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PROTECTED CRADA INFORMATION 

I. EXECUTIVE SUMMARY 

Parametric tests (MBCuO-18) were conducted in a Life Cycle Test 
System (LCTS) to evaluate the potential of removing SO, from flue 
gas using the Moving-Bed Copper Oxide Process (MBCuO). Two test 
conditions were investigated during operation. MBCuO-18-1 employed 
natural gas firing with a spiked (nominal 50 ppm) SO, level 
maintained at the absorber inlet; MBCu0-18-2 employed coal firing 
using an Illinois Coal (Old Ben f24) with no artificial spike of 
so,. 

Stack gas sampling for SO, and SO, was conducted by Consolidation 
Coal Company (CONSOL) using a controlled condensation method. Flue 
gas velocity and moisture measurements were also conducted using a 
pitot probe. Results for SO, by CONSOL agreed exceedingly well with 
LCTS continuous emission monitor (CEM) measurement as well as w i t h  
measurement by an external lab. MBCuO-18-1 had an absorber inlet 
SO, value of 2220 ppm SO, with 89% SO, removal across the absorber 
as determined by CEM. MBCuO-18-2 had an absorber inlet SO, value 
of 2110 ppm SO, with 84% SO, removal across the absorber as 
determined by CEM. 

No experimental evidence was found to substantiate the possibility 
of SO, generation by the catalytic conversion of SO, in flue gas 
within a bed of copper-impregnated alumina sorbent. Instead, high 
removals of SO, are observed across the absorber. MBCuO-18-1 had 
an absorber inlet SO, spiked value of 46 ppm SO, with 96% SO, removal 
across the absorber as determined by CONSOL. Approximately 6 ppm 
SO, was produced by coal combustion in MBCu0-18-2, with about 73% 
SO, removal across the absorber. The majority of SO, is recovered 
from the condenser in the stack gas sampling equipment, with little 
or no SO, captured on the filter at the front tip of the sample 
probe. 

Pitot measurements by CONSOL agreed very well with LCTS measured 
parameters. For MBCuO-18-1 and MBCu0-18-2 respectively, LCTS 
values were noted as: total volumetric flow (113 and 110 SCFM) ; 
oxygen ( 3  and 5%) ; predicted carbon dioxide (10% and 14%) ; and 
predicted moisture (16 and 9%). 

Material balances for sulfur around the LCTS were average for 
closure. Balances based on both gas phase and solid phase sulfur 
composition were mixed in nature, with 10-30% overall error noted. 
The gas-phase sulfur balance was greatly improved for MBCu0-18-2 
with recalibration of a CEM for SO, on the regenerator offgas 
stream, Material balances for total dust, ash, and sorbent were 
all in excellent closure, with less than 3% error noted. 

Stack gas sampling results of this study were compared to gas 
sampling results performed in previous parametric tests (MBCuO-15 
and MBCuO-16) using EPA Method 8 for SO, and SO, determination, 
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When compared to CEM values, SO, levels were in better agreement 
using the controlled condensation method versus EPA Method 8 .  
Similar trends in overall SO, and SO, removal across the absorber 
were obtained using both sampling methods. 

11. BACKGROUND 

As part of a continuinq investigation of the Moving-Bed Copper 
Oxide Process (MBCuo), this report summarizes the results obtained 
from parametric tests for test MBCuO-18. The Life Cycle Test 
System (LCTS) was operated for one week in mid-April as part of a 
recent CRADA agreement. A major goal of the testing was to conduct 
sulfur trioxide (SO,) measurements across the absorber during LCTS 
operation using the Moving-Bed Copper Oxide Process. Consolidation 
Coal Company (CONSOL), based in Library, PA, was subcontracted to 
conduct the SO, sampling via a controlled condensation method. 

Motivation for conducting SO, measurements across the absorber 
centers on the possibility that the sorbent could catalytically 
cause the formation of SO, rather than its removal. Copper oxide 
impregnated alumina facilitates the removal of sulfur dioxide (SO,) 
from flue gas via a reaction of the copper with SO, to form copper 
sulfate (CuSO,). Hence intuition suggests that SO,, given its 
higher oxidation state versus SO,, would be more readily removed by 
the sorbent to form CuSO,. However, a question remains that copper 
oxide impregnated alumina could instead act as a catalyst for SO, 
oxidation to SO, in flue gas. Higher levels of SO, downstream from 
the absorber can negatively impact power plant design and 
operation. Acid dewpoint in the flue gas partially dictates to how 
low a temperature the flue gas can be cooled prior to venting to 
the stack. In addition, if slipped ammonia from a selective 
catalytic reduction step is present in the flue gas, SO, can react 
to form ammonium sulfate, (NH,)+O,, which can foul downstream 
equipment. 

