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ABSTRACT

Over the last 30 years aggressive, current-distributing type Rigid Discharge Electrodes (RDEs) have been used in more than 1000 new and rebuilt Electrostatic Precipitator (ESP) applications including recovery boilers, cement kilns, refinery catalytic cracking units, and utility coal fired boilers.  Historical results have been generally good, but new, increasingly stringent requirements for reduced particulate emissions from all sources has placed even more importance on improved ESP performance.  With the development of customized RDEs, whereby several types of RDEs are used in a single ESP chamber, designers have been able to meet this challenge and provide new and rebuilt utility coal fired ESPs that demonstrate superior performance over a wide range of operating conditions.  Recent applications include high, moderate and low fly ash resistivity, and variable inlet fly ash loadings.

BACKGROUND

The RDE is a relatively recent addition to the evolutionary process of ESP design.  Early ESP designs tended toward the rigid frame type (see Figure 1) in Europe, and the weighted wire type (Figure 2) in the U.S. 

The rigid frame design features large bus sections, tall collecting plates, and fewer transformer rectifiers (TRs) than the typical American weighted wire design.  The discharge electrodes are typically housed in tubular steel frames and are rapped with tumbling hammers located inside the gas stream.  Varied electrification demands have been addressed with use of different electrode elements.  While taller collecting plates and fewer TR sets address the need for economy, this ESP design falls short in several areas:

· The method of attachment of electrode elements to tubular frames is problematic; electrode breakage and poorly tensioned electrodes are common.
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· Larger bus sections accentuate the impact of the loss of a TR set.  

· Tall plate design necessitates multi-level, tumbling hammer rapping for DE systems, an expensive solution.

· The wear parts of the rapper system are located entirely within the gas stream, making online maintenance impossible

· The DE support frames require a considerable amount of space inside the ESP casing which could be better utilized for additional collecting surface.

· The ESP’s electrode system fails to provide sufficient uniformity of corona current and sufficient differentiation of electrical characteristics for optimum ESP performance.

Conversely, while the weighted wire design with top rapping addresses the rapping and sectionalization problems of the rigid frame design, it falls short in the critical areas of wire breakage (the discharge electrode is a 2.77 mm (0.109 inch) diameter wire) and optimum electrification.  

In the 1970’s and early 80’s the RDE was developed, and the aggressive, current distributing type RDE enjoyed success in Europe on a wide variety of applications, and gained a foothold here in the U.S. (Figure 3).  Used in combination with top rapping, this “hybrid” design provides a nearly ideal discharge electrode system, featuring most of the positive technical features noted above, in conjunction with improved operation and maintenance and reasonable economics.  With the advent of customized RDEs in the 1990’s, there has been a resurgence of interest in this aggressive, current distributing type RDE. 

RDE GOALS

The aggressive, current distributing RDE was developed in Europe over 30 years ago with one primary goal: to distribute corona current discharge as evenly as possible on the adjacent collection plate surfaces. 

This RDE has the potential to produce moderate to very high corona current flows, depending upon the population and geometry of its emitter barbs. Hence, highly aggressive corona current producing RDEs may be positioned in the upstream fields of the ESP, where fine particle charging must occur as quickly as possible, while moderate current producing or perhaps voltage enhancing RDEs may be positioned in downstream fields, depending upon the specific application’s electrification needs.

But most importantly, the current distributing RDE has a corona current discharge that is more uniformly distributed on the collecting plates when compared to all other discharge electrodes.  This includes other types of RDEs, as well as the mast-mounted and frame-mounted electrode elements that are currently in use. 
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The benefits to ESP performance realized by uniform corona current distribution are numerous. The onset of sparking and/or back corona ionization occurs at localized regions of high corona current, or so-called “hot spots.” Rapping reentrainment of low resistivity particulate and carbon particles occurs predominantly in “cold spots,” where the corona current flow is minimal to nil. When a current distributing RDE is utilized, these hot spots and cold spots are not completely avoided but rather minimized, as discussed in the following section, which results in improved overall precipitation. This is of increased importance in light of today’s stringent particulate emissions regulations and the utility industry’s need to achieve significantly higher performance levels with existing undersized ESPs. 

LABORATORY DATA

In 1984, ELEX AG carried out extensive laboratory testing in order to compare various types of RDEs with respect to their ability to provide a uniform corona current distribution on the collecting electrode plate.  A small portion of that body of work has been extracted and summarized below.

