of the
catalyst effects the amount of O2 released

When fly ash accumulates on the catalyst it can attach or
plug the surface area in three ways:
1. Fly ash can accumulate in the catalyst pores causing microscopic blockage (figure 27)
Spring 2014
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Figure 27: Plugging

Figure 28: Masking

Figure 29: De-activation
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Alternative in-situ cleaning methods
SCR catalyst structures, such as honeycomb, plate, and corrugated catalyst are typically dry cleaned by vacuuming,
blowing with compressed air, shaking or manual cleaning
using scrapers and/or poking type devices of various shapes
and forms. A “riskier” method which can cause future pluggage and de-activation problems is wet cleaning from a
pressure washer.
•

Vacuuming – The catalyst top screen should
be removed and the module is vacuumed which
removes large piles of ash and the top layer of fly
ash in the module. The microscopic and dense
phase blockage cannot be removed with this
method.

•

Compressed Air - Blowing with compressed air
lances can remove some of the catalyst surface
and pore blockage however; if the plug is bound
to the catalyst or in the center of the catalyst, it
would normally not be removed with this method.
With the amount of calcium in the fuels, this along
with moisture tends to solidify and sticks the ash
to the catalyst which just air lancing will normally
not remove.

•

•

•
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Mechanical Shaking – This method is reserved
for “plate type” catalyst. Shaking is a process of
vibrating the module thus disposing the catalyst of
fly ash. The pluggage starts at the point between
the top and sub layer of the module. Only the top
boxes are removed and shaken. The module is
vacuumed between the top and sub layer of the
module. Shaking of honeycomb can damage the
seating surface and the packing that secures the
modules. It is also not practical as the entire module needs to be removed.
Reactor shaking – Specialized vibration equipment is installed beneath the catalyst layer.
Specialized vacuum air hood equipment is applied
to each catalyst module. This method has been applied to both honeycomb and plate catalysts.
Scraping / Poking - Scraping and poking methods have proved effective with ash build up on
sonic horns and reactor walls, but these methods
most probably will damage honeycomb catalyst. Scraping can “poke” the fly ash through the
catalyst cells/channels, but the metal rods scar the

walls and can break the walls. The plug is only
pushed down and without additional lancing will
probably not be removed.
•

Power Washing - Pressure washing of the catalyst
can dissolve chemical compounds present in the
fly ash (e.g., iron oxide and sulfates) and deposit
them on the catalyst surface or surface of other
components in the SCR system. These compounds
can significantly alter the SO2/SO3 conversion
rate of the catalyst. Further, on fuels with higher
calcium content, the addition of water turns the fly
ash solution into a cement type of compound and
the ash will solidify to the ceramic material.

Figure 30 provides an overview of the currently available
in-situ cleaning methods ranging from dry to wet cleaning
performed on corrugated, honeycomb or plate catalyst.
Thus, there remains a need for additional and effective dry
physical cleaning methods to not only remove fly ash from
an SCR catalyst and system, but also to open and unplug
catalyst channels and make catalyst surface accessible for
the flue gas.
STEAG has looked at a number of techniques to remove the
pluggage from catalyst in a “dry” form. The use of dry ice
was the most effective at removing hard pluggage. In addition, the catalyst did not have any deterioration of performance from the cleaning or structural problems from the use
of the dry ice.
What is Ice Blasting?
Dry Ice Blasting is a form of blasting where dry ice, the solid
form of carbon dioxide, is accelerated in a pressurized air
stream and directed at a surface in order to unplug fly ash
from the catalyst cells. Dry Ice Blasting involves propelling
pellets at extremely high speeds. Upon impact, the pellet
sublimates almost immediately, transferring minimal kinetic
energy to the surface and producing minimal abrasion.
The sublimation process absorbs a large volume of heat
from the surface, producing shear stresses to thermal shock.
This improves unplugging as the fly ash is projected thru
the catalyst cells. The rapid change in state from solid to gas
also causes microscopic shock waves that remove the fly ash
pluggage. Dry Ice Blasting leaves no chemical residue as
dry ice sublimates at room temperature.
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an area of high pressure focused between the
surface and thermally fractured particles. This
results in a very efficient lifting force to carry the
particles though the catalyst cells.

