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1. GAS CONDITIONING EVALUATION 

This topical report discusses flue gas conditioning approaches for the 
Brayton-cycle heat recovery system. The work described was conducted under 
program subtasks G2.1, G2.2, and G2.3 of the program plan (Reference 1).* This 
final report is a revision of the preliminary report dated September 17, 1980 
and incorporates the results of recent AiResearch tests on the subatmospheric 
system (SAS) turbocompressor, as wel I as the Electric Power Research Institute 
sponsored tests on ceramic fiber filters. 

The two primary purposes of the gas conditioning evaluation are: 

• To determine the need for protecting the Brayton-cycle turbocompres­
sor and heat exchanger from the potential damaging effects of erosion 
and deposition. 

• To determine what type of approach should be used for cleanup, if 
protection by flue gas conditioning is required. 

The evaluation of the possible detrimental effects of .flue gas contaminants is 
based on: (1) the probable physical/chemical composition of the glass furnace 
flue gases (as characterized in Reference 2); and <2> the results of the SAS 
tests. 

The work associated with utilizing coal for electrical power generation 
provides a major source of data and information on gas conditioning for gas 
turbine applications. In pressurized, fluidized-bed combustion (PFBC) of coal 
for power generation, two or three stages of cyclone-type particle separation 
are uti l)zed for prefi ltering. Additional filtering of particles smaller than 
3 µm in diameter, if necessary, is accomplished by other means. In the glass 
furnace, the checkers serve as highly effective filters that are comparable in 
efficiency to a·three-stage cyclone system. Therefore, the flue gas contains 
particles that are generally in the submicron to a few microns in size. 

To protect the t~rbine, the gas conditioning device has to operate at 
about 1550°F. A review of the I iterature indicates that a device that can 
operate at this temperature level is not commercially avai I able. Recognizing 
the need for hot-gas cleanup devices for combustion turbines, DOE has funded 
programs with over ten organizations for research and development in this 
area. 

*Al I references are included in Section 3 of this report. 
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1.1 EROSION 

Erosion results from abrasive wear caused by particulate impaction on the 
internal surfaces and, in general, is primarily a function of particle size, 
concentration, hardness, and velocity. 

Particle concentration, size distribution, and chemical composition I ikely 
to be encountered in the glass furnace effluent have been characterized in 
Reference 2. In brief, the fol lowing characteristics were determined: 

• Total particulate concentration averages about 0.106 gr/set (200 
ppm wt) 

• Highly abrasive particles (silica and alumina) represent about 18.5 
wt percent of total particulate content 

• More than 85 percent of the particulates are less than 2-µm dia, and 
less than 1 percent exceeds 30-µm dia 

• The predominant sol id material is sodium sulfate (63 wt percent) 

A review of the I iterature on high-temperature, coal-fired gas turbine 
technology discloses that acceptable particulate loading levels for erosive 
wear are not wel I defined. No reliable correlations have been established 
between particle loadings and size distribution with turbine I ife expectancy. 
In addition, the I imited information avai I able is for axial flow turbines 
rather than the radial inflow design used in the Brayton-cycle system. 

In general, many manufacturers conservatively l·imit the particle loading 
to 0.0002 gr/set <0.4 ppm) for industrial applications; in addition, it is 
normally stipulated that turbines with Inlet velocities between 1100 and 1200 
fps should not ingest material greater than 5 µmin size (Reference 3). Work 
sponsored by DOE under the high-temperature turbine technology program for 
coal gasification applications suggests maximum allowances of 0.002 gr/set 
(4 ppm) for particulate loading and for material less than 6 µm in effective 
diameter (Reference 4). Reference 4 notes that Australian experience with 
direct-firing of pulverized coal suggests that an axia~-flow gas turbine might 
tolerate 0.05 gr/set with particle diameters of 4-8 µm (no particle larger than 
22 µm) and have at least 10,000 hr of erosion endurance. A General Electric 
Company proprietary correlation (for pulverized coal boiler flyash) between 
particle size and erosion indicates that erosion drops off dramatically when 
particles are less than about 12 µm in diameter and becomes neg I igible for 
particles less than about 9 µm (Reference 5). Other references on fluidized 
bed combustor processes cited in Reference 5 indicate that particles less than 
2 µm wi I I have a polishing rather than an erosive effect. 

As a result of turbine blade testing at the Exxon miniplant (Reference 6), 
General Electric is reevaluating its particle specification for PFBC. The 
specification may permit essentially uni imited particle concentrations in the 
less than 2-µm range, very few in the larger than 10-µm range, and a more 
I iberal quantity than previously al lowed in the intermediate range. 
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It has been AiResearch experience, particularly in radial inflow turbines 
used in air cycle air conditioning systems, that particules smaller than about 
3 µm do not cause erosion. Because most of the particles in the glass furnace 
effluent are less than 2 µm in diameter, erosion damage was not expected. How­
ever, during the model subatmospheric system CSAS) tests (Reference 7) erosion 
of blade tips was evident in less than 20 hr (figure 1-1). 

Transmission electron micrographs of the dust deposits in the nozzle 
showed a large degree of sintering, apparently the dust sinters and agglome­
rates into large enough particles to cause erosion damage. This unexpected 
result is probably because the gas temperature is equal (1550°F) or close to 
the nominal melting point of the dust particles. 