A variable width ESP gas passage was constructed, with a cutout in one of its collecting plates.  In that cutout was inserted a test plate, consisting of a 20 by 50 grid of 1 cm2 
(0.155 in2) test areas.  Each test area was electrically isolated from the test plate and its neighboring test areas, and connected to ground via a 1.1 mega-ohm resistor.  The voltage across this resistor was measured, allowing the calculation of corona current flow through each individual test area.  

The laboratory tests described hereafter were carried out in still, ambient air with a 400 mm (15.75 inch) ESP gas passage and at an average corona voltage of 67.5 kV.  The test RDEs were installed at the center of the ESP gas passage on 500 mm (19.69 inch) spacing, measured parallel to the collecting plate, in what would normally be the direction of flue gas flow.

While several different types of RDEs were tested in 1984, Figure 4 details the configuration of each of four RDEs reported on herein.  The first three RDEs are customized configurations that have been used in coal-fired power boiler ESPs here in the United States, while the fourth RDE is a non-aggressive type RDE that has been included for comparative purposes only.

The degree of corona current uniformity is reported as a corona current variance coefficient.  The variance coefficient is a widely used measure of data dispersion in statistical analysis, and it is defined as:
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where:

VC = variance coefficient

N = number of data points in the data set

X1, X2, Xn = data points in the data set

m = mean of data set

The results of this laboratory test program are summarized on Table 1 below.

RDE Type
Corona Current Variance Coefficient (%)
Collecting Plate Area with Negligible Corona Current (%)

RDE  127x1
69
21

RDE  115x10
63
16

RDE  117x24
59
11

RDE  130x1
92
37

Table 1 – Laboratory Test Results

RDE 127x1 has a 20 mm (0.79 inch) diameter body, staggered emitters, a 127 mm (5.0 inch) total emitter span, and a 0 mm emitter tab spread. The 127 mm (5.0 inch) section of collecting plate immediately adjacent to the electrode is nearly void of corona current.  The corona current distribution has a variance coefficient of 69.14%, and 21.0% of the test plate receives negligible current flow.  RDE 127x1 is currently in use in the United States in a coal-fired boiler ESP having 203 mm (8.0 inch) wide gas passages. 

RDE 115x10 has a 20 mm (0.79 inch) diameter body, staggered emitters, a 115 mm (4.53 inch) total emitter span, and a 20 mm (0.79 inch) emitter tab spread.  By spreading the emitter tabs, more corona current is steered in towards the RDE’s body. The corona current distribution has a variance coefficient of 63.38%, and 15.8% of the test plate receives negligible current flow.  This RDE is in widespread use in ESPs in the United States and overseas.

RDE 117x24 has a 20 mm (0.79 inch) diameter body, staggered emitters, a 117 mm (4.61 inch) total emitter span, and a 24 mm (0.95 inch) emitter tab spread.  By further spreading the emitter tabs, significantly more corona current is steered in towards the RDE’s body. This RDE’s corona current distribution has a variance coefficient of 59.16%, and only 11.2% of the test plate receives negligible current flow.  This RDE is also in widespread use in the United States and overseas.

For comparative purposes, a non-current distributing type RDE was tested.  RDE 130x1 has a 20 mm (0.79 inch) by 80 mm (3.15 inch) body, opposed square-shaped emitters, a 130 mm (5.12 inch) total emitter span, and a 0 mm emitter tab spread.  By increasing the size of the RDE’s body and by using straight emitter tabs, corona current is steered away from the RDE’s body. This RDE’s corona current distribution has a variance coefficient of 91.74%, and 37.3% of the test plate receives negligible current flow.

FIELD AIRLOAD DATA

The aggressive corona current generating capability of customized RDEs, and their ability to produce varied current-voltage (V-I) relationships, is demonstrated in Figure 5.  This figure compiles ESP startup airload data taken at ten commercial ESP installations.  Spike & Pipe electrode data includes RDE body diameters of 38.1 mm (1.5 inch) and 50.8 mm (2.0 inch), and includes ESP gas passage widths varying from 279.4 mm (11.0 inches) up to 406.4 (16 inches).  The customized RDE data includes ESP gas passage widths ranging from 279.4 mm (11.0 inches) up to 304.8 mm (12.0 inches).