Two test conditions were undertaken in MBCuO-18 to help address 
these issues. Similar testing [l] occurred in two previous series 
of parametric tests (MBCuO-15 and MBCuO-16), but difficulties were 
encountered, particularly with sampling for SO,, such that results 
were not quantitatively conclusive. Conditions remaining unchanged 
from earlier testing include the continued use of 1/8" diameter 
Alcoa sorbent, Hendrick absorber retention bar screens, and 
Illinois (Old Ben No. 2 4 )  coal. 

The AlCoa sorbent used in the current study has been described in 
previous interim reports [2,3] which utilized the same material. 
The sorbent, both new and used, was extensively characterized with 
respect to size, structure, and chemical composition. The 
substrate is a commercially available alumina manufactured by 
Alcoa. Copper oxide sorbent was prepared by Alcoa by exposing the 
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substrate to a copper sulfate solution via an incipient wetness 
procedure. The copper sulfate/alumina spheres (1/8-inch nominal 
diameter) were then dried in air. The bulk density of the virgin 
sorbent is approximately 54 lb/ft3. The fresh sorbent contains 
approximately 6.6 wt% copper and 3.3 wt% sulfur. The material must 
be initially activated batchwise in the LCTS regenerator to remove 
the sulfur. Regenerated material is then charged to the vessels, 
either as initial inventory or as sorbent makeup during LCTS 
operation to replenish attrited sorbent lost from the system. 

Repeat measurements for SO, (five) were taken at the absorber inlet 
and outlet sampling ports during two test conditions. The furnace 
was fired on natural gas for the first condition (MBCuO-18-1). The 
second test condition (MBCu0-18-2) utilized an Illinois Coal (Old 
Ben No. 24). 

For MBCuO-18-1, SO, levels were elevated using a catalytic system 
(V,O,) fed with SO, and air. SO, was introduced to the converter at 
a level equivalent to 100 ppm in the total flue gas. Based on gas 
chromatographic analysis of gas samples obtained at the reactor 
exit, approximately 50 percent conversion of SO, to SO, was 
estimated. Thus, approximately 50 ppm SO, was present in the flue 
gas at the absorber inlet. This level was independently confirmed 
by CONSOL's measurements for SO, at the inlet. CONSOL also obtained 
SO, measurements as part of the controlled condensation methodology. 

For MBCu0-18-2, SO, was not artificially elevated using the 
catalytic system. Instead, only the SO, produced from the coal 
combustion was present in the flue gas. 

111. LCTS EXPERIMENTAL CHRONOLOGY 

Two parametric test conditions were completed during one week of 
testing during MBCuO-18. Hand-recorded data and computer-averaged 
information for MBCuO-18 are given in Tables 1 and 2, respectively. 
Five repeat measurements were taken for SO, and are designated as 
letters "a" through llelt for both MBCuO-18-1 and MBCu0-18-2. The 
same chronological order of conditions is maintained between Table 
1 and Table 2 so that a one-to-one correspondence exists among the 
columns of data between the tables. 

SO, removal and absorber pressure drop (across various reactor 
components) as a function of time are plotted in Figure 1. 
Differential pressure instrumentation ports strategically located 
in the side wall of the absorber allow pressure drop to be measured 
across several interfaces in the reactor: (1) the front sorbent 
retention screen; (2) the front half of the sorbent bed; ( 3 )  the 
rear half of the sorbent bed; (4) the rear sorbent retention 
screen; and (5) total pressure drop which includes both retention 
screens and entire sorbent bed. The graphs along the left vertical 
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side of Figure 1 display SO, removal (designated as ttS02REF11) and 
total absorber pressure drop (designated as "BED DPt* or 81PDT-191g). 
The graphs along the right vertical side of Figure 1 display 
component and total absorber pressure drop. Designations are as 
follow: Front retention screen as IfF SCREEN DP", front half of 
sorbent bed as *IF BED DP", rear half of sorbent bed as ItR BED DP", 
rear retention screen as "R SCREEN DP", and total pressure drop as 
ItTotal DP". 