1. 2 DEPOSIT ION 

The model SAS turbocompressor test program has been completed and is 
reported separately (Reference 7). Extensive deposition of the flue dust in 
the nozzle occurred, even at temperatures wel I below the nominal design 
temperature of 1550°F. Operation at off-design points and with a lower per­
formance vaneless nozzle did not solve the fouling problem. A significant 
flow reduction occurred in only a few hours (figures 1-2 and 1-3), causing the 
turbine performance to degrade and the compressor to operate in surge. The 
deposits were sintered and hard. Deposition and fouling of the turbine nozzle 
is thus a very serious problem in the SAS system. 

Front face heat exchanger fouling is not a problem. However, when operat­
ing the heat exchanger in a SAS mode, wifh the required lo~ flue gas exhaust 
temperatures, extensive fouling of the heat exchanger occurred in the back end. 
Sulfuric acid and water condenses and mixes with the flue dust, resulting in a 
tenacious hard deposit in the lower temperature back end of the core. The 
deposit could not be cleaned with an air lance and was highly corrosive to the 
metal (stainless type 409) used in the test heat exchanger. 

When operating the test heat exchanger in the positive pressure system (PPS) 
mode, with a higher inlet and outlet temperature, al I the dust deposits were 
easily removed by an air lance since there was no acid or water condensation. 

Velocity at the vane inlet to the turbine was about 300 ft/sec, and velocity 
at the throat was about 2700 ft/sec. Using the bulk density of the powder C0.225 
gm/cc), the maximum impact pressure range is (assuming no elasticity) 136 to 
11,000 psi (actual particle density may be an order of magnitude greater). 
These potentially high impact pressures plus the stickiness due to the lower 
melting point temperature of various compounds or to eutectics in the dust could 
help cause the deposit/fouling problem found in the turbine. 

Heat exchanger tests were also conducted and wil I be reported separately. 
It was found that the dust deposits on the heat exchanger front face were 
I ight and fluffy and were easily removed by an air lance in the plain fin con­
figuration. The velocities were only 20 to 30 ft/sec, resulting in an impact 
pressure two orders of magnitude less than the vane entrance and four orders of. 
magnitude less than in the nozzle vane throat, where the hardest deposits were 
found. Gas velocity thus appears to be a very important factor in the fouling 
deposition of the flue dust in the test range of 1250° to 1500°F. 
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Li. TEST 2, TIT= 155G°F, VANED NOZZLE 
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Figure 1-2. · Flow Reduction in Model SAS Turbocompressor Tests 

1.3 CONCLUSIONS 

Based on the results of the model SAS turbocompressor tests, the flue dust 
from a glass plant causes extensive fouling of the turbine nozzle and erosion 
of the blade tips. To solve this problem for the SAS approach would require a 
gas conditioning system that would: 

• Operate at 1500°F 

• Remove over 99 percent of the micron and submicron size dust parti­
cles in the flue gas to ensure satisfactory turbine I ife 

• Be cleanable even though the dust particles are somewhat tacky at the 
operating temperature of the turbine 

• Have long I ife and be cost effective 
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No commercial unit exists that can meet these requirements. In addition, even 
after extensive development for the PFBC programs, only the first requirement 
(operation at 1500°F) has been solved. It is therefore concluded that a gas 
conditioning device for use with a SAS approach in a glass plant application is 
not feasible. In addition, the sulfuric acid and water that condenses in the 
heat exchanger in the SAS operational mode would stil I be a serious problem 

. even if a gas condi}ioning device could be developed. 

When operating the Brayton cycle in the PPS mode, flue gas does not pass 
through the turbine. Tests have shown that the PPS heat exchanger can be 
cleaned with an air lance, and a gas conditioning device is not necessary. 
Because the PPS provides essentially the same preheat and power as the SAS, 
with only one-third as many turbogenerator sets, the PPS approach without a 
gas conditioning device is preferable. 
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2. PARTICLE REMOVAL DEVICES 

A number of surveys, analyses, and data on particle removal at high 
temperatures and high pressures CHTHP) are avai.lable. Most of this work is 
associated with pressurized fluidized bed combustion CPFBC) of coal. However, 
there is I ittle documented information available on units that were operated 
at high -temperatures under control led development tests, and except for cyclone 
separators, none of the units have been developed. The fol lowing discussion 
is intended to summarize the operating characteristics of various types of 
devices, as wel I as the current status of high-temperature devices with respect 
to their uti I ization in the Brayton cycle. 

For the Brayton-cycle system, an important system consideration is the 
pressure drop of the removal device. The system operates a+ low pressure and 
power output and is quite sensitive to pressure drop as shown in Figure 2-1. 
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Thus, for the Brayton-cycle application, the maximum pressure drop before 
cleaning should be relatively low--on the order of 10 in. H20 maximum. This 
corresponds to a power loss of about 7.5 percent. 

Hot-gas particulate removal devices can be categorized as cyclon~s, granu­
lar bed filters, surface filters, electrostatic precipitators, and miscellaneous 
devices. Al I of these devices are discussed below. 

2.1 CYCLONES 

The main advantage in using cyclones for hot-gas cleanup is their simpl ic­
ity (no moving parts) and their ·proven technology. Cyclones have been used for 
many years under high-temperature and high-pressure conditions in fluidized 
catalytic cracking units. A major disadvantage of conventional cyclones is 
their poor efficiency for removing fine particles of less than 5-µm dia (Refer­
ence 8), although some high-efficiency designs attain up to 90-percent efficiency 
on particles of 2- to 3-\.im dia. For PFBC.appl ications, the current approach is 
to use two or three conventional cyclones in series, fol lowed by a positive 
filtration device such as a granular bed or ceramic fiber surface type tilter. 