Comparing the airload V-I curves shown on Figure 5, four general conclusions may be drawn as listed below:

1. At an electric field strength of 3.35 kV/cm (8.5 kV/inch), the opposed emitter Spike & Pipe electrode produces approximately twice the corona current density produced by the staggered emitter Spike & Pipe electrode

2. Customized RDEs with staggered emitters, and with emitter tab spreads of 12.7 mm (1/2 inch) and 17.5 mm (11/16 inch), produce near identical airload V-I curves as is produced by opposed emitter Spike & Pipe electrodes

3. When the customized RDE’s emitter tab spread is increased from 17.5 mm (11/16 inch) to 25.4 mm (1 inch), corona current density increases by approximately 17% at an electric field strength of 3.35 kV/cm (8.5kV/inch)

4. With opposed emitters and a 25.4 mm (1 inch) emitter tab spread, the customized RDE produces approximately 44% more corona current density at an electric field strength of 3.35 kV/cm (8.5 kV/inch) than does the opposed emitter Spike & Pipe electrode.

FIELD OPERATING  DATA

Data from six (6) coal-fired installations having ESPs with customized RDEs are listed on Table 2.  Included on Table 2 are a wide variety of applications, including the following:


Figure 5

· A high ash content, high sulfur Eastern bituminous coal

· A dual-conditioned (SO3+NH3) ESP, collecting a low quality Eastern bituminous coal (Ref. 3)

· A polishing ESP, which is preceded by an existing weighted wire type ESP and a selective catalytic reduction  (SCR) unit 

· An Eastern bituminous coal-fired boiler converted to low sulfur Powder River Basin (PRB) coal firing

· A low sulfur Eastern bituminous coal; this ESP has a gas passage width of only 203 mm (8 inches)

· A weighted wire type ESP with customized RDEs retrofitted into its first two fields.


Boiler

Gas Pass
Customized ELEX Configuration



Site
Type
Coal Type
Width (in)
Field 1
Field 2
Field 3
Field 4
Field 5

A
p-c
Eastern Bit
12
1"-Opp
1"-Stag
11/16"-Stag
11/16"-Stag
1/4"-Stag

B
p-c
Eastern Bit
11.25
11/16"-Opp
11/16"-Stag
11/16"-Stag
11/16"-Stag
1/4"-Stag

C
cyclone
Eastern Bit
11
1"-Stag
11/16"-Stag
11/16"-Stag
11/16"-Stag


D
p-c
PRB
12
15/16"-Opp
11/16"-Stag
11/16"-Stag
11/16"-Stag
11/16"-Stag

E
p-c
Eastern Bit
8
0"-Stag
0"-Stag
0"-Stag
0"-Stag
0"-Stag

F
p-c
Eastern Bit
9
11/16"-Opp
11/16"-Stag




Table 2 – Customized RDEs on Coal-fired Boiler ESPs

All of the above ESPs have demonstrated superior electrical energization and enhanced collection efficiency performance.  Some of the operating data from Site B has been previously published (Ref. 3). 

Of particular interest to the U.S. utility industry are the low sulfur coal applications, and also those installations where RDEs have been retrofitted into narrow gas passages that are 229 mm (9 inches) or less in width. Current distributing RDEs have long term operating experience with both applications. 

 Low Sulfur Coal Applications

When compared to other types of discharge electrodes, the current distributing RDE allows for higher operating current densities and thus superior ESP performance when collecting high resistivity fly ash. This is a direct result of the electrode’s ability to promote a more uniform current distribution on the surface of the collecting plate, which then minimizes current hot spots which have a tendency to encourage localized areas of back corona ionization. 

The average operating current densities of eight current distributing RDE installations are plotted against fly ash resistivity in Figure 6.  For the purpose of comparison with what has become the industry standard, “Hall’s curve” (Ref. 4) is also shown in Figure 6.  Hall’s curve represents the operating current density for a given fly ash resistivity in a “practical precipitator.” This relationship is based on the maximum theoretical current density attainable with ideal current distribution, with an allowance made for local disturbances and waveform factor. For fly ash resistivities ranging from 2E+10 to 7E+10 ohm-cm, all operating current densities produced by the current distributing RDEs are at or above the values determined by Hall’s curve.  