Figure 30: Comparison of different techniques
Why does it work?
Ice Blasting works because of three primary factors: pellet
kinetic energy, thermal shock effect and thermal-kinetic effect.
• Pellet Kinetic Energy: Ice pellet changes from
solid to gas instantly upon impact, which effectively provides an almost nonexistent coefficient
of restitution in the impact equation.
•

Thermal Shock Effect: Instantaneous sublimation
(phase change from solid to gas of CO2 pellet
upon impact).

•

Thermal-Kinetic Effect: The combined impact
energy dissipation and extremely rapid heat
transfer between the pellet and the surface cause
instantaneous sublimation of the CO2 into gas.
The gas expands to nearly 800 times the volume
of the pellet in a few milliseconds in what is
effectively a “Micro-explosion” at the point of
impact. The “Micro Explosion” as the pellets
changes to gas, is further enhanced for blasting
pluggage through the catalyst. This is because of
the pellets lack of rebound energy, which tends to
distribute though the catalyst cells. The CO2 gas
expands outward along the surface and its resulting “explosion” shock front effectively provides
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The utilization of dry ice within the SCR reactor is safe because here is no residence time of moisture on the catalyst
walls, and therefore the formation of concrete-like pluggage
is eliminated compared to other in-situ cleaning techniques.
On-site Ice Blasting is convenient to the customer since it
provides cleaning within the outage schedule.
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Figure 5: On-site Ice Blasting

Figure 6: Dry Ice Pellets
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Results
Since 2009 STEAG Energy Services has successfully removed catalyst pluggage on all catalyst types using the
STEAG patented Ice Blasting process at their Kings Mountain, North Carolina and at customer sites. STEAG reached
pluggage removal successes ranging from 100% before
down to less than 5% after.

Figure 35 and 36 shows the same module within the reactor
of the Midwestern utility before and after Ice Blasting. This
module had a pluggage rate of approximately 63 percent before Ice Blasting was started, and was deemed ‘clean’ at approximately 5 percent. The pluggage rate of all the modules
within the reactor that were selected for Ice Blasting was
improved from approximately 47 percent to approximately
4 percent on average.

The images below illustrated the significant difference and
improvements possible to each type of catalyst.
Honeycomb Before Corrugated Before

Plate Before

Figure 35: Before Ice Blasting

Honeycomb After

Corrugated After

Plate After

Figure 33: Before (top row) and after (bottom row) Ice
Blasting images of honeycomb, corrugated and plate
catalyst
Recently STEAG conducted an onsite Ice Blasting cleaning
to a Midwestern utility. The units are in a two reactor with 3
layer plus 1 spare layer arrangement. There are three layers
installed in the three bottom locations with the top location
empty. This arrangement is commonly used to assist in flow
straightening and more evenly distributed flow. STEAG was
contracted to perform Ice Blasting on all three layers in both
reactors during the outage. Prior to the outage the pressure
drop across the layer was approximately 5 inches WC and
was improved to approximately 2.43 inches WC after Ice
Blasting. The following data shows the results for each layer
after Ice Blasting and as it compares to new catalyst (previous cycle) as illustrated in the chart below:

Figure 36: After Ice Blasting
Conclusion
This Ice Blasting process has proven to be a cost effective
application to restore the reactor performance without the
significant cost for catalyst removal. STEAG has had success on reactors that had previous method performed that
have aggravated the pluggage issue and were able to clean
the catalyst.

Figure 34
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Ice Blasting is effective for unplugging catalyst for the following reasons:
•

Ice Blasting will target the catalyst deactivation
mechanism of pluggage with mechanical cleaning by removing plugging (microscopic pluggage – see figure 27) and masking (macroscopic
blockage – see figure 28) of the catalyst.

•

Ice Blasting equipment is light and mobile so that
it can be easily mobilized and effectively moved
from one layer to the next.

•

Ice pellets are stored in 500lb totes and can be
delivered by freight elevators or chain hoist lifting equipment. The catalyst removal access area
can be utilized for the delivery of the supplies,
and offers easy mobilization from one layer to
the next.

•

Ice Blasting crews are safety trained to include
respirator and confined space training.

•

Cleaning of multiple layers within an outage is
possible.