The particle collection efficiency of cyclones improves with an increase 
in the fol lowing areas: particle density, particle diameter, gas inlet velo­
city, cyclone body length, number of turns made by the gas in the cyclone, 
ratio of cyclone body diameter to outlet diameter, and the smoothness of the 
inner wal I. The efficiency decreases with an increase in gas viscosity, inlet 
duct width, inlet area, outlet diameter, cyclone diameter, and gas density 
(Reference 9). 

The fact that the efficiency of a cyclone increases as its diameter 
decreases while maintaining constant inlet velocity has led to the development 
of multicyclones. A multicyclone unit comprises a large number of smal I 
cyclones manifolded together in a parallel flow arrangement. The individual 
eye I ones·, common I y ca I I ed tubes, are often as sma I I as 1. 5 in. in diameter. 
These units offer better performance than a conventional cyclone of equal flow 
capacity in removing part i c I es in the 1- to 10-µm-d i a range·. However, sma I I er 
cyclones result in higher pressure drops. 

In the Exxon miniplant program <Reference 6), a three-stage cyclone system 
that uti I izes conventionally designed cyclones was tested over some 20 runs 
with a run duration of between 8 and 250 hr. Test results showed that material 
captured by the second-stage cyclone had a mass medium particle size of 20 to 
25 µm. The overal I efficiency for this cyclone was about 95 percent. The 
material captured by the third-stage cyclone had a mass median size of 3 to 
5 µm, and the overal I efficiency was about 90 percent. The particulate con­
centration in the gas exiting the third cyclone was 0.013 to 0.066 gr/scf 
(24 to 123 ppm). The mass median size of the particulates in the discharge 
gas was 1 to 3 µm, as determined by a Coulter counter. Both the total eff i­
ciency and the fractional collection efficiency were much higher than expected, 
especially since the cyclone was designed according to classical handbook 
formulas. Exxon concluded that the performance levels a~hieved by the three­
stage cyclone system may not be sufficient to meet EPA standards, but may be 
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sufficient to protect the gas turbine from serious erosion damage. The 
operating conditions for the third-stage cyclone were as fol lows: 

Pressure 

Temperature 

Flow rate 

Inlet velocity 

Pressure drop 

700 kPa (101.5 psia) 

635°C ( 1175°F) 

14.6Nm3/min (516 scfm) 

36 m/min (118 fps) 

4 kPa C16 in. H20> 

Although the performance was very good for a cyclone device, the outlet concen­
tration and size are similar to the inlet conditions for the Brayton-cycle 
system. In addition, the pressure drop is unacceptable. 

To improve collection efficiency of conventional cycles, a unit that intro­
d.uces high-pressure secondary airflow to maintain high centrifugal action has 
been designed and developed; the Aerodyne Type S and the Donaldson Tanjet 
cyclones are of this type. 

An Aerodyne unit modified for HTHP application was tested by Westinghouse. 
For practical operation, a secondary gas flow that amounted to two-thirds of 
the primary flow had to be provided by using a portion of the dirty gas stream. 
The Westinghouse tests show~d poor collection efficiency for particles of 5 µm 
and less (Reference 8). Because of the high power penalty associated with the 
requirements for secondary air, as wel I as th~ poo~ efficiency for fine parti­
cle removal, Westinghouse elected to proceed with development of a gas cleanup 
system for their PFBC program, which included a series of two conventional 
cyclones and an in-house granular bed filter. Westinghouse also tested the 
Donaldson Tanjet ~yclone and con+irmed that the unit maintained its performance 
at high temperatures C>1600°F). The test was conducted on a single Tanjet unit 
at 132 scfm with a secondary flow of clean air at 15 scfm and 33 psig. Accord­
ing to Donaldson, the power requirement ranges from 4 to 7 hp per 1000 scfm of 
primary flow. The Tanjet program was discontinued by Donaldson to await the 
development of an attractive market (Reference 3). 

Combustion Power Company used multicyclones (multiclones) in their CPU-400 
pilot plant for testing sol id-waste fuel. Three stages were used to meet air 
pol luti,on standards and to protect the turbine from erosion. The first stage, 
known as the sand separator, collected coarse, sol id-waste material in a settling 
chamber. Multiclones were used for the second. and third stages. The second­
stage unit comprised forty-eight 6-in.-dia tubes, and the third-stage unit 
comprised one hundred 3.5-in.-dia tubes. The multiclones were prone to plugging 
in the lower cone body primarily due to suspected crossflow between the tubes. 
When plugging occurred efficiency decreased, al lowing relatively large parti-
c I es to enter the turbine an'd causing erosion of the stator b I a des after on I y 
a few hours.of operation (Reference 9). Subsequently, the multiclone units 
were replaced with two stages of large-diameter (36- to 30-in.) cyclones. The 
inabi I ity of these large-diameter cyclones to meet the hot-gas cleaning require­
ments led to the in-house developm~nt of a granular bed filter. 
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A summary of cyclone separators reviewed is presented in Table 2-1. 
Cyc I ones do not appear to be. app I i cab I e to the Brayton-eye I e system. 