The first test condition (MBCuO-18-1) used natural gas firing and 
represented a repeat of the typical Itbaseline** condition used in 
prior testing. Table 3 is a summary of this baseline condition 
typically repeated at the beginning of each parametric test series. 
The absorber conditions targeted were approximately: 750°F, 2250 
ppm inlet SO,, 110 SCFM flue gas, and 0.75 lb/min sorbent. The 
regenerator baseline conditions were: 850°F, 3 hours sorbent 
residence time, and 0.6 lb/hr natural gas (twice the stoichiometric 
requirement). From inspection of Table 3, MBCuO-18-la yielded 
results very similar in value to previous baseline conditions. For 
example, the observed SO, removal (88%) historically lies between 
86-88%. The measured pressure drop (3.1 inch H,O) typically ranges 
between 3-4 inch H,O. Regenerator off -gas composition is typically 
35-40% for both SO, and CO,, and 15-20% CH,, ranges for which the 
MBCuO-18-la measured values approached. 

The second test condition (MBCu0-18-2) represented a repeat of the 
baseline condition (MBCuO-18-1) but under coal firing. The 
absorber conditions targeted were approximately: 750°F, 2070 ppm 
inlet SO,, 110 SCFM flue gas, and 0.75 lb/min sorbent. The 
regenerator baseline conditions were: 850°F, 3 hours sorbent 
residence time, and 0.6 lb/hr natural gas (twice the stoichiometric 
requirement). A lower inlet SO, level is targeted to account for 
difference in flue gas moisture for coal- versus natural gas- 
firing. Spiking with SO, was required to maintain the 2070 ppm 
level. 

Near the conclusion of MBCu0-18-2, the SO, removal eventually ended 
slightly lowered (83-86%) from the baseline condition (MBCuO-18-1). 
A presumed steady-state condition was initially maintained over the 
first day (4/15) of MBCu0-18-2. At approximately 20:OO on 4/15, 
the pressure drop appeared to have leveled off at approximately 7 
inch H,O (see Figure 1, second graph down in both columns of 
graphs). Historically 8-10 inch H,O has been observed for the 
baseline condition with coal firing. 

However, MBCu0-18-2 then became problematic with respect to 
increasing pressure drop across the absorber. At approximately 
20:30 on 4/15, the pressure drop (see Figure 1) across the absorber 
increased excessively as the test condition progressed under 0 .75  
lb/min sorbent flow and back-pulsing. At approximately 01:OO on 
4/16, the pressure drop had grown to 18 inch H,O. The front half 
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of the sorbent bed was highest in pressure drop (near 10 inch H,O) . 
This observation is consistent with prior coal-fired testing in 
which the majority of the pressure drop occurs in the front bed 
region. However, screen pressure drops, particularly the front 
screen, were noticeably large and growing. Such l@excessive" 
pressure drop is indicative of fouling by ash in the absorber. 
Continued back-pulsing cannot solely reverse the accumulation of 
fines on the retention screens. Instead, the absorber must be 
@@scrubbed@@ to remove the fines from the system. @@Scrubbing@# the 
absorber encompasses circulating sorbent with continuous back- 
pulsing and bypassing the flow of flue gas around the vessel. 
Typically, the absorber is purged of ash when a minimum of sorbent 
corresponding to one vessel inventory has been flowed through the 
absorber. 

The absorber was scrubbed between approximately 3:30 and 7:30 on 
4/16. Resumption of MBCuO-18-2 initially yielded lower pressure 
drop. However, as the second day (4/16) of MBCu0-18-2 progressed, 
similar behavior in pressure drop was observed. At approximately 
17:OO on 4/16, the pressure drop appeared to have leveled off at 
approximately 8 inch H20 (see Figure 1, second graph down in left 
column and third graph down in right column). Unfortunately, rapid 
growth in pressure drop was again observed, reaching values near 14 
inch H20 at 18:30 on 4/16. The condition was terminated and the 
absorber was scrubbed for a second time between 19:OO and 22:15 on 
4/16. 

It was decided to approach MBCu0-18-2 a third time utilizing 
partial coal firing and adjusting the SO, spiking flow accordingly 
in an effort to alleviate the high absorber pressure drop. Coal 
firing was gradually increased to full coal firing conditions at 
04:OO on 4/17. 

With the overall goal of maintaining reasonable and intermediate 
pressure drop through the absorber, testing for MBCuO-18-2 was 
finally completed during 4/17. However, it is questionable whether 
the system actually reached a steady-state condition with respect 
to ash removal in the absorber. The total pressure drop (see 
Figure 1, bottom graphs in both columns of graphs) did not truly 
level off and remain constant. Historical values (MBCuO-14) have 
ranged as high as 10-11 inch H20 under full coal firing. For MBCuO- 
18-2, total pressure drop was near 12 inch H20 and growing. 
However, the relative distribution of component pressure drop is 
similar to MBCuO-14. The front bed half is the dominant component. 
The rear bed half is roughly one-half of the front bed half. The 
front screen is usually slightly lower than the rear bed half. The 
rear screen is normally the lowest in pressure drop. 