•

STEAG can clean the plugged catalyst on a
module to module basis or a layer to layer basis
depending on the catalyst pluggage ratio and
pressure drop conditions.

•

Ice Blasting is safe and effective for all catalyst
types (corrugated, plate, and honeycomb) compared with other on-site cleaning methods.

For further information contact:
Mike Dunker at mike.dunker@steag.us or
Dorothee Seidel at dorothee.seidel@steag.us.
Mike Dunker is the Sales Manager of
STEAG Energy Services LLC and is responsible for sales activities of STEAG
for the North American Market since
2012, focusing on STEAG’s patented
ice blasting cleaning business. Mike has
been in the industrial industry since 1989
and for the last 11 years he has managed
several power plant and paper mill outages including cost controlling and critical path assurance. Mike has a Bachelor of Science in Business from Baylor University and a Business MBA from the
University of Texas.
Dorothee Seidel is the Marketing Manager
of STEAG Energy Services LLC and is responsible for marketing and communications activities of STEAG for the North
American Market since 2008. Dorothee
holds a Bachelor of Science in Management
from Coastal Carolina University, SC and an
MBA equivalent with a focus on Marketing
from the International University of Applied Sciences Bad
Honnef Bonn, Germany.

STEAG’s pluggage removal technique provides a highly
efficient method to significantly reduce pluggage. This not
only will reduce the pressure drop thus saving fan power and
possible de-rating of the unit, but also offers better utilization of the catalyst’s NOx reduction potential. STEAG’s Ice
Blasting technique provides a unique opportunity to clean
any catalyst type (corrugated, honeycomb, plate) without
removal of the modules or the module sealing system. This
reduces material handling and outage time as well as costs.
With this proven technique, pluggage can be reduced to less
than 5%pluggage on average.
This technology is protected by US Patent Number 8268743 - Pluggage Removal
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Stock Equipment recently supplied ModuPower SMPS’s
for two 135 MW pulverized coal generating units located
in Tocopilla, Chile. To control PM (Particulate Matter)
emissions each unit was originally equiped with a 1990’s
vintage Mitsubishi electro-static precipitator powered by
conventional TR sets (Transformer Rectifiers). The original design collection efficiency of the ESPs was 98% which
resulted in an estimated 211 mg/Nm3 emission rate at full
load when using an imported bituminous coal with 10.6%
ash content.

ment. Stock also provided a ground switch designed to mate
up with the customer’s existing insulator compartments. The
combination of these features allowed for the majority of the
installation to be performed with the ESP’s in service and
without removing of the existing TR sets. The final ModuPower tie in was performed during brief outages on each
unit. Comprehensive support was provided throughout the
duration of the project by performing pre-outage site evaluation, providing service engineers for installation support and
commissioning, and additional support.

Changes to government regulations would require compliance with a reduced PM emission limit of 50 mg/Nm3 in
2014. The chilean power customer had planned to meet the
new requirements by replacing the ESP with a bag house.
However in late 2013 the customer was informed of significant delays in delivery of the bag house and an accelerated
schedule to meet the 50 mg/Nm3 PM emission rate limit
by the end of January 2014. In response, the customer was
forced to source an alternate 6% ash coal and reduce production to 120 MW or below to stay in compliance.

The customer was able to increase generation to full output
while maintaining a PM emission rate below the 50 mg/Nm3
limit after a successful startup of the boiler, ModuPower tuning, and refinement of the rapper control program. No other
changes or repairs were made to the precipitator during the
installation. The resulting performance improvement was
better than expected and allowed the plant to resume full
production.

The customer contacted Stock Equipment in December 2013
to discuss potential solutions for further reducing emissions
and recover production capacity using Stock’s ModuPower SMPS (Switch Mode Power Supply). The ModuPower
SMPS reduces PM emissions by increasing the overall
power input to the precipitator versus conventional TR sets.
Stock was able to utilize their process expertise to provide
the customer with performance estimates for a variety of scenarios. They then leveraged the global assets of their parent
company, Schenck Process Group, to source trial equipment
from their Chinese affiliate for delivery in January 2014. The
confidence generated by this analysis prompted the customer to quickly exercise the proposed solution and successfully
lower the PM emission rate.
The scope of the project consisted of replacing 3 of 4 conventional TR sets with ModuPower SMPS on each of the
two units. The ModuPowers were installed at grade using
100 kV rated HV cable to connect the high voltage output
with the precipitator discharge electrode frame.