2.2 GRANULAR BED FILTERS 

During the past few years, granular bed filters have received increasing 
attention because, in principle, they should achieve high collection eff icien­
cies, are somewhat easier to clean than surface filters, and may be operated 
at high temperatures. These devices use sand, gravel, cake, or sintered 
material as the filtering media and operate on two basic removal mechanisms-­
filter cake formation and bed filtration (impaction). In general, designs 
that rely primarily on cake buildup exhibit higher collection efficiencies 
than those that are based on impaction as the primary removal mechanism. A 
summary of some granular bed filters is given in Table 2-2. 

The Combustion Power Company has developed a crossflow, moving-bed granu­
lar filter. The granular material travels downward between the vertical wal Is 
of an annular filtering section placed inside a cyclone type housing. The 
vert i ca I wa I Is comprise I ouvered screens that a I I ow the gas to pass through 
the moving granular bed in crossflow. Dirty gas is introduced tangentially 
into the cyclone type housing so that most of the larger particles are removed 
by centrifugal separation prior to entering the granular bed fl lter. The 
finer particles are removed by impaction as the gas flows through the bed. The 
filtered gas exits the unit by traveling up the hollow center of the annular 
section. Granules and dust continuously fal I through a discharge cone at the 
bottom of the unit onto a vibrating screen. The dislodged particles pass 
through the sdreen into a dust container, wh i .1 e the c I eaned granu I es are rec i r­
cu I ated to the top of the annular section. 

An 18,000-scfm unit intended to operate at 1600°F and 10 atm experienced 
structural failure (Reference 3). A second unit, which was designed for opera­
tion at 1200°F and 2 atm and for .treating 10,000 scfm at a loading not to 
exceed 4 gr/scf, was delivered to the Morgantown Energy Research Center. 

The Rexnord gravel-bed filter is commercially avai I able but is not accept­
able for operation in coal gasification processes (Reference 3). Most of the 
150 Rexnord units are installed in cement plants and are reported to perform 
wel I at temperatures of up to 900°F (Reference 8). The Rexnord design combines 
both mechanical collection and gravel filtration in a single unit. The incoming 
dirty gas stream undergoes mechanical cycloning, which separates the bulk of 
material greater than 10 µm in diameter. The gas then flows through an annular 
gravel bed where the finer particles are collected. The gas flow is reversed 
for cleaning, thus elutriating fines entrained In the gravel bed and collecting 
them in the eye I one sec.ti on. Our i ng back f I lJsh i ng, the grave I bed is· mechan i-
ca I ly raked to enhance bed agitation. In addition to construction material 
I imitations for hot-gas cleanup, the deagglomeration of ash that occurs during 
the backwash and raking cycles has actually increased the submicron content of 
the effluent stream above the inlet loading (Reference 3). 

The Squires fl lter is of panel-bed construction, containing two grades of 
sand. The panel bed is constructed of two vertical louvered wal Is and an inner 
separating wal I having closely s~aced horizontal passages. The spaces formed 
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TABLE 2-1 

CYCLONE SUMMARY 

Operating Conditions 
'Removal 

Derron- Efficiency*· 
Manuf.:icturer or strated Projected 
Developer °F/atm °F/atm Percent µm Status** Reference 

Aerex Corp 1200/5 --- 99.5 >40 c 3 
23 0 to 2.5 

Aerodyne 1600/5 1800/10 95 8 c 3 
Development Corp. 72 2 

Donaldson Co.i Inc. 1800/5 --- 95 5 D 3 
76 2 

Environmental 700/10 2100/10 99.9 >19 c 3 
EI ements Corp. 50 2 

Exxon Corp. 1175/6.9 --- 95 >3 D 6 
85 >1.6 
50 >0.9 

Fisher-Klorsterman, 80(/10 1600/10 95 5 c 3 
Inc. -
Peerless Mfg. Co. 12(10/50 --- 100 >8 c 3 

85 2 to 4 

Western 1150/4 --- 98 >10 c 3 
Precipitator Div., 50 <10 
Joy Mfg. co. 

NOTES: 

*Efficiency data for "600°F, i atm 
**For de-nonstrated operating conditions: C =commercial, D =developmental 

***No reference temperature or pressure given for efficiency data 

Remarks 

*** 

Uses secondary air 

Uses secondary*** 

Multicyclone*** 

---

Projected efficiency 

Multicyclone*** 

Multicyclone; 
efficiency data is 
for 450°F 
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Manufacturer or 
Developer 

Combustion Power Co. 

Ducon Co., Inc. 