High levels of corona voltage are needed to assist with the field charging of highly resistive fly ash particles.  Figure 7 presents the average operating corona voltages of eight current distributing RDE installations, plotted against ESP gas passage spacing.  Each data point represents the average operating corona voltage of an ESP which has four electrical fields in the direction of gas flow, and all data has been corrected to a flue gas temperature of 300 deg F.  In Figure 7, data from two ESP installations having high inlet fly ash loadings, from 12 to 16 lb/mmBtu, are shown to have average operating corona voltages ranging from 48 to 51 kV at a nominal gas passage width of 305 mm (12 inches). ESP installations with low to moderate inlet loadings, from 0.80 to 8.0 lb/mmBtu, range from 41 to 44kV at a nominal gas passage width of 305 mm (12 inches).  Hence current distributing RDEs do not typically generate high corona voltages when installed in 305 mm (12 inch) wide gas passages; however, the option exists for the designer to increase the gas passage width to 406 mm (16 inches) if additional corona voltage is deemed critical to the ESP’s good performance.

Customized RDEs also allow the designer to adjust the emitter tab spread of the electrode in order to promote higher corona voltages.  At Site E, an emitter tab spread of 0 mm was utilized; this enabled the RDE to be installed in a gas passage width of only 203 mm (8 inches).  At Sites A and B the ESP’s fifth and last electrical field utilized an emitter tab spread of 6.35 mm (¼ inch) in order to increase corona voltage in that field and enhance overall ESP performance.

Narrow Gas Passage Applications

Customized RDEs were retrofitted into narrow gas passages at Sites E and F.  

Site E is a low sulfur Eastern bituminous coal application that has been in successful service for over ten years.  This ESP has an average operating corona voltage of 33 kV, and it also exhibits suppressed corona current due to the RDE’s emitter tab spread of 0 mm.  

At Site F, customized RDEs were retrofitted into the first two fields of a weighted wire type ESP in October of 1999.  Based on data from this installation it was concluded that:


Figure 6


Figure 7

· The staggered-emitter RDE, when installed in a 229 mm (9 inch) gas passage, mimics the 2.77 mm (0.109 inch) wire electrode it replaced

· The opposed-emitter RDE, which was retrofitted into the first field of the ESP, generates about twice the corona current as had been produced by the 2.77 mm (0.109 inch) wire electrode it replaced

· Although it was initially feared that excessive corona sparking would suppress corona power, this proved to be a false concern, and the average corona power density for the two fields was 0.138 watts/m2 (1.49 watts/ft2).

FUTURE INVESTIGATIONS

The optimum configuration of customized RDEs that is required for maximum ESP performance is currently a subject of experimentation.  Future investigations will focus on the optimization of customized RDEs for use in the downstream fields of ESPs having wide gas passages (nominal 305 mm (12 inch) or wider gas passages).  In addition, the optimum arrangement of customized RDEs for installation in ESPs with narrow gas passages (229 mm (9 inches) or less) requires further refinement.

CONCLUSIONS

When a current distributing electrode is utilized, corona current hot spots and cold spots are not completely avoided but rather minimized, resulting in improved precipitation.  When customized RDEs are employed, the electrodes’ corona current/voltage characteristics are biased from field to field, resulting in enhanced ESP performance. 

Laboratory data and field airload data presented herein demonstrates that the corona discharge from customized RDEs may be characterized as having:  (1) a uniform corona current density on the surface of the collecting electrode plate;  (2) an aggressive corona current discharge; and (3) the capability to significantly alter the RDE’s V-I curve shape by either increasing or decreasing the RDE’s emitter population and/or emitter tab spread. 

Low sulfur coal applications are particularly suited for the current distributing RDE, and field data demonstrates that high corona current densities can be supported during high resistivity fly ash collection.  Although the corona distributing RDE is not in and of itself a high corona voltage generator, wider gas passages and customized RDEs can be utilized to increase corona voltage for high resistivity fly ash applications.

Customized RDEs can replace 2.77 mm (0.109 inch) wire electrodes in weighted wire type ESPs with 229 mm (9 inch) wide gas passages, hence providing superior ESP performance and reliability. 
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Figure 1 – Rigid Frame





Figure 2 – Weighted Wire





Figure 3 – Arrangement of RDE and Segmented Collecting Plates





Figure 4 – RDE’s Tested In Laboratory
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