The ModuPowers will remain in operation at the Chilean
palnt until the bag houses are installed. The ModuPower’s
then may be transported elsewhere within the customer’s
system to reduce particulate emissions at another facility.
For further information contact Jason Horn at
jason.horn@stockequipment.com
Jason Horn is the Director of Environmental Controls for Stock Equipment Company
in Chagrin Falls, Ohio. He began his career
in the power industry in 2005 as a corporate
air emissions control engineer with American Electric Power. Since joining Stock
Equipment in 2007, Jason has held various
positions of increasing responsibility within the environmental controls product line. He currently
serves as the secretary for the Worldwide Pollution Control
Association and holds a Bachelor of Science degree in electrical engineering from Ohio Northern University.

This remote mounting capability is unique to the ModuPower allowing for flexibility in the final location of the equipPage 20

www wpca.info

Spring 2014

Abstract
A study was conducted at a 5-MW equivalent slipstream
facility of Gulf Power’s Plant Crist Unit 5 located in Pensacola, FL. The facility is also commonly referred to as Mercury Research Center (MRC). During the trials lasting 10
days, the effect of a range of process variables was studied.
The variables included flue gas temperature, air-to-cloth ratios, interval between cleaning, and the effect of removing
some of the fly ash by an electrostatic Precipitator (ESP)
upstream of baghouse, etc. CLARCOR Industrial Air tested
a novel membrane-based filtration media formed as pleated
elements.

CLARCOR Industrial Air manufactures pleated filter elements for flue gas filtration from coal-fired boilers. These
filter elements (BHA ThermoPleat®) are constructed from a
patent-pending high density unsupported needle felt media
that is stiffened by a state of the art thermal bonding process
(a version of these made from Aramid fibers is available as
well). These elements are a direct replacement for standard
filter bags and cages. Their shorter length keeps the filter element out of the inlet gas stream, reducing abrasion problems
and providing for a larger drop-out area.

Figure 37 shows a typical comparison of filtration surface
area provided by BHA ThermoPleat® pleated elements
Data will be presented that shows that by using CLARCOR as compared to traditional filter bags and cages. Figure 38
Industrial Air’s novel filtration elements, mercury capture as shows a picture of the BHA ThermoPleat® element, as an
high as 98% can be achieved by inherent fly ash alone (with- example.
out needing to inject powdered activated carbon).
This was true in spite of majority (about 80%) of Mercury
being in elemental form in the flue gas. Traditional round
filter bags are typically known to capture significantly lower
percentage of mercury in the flue gas by inherent fly ash.
Data was also collected with injection of activated carbon
upstream of baghouse (FF). It was found that by using these
novel filtration elements, if a plant is already using powdered activated carbon the consumption of activated carbon
can be reduced by as much as 85%.
Data will be reviewed along with the proposal of mechanisms about how this novel filtration element works in
achieving such high mercury captures, as compared to traditional round bags.

Introduction
Control of mercury emissions from coal-fired boilers is
imminent. Several states have instituted mercury emission
limits in lieu of a national standard. The U.S. EPA is issuing recommended standards for industrial boiler mercury
emissions. Many of the mercury emission standards imply a
reduction efficiency of about 80% to 90% will be required.
As a result, an economical means of achieving the proposed
mercury emission limits is required.
Spring 2014

Figure 37: Typical comparison of filtration
area
Figure 38: An example of
BHA ThermoPleat® Filter Element
Rationale for the Study
It is generally known in the coal-fired power
industry that the fly ash in flue gas contributes
to some capture of mercury1. The capture is dependent on the amount of unburnt coal in the
fly ash (LOI of fly ash). The phenomenon is
also sometimes referred to as native capture of
Mercury by fly ash. This fly ash with mercury
is then collected by traditional air pollution
control equipment used by the plant (fabric
filter baghouse or electrostatic precipitator). In
general, this native capture of mercury is found to be larger
by FF as compared to ESP.
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Pleated filter elements provide significantly higher filtration
surface area as compared to conventional round felt bags. As
a result, it is hypothesized a greater native capture of mercury by a baghouse using these elements. This hypothesis
was also built upon some anecdotal data collected from customers. To prove this hypothesis, CLARCOR Industrial Air
conducted a scientific study at Southern Company’s Mercury Research Center (MRC).
Study
PCT, Inc. conducted the testing for CLARCOR Industrial
Air in the baghouse located in the MRC at Plant Crist Unit 5
in Pensacola, Florida. The MRC is a fully-functional, pollution control research facility located on a 5–MW sidestream
of Unit 5.