Rexnord Corporate 
Research and 
Development 

Virginia Polytechnic 
Institute 

Westinghouse Research 
Labs 

TABLE 2-2 

GRANULAR BED FILTERS 

Operating Conditions 

Demonstrated 
°F/atm 

1600/1 

900/2 

500/1 

1000/1 

Ambient/I 

Projected 
°F/atm 

1600/2 

1600/10 

1650/10 

2000/high 

1400/10 

Removal Efficiency 

85 to 97 percent (no 
particle size data 
ava i I able) 

85 to 98 percent at 
700 to 900°F, 1 to 
2 atm (no particle 
size data availab1el 

97.5 percent, >5 m 
at 350°.F, 1 atm 

95 to 96 percent at 
1000°F, 1 atm lno 
particle size data 
avai lablel" 

Status* 

D 

D 

c 

D 

99 percent, >8 m D 
96.9 percent, 0 to 
3 µm 

*For demonstrated operating conditions: C commerical,·D developmental 

Reference 

3 

3 

3 

3 

3 

Remarks 

Mov i ng bed.; et t i.c i ency 
data 800°F, 1 atm 

Extensive testing con­
ducted at Exxon mini­
plant proved ·unsuccessful 

Includes integral 
cyclone separator 

Known as Squires panel 
bed tilter; current 
development status 
uncertain 

Efticfency data are tor 
3-in. bed at ambient 
conditions; development 
work discontinued 



between these wal Is are f i I led with the two grades of sand. Fine sand is used 
on the side exposed to dirty gas and provides a surface for cake formation. 
The coarse sand is used in the outlet side of the panel and serves as a battle 
to.contain the tine sand, thus el imlnating the need for a metal screen. Four 
identical panels are joined along their vertical sides to form a long flue-like 
structure having a square cross section. This filter assembly is mounted inside 

, a long vertical housing. The dirty gas inlet and the feed hopper for makeup 
sand. are located at the top of the unit. The clean gas outlet is at the bottom 
just above the dust removal chute. The filter is cleaned by a periodi~ blow­
back of gas that dislodges the cake buildup along with some sand and deposits 
them in a collecting hopper. A gravity feed arrangement replaces the sand lost. 
by the blowback operation. · 

At ambient temperatures and atmospheric pressure, overal I col lect)on 
efficiencies on the order of 99.9 percent h·ave been obtained in laboratory 
tests. In a high-temperature application (1000°F) at the Morgantown Energy 
Research Center, overal I collection efficiencies of 95 to 96 percent have been 
recorded (Reference 3). No filter cake buildup was observed. 

The Ducon filter comprises a flat annular bed of granules held in place 
by circular channel wal Is with a screened bottom. A number of these bed ele­
ments are stacked vertically to make up the filter. Dirty gas enters the indi­
vidual annular bed element horizontally through a screened opening around the 
outside top edge, makes a 90-deg turn, then flows downward through the granular 
bed. The cleaned gas discharges from the screened bottom of the bed, executes 
another 90-deg turn, and passes into the inner cylindrical passageway formed 
by the stacked beds. A vertical gap between the screened bed bottom and top 
of the bed element below provides the exit path into the,cent~al passageway. 
When pressure drop across the beds reaches a predetermined level, a backflow 
of compressed air is introduced to fluidize the bed granules and expel the 
particles collected in the bed interstices. In contrast to types ·of granular 
bed filters described above, the Ducon filter is an extremely simple design 
with a fixed bed and no mechanical agitation devices or conveying systems. 

Under fluidized catalytic cracker conditions (700° to 900°F, 
the Ducon filter has achieved overal I collection efficiencies of 85 
percent for gas flows of 475 to 1000 scfm. The outlet gas loadings 
slstently below 0.02 gr/set (Reference 3). Collection efficiencies 
of particle sizes were not avai I able for these tests. 

to 2 atm), 
to 98 
were con­
i n terms . 

Pi lot-scale testing conducted on the Ducon filter at the Exxon mini plant 
has been largely unsucce$sful (Reference 6). Two Ducon units, each compr1s1ng 
five filter beds, were installed in para I lel within a single large refractory-
1 ined pressure vessel fol lowing the second cyclone. Major problem areas that 
developed during the program that could not be corrected satisfactorily were: 

(a) Low particulate outlet concentrations could not be maintained for 
more than a few hours 

(b) Loss of filter media could not ·be prevented despite several design 
modifications 

(c) Poor bed cleaning res1Jltect in excessive pressure drops 
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Although outlet particulate concentrations as low as 0.07 to 0.11 g/Nm3 
C0.03 to 0.05 gr/scf) were measured in several runs, the concentrations 
increased in al I cases during the runs by as much as a factor of three in 8 to 
10 hr. The poor removal efficiency and the Increase In outlet particulate 
concentration with time have been attributed to poor dust removal from the 
beds during blowback cleaning cycles~ It is suspected that sticky particles 
were present in the PFBC flue gas that could not be easily removed during 
blowback cleaning. A slight improvement in removal efficiency did occur when 
the frequency of the cleaning cycle was increased from one every 15 min to one 
every 4 min; however, the outlet concentration stil I increased with time. It 
also has been suspected that some recycling of particulates from bed to bed 
may have occurred during blowback operation. It should be pointed out that 
outlet concentrations measured in these tests were consistently higher than 
those measured when a third-stage cyclone was used instead of the granular bed 
f i I ter. 

Initial tests were carried out using quartz granules of 250- to 600-µm dia. 
In subsequent tests, 850- to 1400-µm alumina particles were used. A very dense 
iron oxide particle Cspecul ite), ranging in size from 400 to 2000 µm, was also 
tested in an attempt to minimize filter media loss •. The loss of filter media 
during blowback continued throughout the program and never was satisfactorily 
prevented. It should be noted that because of plugging experienced during 
earlier tests, the screen provided at the inlet opening in the original design 
was removed and other design modifications were made In an attempt to preclude 
the loss of filter media. 