Figure 39: Mercury Research Center Process
Flow Diagram

PCT, Inc. provided flue gas mercury measurements at the
MRC inlet, the baghouse inlet and at the baghouse outlet.
The primary measurements were made using Thermo Fisher Scientific mercury CEM analyzers with quality control
measurements made using sorbent traps. Coal and fly ash
samples were obtained throughout the program for off-site
LOI and/or mercury analysis. Velocity traverses utilizing a
standard pitot were made daily to confirm flow rates. The
sorbent injection system was comprised of a Porta-PAC™
injection skid.
The coals combusted during the test program were typically
a blend of Drummond and Galatia coal. The Drummond is
a low sulfur sub bituminous of Columbian origin and the
Galatia is a bituminous coal from the Central Illinois Basin.
The blend is a low sulfur (0.75%) sub bituminous analog.
Testing was conducted over the period of ten days, between
September 7 and 16, 2010. A short period of break-in or “seasoning” of the bags took place from September 7 through
September 12, followed by the four days of testing during
which parametric variables such as cleaning times, flue gas
temperature, and flow rate were changed.
Test Facility
Figure 39 shows a simplified schematic of the layout of the
MRC facility in relation to Plant Crist. The MRC facility
can be operated in a baghouse-only mode, ESP-only mode,
or use ESP and baghouse in series. As an example, Figure 40
shows the arrangement of MRC in a baghouse-only mode.
Most of the testing was conducted in baghouse-only mode.
The SCR was bypassed during the entire duration of testing.
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Figure 40: MRC in baghouse-only mode
Baghouse
The pulse jet baghouse had 82 filter elements arranged in 9
rows. The system was equipped to conduct cleaning based
on pressure set points, or based on time. The pulse cleaning
parameters were as follows – cleaning pressure of 55 psig,
pulse time of 0.15 seconds, and time between pulses of 6
seconds.
The baghouse was designed for 27’ long standard round PPS
bags supported by wire cages. These bags and cages were
removed, and the baghouse was fitted with 81” long BHA
ThermoPleat® elements. The 81” long BHA ThermoPleat®
elements provided the same filtration area as 27’ long conventional round bags.
Filter Elements Tested
The BHA ThermoPleat® elements were 81” long with a diameter of 6.25”. The filtration media in these elements was
CLARCOR Industrial Air’s proprietary laminate QR811.
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The media uses a stiffened felt that is a blend of PPS and P84
fibers, and is laminated to a microporous expanded PTFE
membrane, as the filtration surface. During the rest of this article, these elements will be referred to as QR811 elements.

Figure 41 provides a more comprehensive summary of the
capture rates of mercury under various combinations of variables.

Variables Studied
The study was designed to evaluate the effect of the following variables:
•
•
•
•

Flue gas flowrate – 14,000 acfm vs. 19,000 acfm.
Corresponds to an air-to-cloth ratio of 3.7 and 5.15.
Flue gas temperature – 280oF and 343oF
Different cleaning intervals and modes (Pressure
settings vs. time settings)
Effect of Powdered Activated Carbon Injection (to
further increase mercury capture beyond what can
be accomplished by fly ash alone)

Results and Discussion
Figures 42, 43, and 44 shows some of the results at various conditions of gas flow rate, cleaning modes, and flue gas
temperatures. The average level of mercury in the flue gas
stream incoming to the baghouse was 10.3 μg/m3. The speciation was 80% elemental and 20% oxidized. As noted earlier, the SCR was kept out of service for the entire duration
of testing. Without the SCR, this level of mercury speciation
is consistent with historic data from MRC facility.