Poor bed cleaning also led to high-pressure drops across the filter. At 
the beginning of a run, the pressure drops were usually on the order of 14 to 
20 kPa (56 to 80 in. H20) after blowback, but increased to about 28 to 35 kPa 
C 113 to 141 in. H20) before blowback. After 8 to 15 hr of operation, these 
pressure drops nearly doubled. 

The Westinghouse granular bed filter is an experimental design in which 
the bed contains no metal internals (Reference 3). The unit comprises a rec­
tangular tank, the bottom half of which is fi I led with a bed of sand spread 
over a deeper layer of coarse gravel used as bed support. A single perforated 
tube embedded in the coarse gravel, which I ies horizontally and parallel to the· 
long side of the tank, serves as the outlet for the cleaned gas. Fluidizing 
gas is admitted through a bank of perforated tubes embedded in the sand just 
above its interface with the coarse gravel. These tubes I ie horizontally and 
parallel to the short side of the tank. A vertical tube centrally located in 
the top of the tank serves as the dirty gas inlet and fluidizing gas outlet. 

Experimental units with 20- to 30-mesh Ottawa sand 3 to 6 in. deep and 
0.25 sq ft in size have been tested under ambient conditions. Overal I col lec­
tion efficiencies were greater than 99 percent when tested with 4-in. bed depth 
and greater than 96 percent with 3- in. bed depth. In the part i c I e size range 
of Oto 0.3 µm, collection efficiencies were 100 percent and 96.9 percent, 
respe~tively, for bed depths of 4 in. and 3 in. A 7-sq ft unit was tested at 
1100°F and atmospheric pressure, but testing was discontinued because of operat-
ing difficulties. .,. 
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No granular bed filter device is .available for use in the Phase I portion 
of the Brayton-cycle program. Several advanced approaches, such as magnetic 
f I u id i zed beds (Exxon), are being deve I oped under DOE contracts. 

2.3 SURFACE FILTERS 

In the surface filters, gas particles flow through a porous media and are 
deposited in the voids on the upstream surface. The particles form a filter 
cake in the voids and aid the filtering process. Eventually, the pressure drop 
increases to a level that requires cleaning by backflow and/or pressure pulses. 
Usually, a smal I part of the filter cake is retained in the media during the 
cleaning process, which aids the normal filtering process. Fine mesh metal 
screens, porous metal I ic elements, synthetic textile fibers (for low-temperature 
applications), and ceramic fibers are used in surface filtration. 

, Metal filter media for high-temperature applications, such as in fluidized 
bed coal combustion, have not been selected for development. This is due to 
a number of engineering factors, including high pressure drop, rapid corrosion 
of the high surface area fine fibers, low face velocities, and cost. Ceramic 
fiber fabric and mats are the type of surface filters now receiving attention 
for· high-temperature applications. 

Fabric filters are widely used commerical ly at low temperatures for fine 
dust removal. With the development of continuous ceramic fiber yarn in smal I 
diameters (10 µm), uti I izing this fabric technology at high temperatures is 
becoming more feasible (Table 2-3). The fiber is woven into a fabric and made 
into long thin cylindrical bags that can be cleaned with pulses of compressed 
air. Typically, the pressure drop:is low; 2·in. H20 after cleaning and increas­
ing to 4 to 6 in. H20 before the next cleaning cycle. However, face velocity 
is quite low (in the order of 2 ft/min), and large units are generally required. 

The Buel I Emission Control Division of Envirotech Corporation has devel­
oped a high-temperature fabric filter that has been tested in the Westinghouse 
fluidized bed facility under contract to EPRI (Reference 10). In tests at 
800° and 1500°F, the filter pressure drop after cleaning was low C0.1 to 5 in. 
H20), and the recovery plateau pressure d'id not show an increasing trend during 
the 50-hr test period. Although this preliminary, short te!rm test of a fiber 
fabric filter is encouraging, additional development testing is required to 
demonstrate material endurance and long-term stab ii ization of recovery pressure 
for use in PFBC operation. 

For application to the Brayton cycle system, there are two main areas of 
concern. Althoug·h the filter efficiency was over 99 percent, _the mass mean 
size of particles was 15 µm and only 7 percent were less than 2 µm •. As noted 

I 

previously, the majority of flue gas particles are smaller than 2 µm. There 
apears to be a dropoff of efficiency below 2 µm. Because significa~t flow 
reduction occurred in only a few hours, even if a 99 percent efficiency could 
be obtained with these. very fine particles, fouling would sti I I occur, and the 
turbine would have to be dismantled and cleaned off-I ine at periodic Ci .e., 
monthly) intervals. In addition, the flue gas particles are at their n6min_al 
melting point of 1550°F (obtained from a differential thermal analysis test) 
and would have a much greater tendency to stick.to the ceramic cloth than the 
particles used in the PFBC test, and thus the. filter may nnt he. cleanable. 
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Manufacturer or 
Developer 

Acurex Corp. 

Brunswick Corp. 

Carborundum Research 
and Development Labs 

Envirotech Corp. 
(Buel I Division) 

Haveg Industries,_ Inc. 

Hitco Materials Corp. 

JP Stevens Co. 

Owens-Corning 
Fiberglass Corp. 

NOTES: 

TABLE 2-3 

SURFACE FILTERS 

Operating Conditions 

Demonstrated 
°F/atm 

15C0/10 

70C/-

22CO/-

15C0/10 

25CO/-

18C•O/-

50(•/-

12(•0/-

Projected 
°F/atm 

1650/10 

1500/-

2000/-

Removal Efficiency Status* Reference 

96 to 99.5 percent, D 6, 10 
50 percent >3.5 µm** 

99.5·percent, 0.5 
to 1.5 µm 

99.5 percent, 
50 percent >15 µm 

D 3 

3 

D 10 

3 

3 

3 

3 

*For' demonstrated operatin!;; conditions: C =commercial, D =developmental 
**Outlet particulates level too low for size distribution analysis with Coulter counter 

***Compressed air blow back tor cleaning 

Remarks 

Saffi I alumina mat insu­
lation material*** 

Efficiency data is for 
ambient conditions; 
stainless steel 

Boron n i"tr i de fiber 

3M brand ceramic fibers, 
-AB-312 

Refractory silica 

Refractory silica 

Quartz fiber 

Si I i ca fiber 



I. 

0 

Acurex Corporation has receivea several DOE contracts to develop a high­
temperature ceramic tilter. This d~vice uses smal I diameter (3-µm nominal) 
ceramic (alumina) fibers. The tilter media is in the form of a mat, with ran­
dom distributed fibers; the mat (commercially known as Saffil) is used for 
high-temperature insulation. Screens on the inner and outer surfaces of the 
filter media cont~in the tilter in place. 

The Acurex mat filter has been tested by Exxon and at Westinghouse under 
an EPRI contract. Acurex has also received a .large hot-gas cleanup contract 
($1.4 mi I I ion) from DOE to further develop their ceramic mat filter, with 
testing planned in the Curtiss Wright fluidized bed system. 

The mat filter has been tested at the Exxon PFBC mini plant (Reference 6). 
These tests were conducted for short periods of time (generally 6 hr) before 
the tilter was changed. A 4-in.-dia by 18-in.-long (1.57 sq ft of surface 
area) tilter was used in a slipstream downstream of the mini plant second-stage 
cyclone separator. Nominal test conditions were: 

Pressure 

Temperature 

Flow rate 

Inlet velocity 

Pressure drop 

Inlet particle loading 

700 kPa (101.5 psia) 

800°C ( 1472°F) 

1.5 m3/min (53 cu ft/min, ,7.5 lb/min) 

10.3 m/min (0.56 ft/sec) 

(Clean) 2kPa (8 in. H20) 

0.9 g/m3 (395 ppm) 

With 50 percent of the particle loading less then 3.5 µm, removal efficiency 
was quite high, usually wel I over 96 percent •. 

In reviewing the Exxon miniplant data, there are two primary concerns in 
applying this approac~ to the Brayton-cycle system; one is the way the pressure 
drop increases rapidly, requiring frequent cleaning cycles, and the other is 
the reversibi I ity of the cleaning process. In the Exxon tests, the filters 
were cleaned every five minutes, resulting in an off-I ine time of 7.5 percent. 
This is a relatively high off-I ine time and can represent a large power require­
ment for cleaning. This may be alleviated by reducing the face velocity and 
increasing the size of the unit. 

In al I the runs at the Exxon plant, the pressure drop after cleaning 
increased with time and never reached a constant value. Typically, the pres­
sure drop was sti I I increasing at a high rate near the end of the relatively 
short test runs as shown in Figure 2-2. This may be the result of the cleaning 
cycle or may be due to irreversible plugging. 

Westinghouse tests (Reference 10) with the Acurex mat filter also showed 
high removal efficiency. However, the problems of high pressure drop and 
blinding of the tilter due to fines driven deep into fibers of the tilter and 
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not being driven out during cleaning were again evident as in the Exxon tests. 
The Westinghouse data (Figure 2-3) indicates that a recovery plateau pressure 
after cleaning was not established but rather that the pressure drop after 
cleaning continually increased indicating gross blinding or fo~I ing of the mat 
filter. This serious problem would be further aggravated in the flue gas envi­
ronment because of the much smaller partic)e size and its tendency to stick. 

Based on the SAS and heat exchanger tests conducted at AiResearch, and the 
results of the Westinghouse PFBC tests, both the ceramic fiber fabric and mat 
filter· oµµrndcl11:::!~ cir"t'::! not applic~ble for use in~ Drayton cycle SAS.· 

2.4 ELECTROSTATIC PRECIPITATORS 

·Electrostatic precipitators have been used for many years in industrial 
applications, including coal flyash collection by the utilities at moderate 
process conditions (250° to 750°F at 1 atm towel I below 10 atm) where high col­
lection efficiency of fine particulates (<10 µm) is required. A low-temperature 
C350°F) unit also has been used to remove particle matter from the flue gas of 
a glass container furnace. To date, I ittle interest has been shown by indus­
try in the development of these devices for HTHP applications. There are 
no electrostatic precipitators currently in operation at 1500°F and 300 psig; 
however, as the result of research studies, the I imits of viable application have 
been extended to about 1700°F at low pressure and to gas pressures approaching 
900 psia, but not concurrently (Reference 11). At atmospheric pressure such as 
for the glass plant, practical precipitntion i~ I imited to about 1100°F. Thermal 
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I. 

ionization effects I imit high-temperature applications above 1500°F. Presence 
ol particles with low ionization potential, such as alkali metals, can increase 
currents in negative corona by significant amounts, thus I imiting allowable 
operating voltages to lower levels. Other problem areas include the reentrain­
ment of particles caused by the rapping of collecting electrodes during cleaning, 
the removal of potential sticky particulates, and material' selection and design 
to maintain good electrode alignment. The principal advantage offered by an 
electrostatic precipitator is its low pressure drop characterristic when compared 
with other types of fi!trQtion devices. 