Figure 42. Mercury Capture Data at Flue gas
flow rate of 14,000 acfm (air:cloth ratio of 3.7);
Temperature 343oF; Cleaning in pressure mode
with set points of 4” and 5” for clean and dirty
conditions

Figure 41: Summary of Mercury Capture across baghouse at various conditions of air-to-cloth ratio, flue gas temperatures, and cleaning modes. The average level of Mercury in the flue gas stream incoming to the baghouse was
10.3 μg/m3. The speciation in the inlet flue gas was 80% elemental and 20% oxidized.
Spring 2014
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The data also shows that there is some benefit to operating
the process in a pressure-based cleaning mode (compare results from Tests 1 and 2). There is some advantage to increasing the time between cleaning (compare the results
from Tests 2 and 3).
At higher flue gas temperature (343oF), the data further
showed that operating at higher air-to-cloth ratio could actually be better for mercury capture. This came as another
counter-intuitive observation.

Figure 43. Mercury Capture for Flue gas flow rate
of 14,000 acfm (air:cloth ratio of 3.7); Temperature
280oF; Cleaning in Time Mode every 30 minutes –
Snapshot of data through 3 cleaning cycles

Confirmatory Tests on the Validity of Data
Since the observed mercury capture percentages were significantly higher than traditional round bags, a few confirmatory tests were run to rule out any equipment error or anything
unusual with flue gas chemistry.
In order to confirm that the mercury analyzers were reading
correctly, we ran the following two confirmatory tests.
•

•

Figure 44. Mercury Capture for Flue gas flow rate of
19,000 acfm (air:cloth ratio of 5.15); Temperature
280oF; Cleaning in Time Mode every 15 minutes –
Snapshot of data through 3 cleaning cycles
The data shown in figure 41 came as a great surprise to the
team. The data showed that by using native fly ash alone,
mercury capture of 98% can be achieved in the baghouse
with BHA pleated elements if the flue gas inlet temperature
can be reduced to 280oF. This is true in spite of the mercury being predominantly in the elemental state. For a more
conventional flue gas temperature of around 343oF, the capture percentage of between 75% to 80% can be achieved.
These numbers are surprising, as the historic data from MRC
shows that with traditional round non-membrane bags, the
expected capture percentage is around 30%.

The flue gas duct was reconfigured to bypass the
baghouse. On bypassing the baghouse, the outlet
mercury analyzer read within 2% of the inlet analyzer.
During steady state operation with baghouse in
service, mercury samples were also collected with
carbon traps. These carbon traps were sent to an
outside test lab. The data from these carbon traps
matched the inline Thermos data very closely.
- Average of two traps 0.90 μg/m3 at 3% O2
(ran for 111 minutes)
- Average of Thermo Total Hg over the 111
minutes 0.88 μg/m3 at 3% O2

Based on these two tests, any concerns with mercury analyzers were ruled out.
The second concern was whether there was some temporary
fluctuation in the plant operation that is leading to unusual
gas stream chemistry or unusually high affinity of fly ash
for mercury. In order to confirm that this was not the case,
we collected mercury capture data across ESP alone. The
rationale was that since amount of mercury capture by ESP
in a typical power plant is very well documented, by collecting the baseline data with ESP, any unusual issues with this
particular gas stream chemistry or fly ash composition can
be ruled out. The four-field ESP was operated at the standard
operating conditions (50KV on each field).
ESP was operated at temperature 340oF. The flue gas flow
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rate was 14,000 acfm. At these conditions, the percentage of
mercury captured across ESP was around 35%. This level of
capture of mercury across ESP is consistent with documented studies, and historical data from MRC. Hence, anything
unusual about this fly ash or gas chemistry can be ruled out.
Testing with Injection of Powdered Activated Carbon
Since injection of powdered activated carbon is accepted as a
well-accepted method for mercury control, we hypothesized
that by using BHA’s ThermoPleat® elements the amount of
carbon needed by an utility can be substantially reduced.
Testing was conducted with Darco® Hg-LH powdered activated carbon supplied by Norit. This is impregnated activated carbon, and is designed for flue gas streams having
high percentage of elemental mercury.
Figure 45 shows the parametric curve with various levels of
activated carbon injection rates. The activated carbon studies showed that with BHA ThermoPleat® element, a capture
rate of 92% plus can be achieved by carbon injection rate

of 0.6 lbs/MM Acf. This compares to typical injection rate
of 4.0 lbs/MM Acf reported in literature for standard nonmembrane bags2.
Summary of Key Findings
1. Mercury capture of 98% can be achieved in the baghouse with QR811 elements, if the flue gas inlet temperature can be lowered to 280oF. This is true in spite
of the mercury being predominantly in elemental state.
2. Mercury capture of 75% to 80% can be achieved in the
baghouse with QR 811 pleated elements, if the flue gas
temperature is kept at typical set-up of around 345oF.
3. Further increase to mercury capture can be achieved
at the higher temperature settings (343oF) by activated
carbon injection. Capture rate can be increased to 92%
plus by carbon injection rate of 0.6 lbs/MM Acf. This
compares to typical injection rate of 4.0 lbs/MM Acf
reported in literature for standard non-membrane bags.

Figure 45: Percentage of Mercury captured with the injection of powdered activated carbon.
Flugas flow rate of 14,000 acfm (air-to-cloth ratio of 3.7)
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Proposed Mechanism
The exact mechanism for these unexpected findings is still
being investigated. An initial hypothesis of mechanism is
discussed below.

Based on this observation, the proposed mechanism for the
high amount of mercury capture by membrane pleated elements is as follows:
•

First a recap of the known facts,
• Pleated elements with membrane are leading to
very high rate of mercury capture, compared to
literature-reported values with traditional nonmembrane round bags.
• Air-to-cloth ratio appear to have weak effect.
• Interval between cleaning does appear to have
some effect (lengthening it increases the capture).
• Temperature of flue gas has the strongest effect.
• There appears to be something inherently unique
about pleated elements and membrane that is
leading to high capture. The mechanism cannot
be explained by cleaning interval and air-to-cloth
ratio alone.
In order to ascertain that the high rate of mercury capture
across pleated elements is related to fly ash, an experiment
was conducted in which the fly ash was removed from the
equation. An experiment was conducted in which ESP and
baghouse were operated in series. ESP was operated at its
standard conditions with all four fields operational. At these
conditions, this ESP is believed to remove 99.5%+ of the fly
ash, per MRC (no opacity measurement available). Gas flow
rate was 14,000 acfm, and temperature was 340oF.
The results are summarized in figure 46.

High capture requires membrane AND pleats in
the filter element.
High surface area of membrane (nodes and fibril
structure on surface) provides collection surface
for Hydrochloric acid (HCl) in the gas stream to
collect on and to oxidize the elemental mercury in
flue gas to mercuric chloride.
With pleated elements, there is always some fly
ash collected in the valleys that captures this
mercuric chloride. This fly ash does not contribute
to filter pressure drop, as it is not actually on the
filtration surface, but located in close vicinity of
filtration surface.
In case of round bags, there is very little fly ash
that remains in vicinity of filtration surface (the
cleaning pulse being directed at 90 degree angle
from the bag would push out all the fly ash).

•

•

•

In the proposed model, the membrane facilitates mercury
oxidation, and the pleats facilitate capture of oxidized mercury. Need to have both to get high total capture.
Explanation of Observed Results by Proposed Mechanism
No additional capture of mercury by baghouse when ESP is
in service

When operating under these conditions, it was found that the
baghouse provided no significant further mercury capture
beyond what was achieved by ESP alone. This leads us to
conclude that the key mode of mercury removal across the
pleated elements relies on the fly ash.

•

Without fly ash in the flue gas stream, the HCl
build-up on the membrane nodes and fibrils would
still take place. This would still oxidize the elemental mercury to chloride form. Experimental
data shows that as well.

However, in the above set-up, what came as a surprise was
that while the baghouse provided no additional mercury removal (when operated in series downstream of ESP), it continued to oxidize mercury (even in absence of fly ash).

•

However, without any fly ash to capture this mercuric chloride, it would simply go through the baghouse as gas (at these concentrations dew point of
mercury in gas is below zero dg C).

Figure 46: Process with ESP and Baghouse operated in series. Total levels of Mercury and speciation
at various stages of the process.
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