Development work for an electrostatic precipitator carried out by C. C. 
Sha I e at the Bureau of Mines ,in the m id-1960 1 s showed that positive corona was 
more electrically stable than negative corona in the HTHP domain, although it 
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was less efficient in particle removal. This research was terminated in the 
late 1960 1 s after a semicommerical size unit had been built. C. C. Shale .is 
presently associated with the Morgantown Energy Research Center. 

Research-Cottrel I designed and tested an experimental HTHP electrostatic 
precipitator for the Combustion Power Company's CPU-400 program that utilized 
fuel generated by incinerating municipal sol id wastes. At gas conditions of 
1700°F and 50 psig, positive polarity energization of the discharge electrode 
appeared superior to that of negative polarity in terms of voltage level that 
could be applied and electrical stability (Reference 9). However, precipitator 
performance, in removing alumina dust that was injected under control led condi­
tions with methanol fuel, showed negative polarity to be superior to positive 
polarity at conditions of 1650°F and 100 psig. Removal efficiencies ranged 
from 25 percent for positive polarity to as high as.87 percent for negative 
polarity. To investigate the effect of materials having low fonization poten­
tial on voltage corona current characteristics, potassium chloride salt in 
solution was injected with the fuel. Results indicated that potassium ion 
concentration levels of 333 to 400 ppm by weight at 1700°F tripled the current 
measured for a given voltage when compared to noninjection. 

Even though it was concluded that the use of electrostatic precipitation 
up to 1700°F and 100 psig was feasible, Combustion Power decided to develop a 
granular bed filter for final cleanup. 

Available performance information for certain high-temperature elettro­
static precipitators is summarized in Table 2-4. 

2.5 OTHER DEVICES 

The fol lowing paragraphs describe two nonconventional particulate removal 
devices that have potential applications for HTHP systems. 

2.5.1 Charged Filters (References 9 and 11) 

American Precision Industries, Inc. has developed a hybrid device cal led 
Apitron, which combines the principles of electrostatic precipitation and fabric 
filters. The device is essentially a wire-tube precipitate.- with a concentric 
bag fi lte.r nnrl r.hnraP.ct screen. The high-velocity precipitator functions as a 
prefilter and removes about 90 percent of al I particles. The very fine parti­
cles are collected by the fabric filter at velocities four to five times higher 
than in conventional baghouses. These appear to have a significant size advan­
tage over conventional precipitators and baghouses because of the considerably 
higher gas velocities. A 3000-cfm pilot plant operating at 2000°F was success­
fully demonstrated on calcium sulfate dust at a cement plant. Efficiency of up 
to 99.98 percent was obtained with outlet dust loadings as low as 0.001 gr/scf. 
It is not known how this device would perform at HTHP conditions. 

2.5.2 Molten Salt Scrubbers (References 3 and 9) 

Sattel le Pacific Northwest Laboratories has constructed and tested an 
experimental scrubber with a 75-acfm flow capacity designed for operation at 
1500°F and atmospheric pressure. The primary purpose of the scrubber was to 
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TABLE 2-4 

SUMMARY OF ELECTROSTATIC FRECIPITATORS 

Operating Conditions 

Manufacturer or Demonstrated Projected 
Developer °F/atm °F/atm Removal Efficiency Status* 

Electric Power 1100/e --- --- D 
Research Institute 

-
Morgantown Energy 1470/J --- 91 to 96 percent -
Researdh Cen,ter (no particle size 

data available) 

Research-Cottre I I 2000/20 --- --- D 

*For demonstrated operating conditions: C commerical, D developmental 

., 
\ 

Reference Remarks 

3 Experimental unit was 
scheduled for testing 
in late 1977 

3 Uses negative corona; lower 
efficiencies with positive 
corona 

3 Feasibi I ity for. HTHP app Ii-
cation established 

/ 



remove HzS from hot fuel gases; particulate removal was only incidental. Molten 
alkali salts CNa2C03, K2C03, Li2co3, and Caco3 > were used as scrubbing I iquids 
in a vertically mounted, converitional ly designed venturi scrubber. 

The ex per i menta I work at Batte I I e rev ea I ed the fo II owing prob I ems: 

· • Overal I collection efficiency was less than the expected 99 percent 
for al I particles 4 µm or larger. 

• High corrosiveness of the scrubbing I iquids presented difficult 
materials problems. 

• Carryover of molten I iquid droplets in the scrubbed gas was much 
greater than the allowable specifications for gas turbine inlets. 

• Molten salt reactions with other gaseous pollutants can potentially 
degrade the scrubbing I iquid. 

• Decomposition of the molten salts occur at temperatures around 
1 6 50 ° F C 900 ° C) • 

• Insoluble particulate buildup necessitates the use of in-I ine 
filters in any regenerable scrubbing process. 

• Energy requirements for molten scrubbers are estimated at 7 to 10 
watts/cfm for collecting particles in the 0~5- to 2-µm range. 

Because of the above prob I ems and the fact that H2S remova I is not a 
concern, it is uni ikely that molten salt scrubbing wi I I be used for particulate 
contro I .in f I u id i zed-bed combustion .• 
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