SO, removal for MBCu0-18-2 eventually ended slightly lower (83-86%) 
than the baseline condition (MBCuO-18-1). This may be indicative 
of partial fouling of the screens by ash, which in turn can cause 

6 



PROTECTE D C R A 5 A  I N F 8  R MAT~ 0 pL 

flow maldistribution of flue gas through the sorbent bed. Previous 
LCTS operation, for steady-state conditions, has typically 
demonstrated that fuel substitution (coal for natural gas) has 
little or no effect on SO, removal while at the same time, the 
pressure drop is significantly higher due to the ash inventory in 
the absorber. 

IV. STACK GAS SAMPLING RESULTS 

Consolidation Coal Company (CONSOL), based in Library, PA, was 
subcontracted by DOE/FETC to conduct stack gas sampling for two 
days of LCTS operation. The reader is referred to Appendix A for 
a final report issued by CONSOL to FETC. Appendix A contains a 
complete description of the equipment and methodologies employed by 
CONSOL, as well as major findings for SO,, SO,, flue gas moisture 
and volumetric flowrates. 

Stack gas sampling was conducted with simultaneous sampling trains 
at both the inlet and outlet of the absorber. Previous ports 
installed for prior stack gas sampling [l] were utilized for the 
current study. Given in Figures 2 and 3 are sketches of the inlet 
and outlet port, respectively. Each port contains a tap-in tee, 
followed by a gate valve, followed by a blind flange. The valving 
hardware allowed insertion and removal of the probe while the flue 
gas line remained isolated. This minimized the possibility of 
furnace flameout due to perturbation from probe insertion and 
removal. A generalized layout of the sampling ports is also 
included in Appendix A ,  Fig 1. 

Sampling was conducted on 4/14 (MBCuO-18-1) and 4/17 (MBCu0-18-2) 
during the daylight shifts. Four replicate pairs, and a fifth for 
the outlet, were taken for MBCuO-18-1. These are denoted in 
chronological order as MBCuO-18-la through MBCuO-18-le. Five 
replicate pairs were taken for MBCu0-18-2. These are denoted in 
chronological order as MBCu0-18-2a through MBCu0-18-2e. Flue gas 
would typically be sampled for 45-60 min at both ports, followed by 
probe disassembly and sample recovery. In the course of a ten hour 
period, five sets of samples could be routinely taken. 

Flue gas SO, and SO, concentrations were determined using a 
controlled condensation method (CCM) originally developed by EPA 
and modified by CONSOL R&D (see Appendix A). SO, sampling was 
conducted at a single point (at the midpoint) within the duct. Gas 
is passed through a heated sampling probe with well-controlled 
temperatures such that SO, is condensed and trapped in a condenser, 
while SO, and water vapor are passed on through the probe. The 
remaining gas mixture is passed through a series of miniature glass 
impingers (four) filled with various solvents. SO, is captured in 
the first two impingers which contain hydrogen peroxide solution. 
The third impinger is empty, and the last impinger contains silica- 
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gel used to capture moisture. The gas is then passed through a 
rotameter, a vacuum pump, and a dry test meter. Flue gas moisture 
was determined by measuring the gain in weight in the liquid and 
silica gel impingers. 

SO, and SO, are recovered from various components of the sampling 
train. They include: (1) sample plug used to filter solids at the 
tip of the probe; ( 2 )  sample probe liner; ( 3 )  condenser; and ( 4 )  
impingers. SO, is recovered from the first three impingers; the 
first two impingers contain hydrogen peroxide solution and the 
third impinger is an empty blank. The three impingers are rinsed 
with deionized water, followed by dilution to a known volume prior 
to analysis. SO, is trapped among the other three components, SO, 
is distributed among the plug (absorbed on solid particles captured 
in the filter), among the inner liner of the sample probe, and 
among the condenser. SO, is recovered by rinsing the plug, probe, 
and condenser with isopropyl alcohol (IPA). The rinsings are kept 
separate and diluted to a known volume prior to analysis. 
Individual fractions are analyzed using titration with BaC1, to a 
thorin endpoint. 

Flue gas volumetric flow measurements (see Appendix A) were made 
using a type llS1l pitot tube equipped with a Type K thermocouple. 
Absorber inlet and outlet flow measurements were made for both 
MBCuO-18-1 and MBCu0-18-2. Pitot measurements were made in one 
plane using a five-point traverse. A Shortridge electronic micro- 
manometer was used to determine individual pressure differentials 
at the traverse points. 

A. SO, 
Measurements for SO, are summarized in Table 4 .  Absorber inlet and 
outlet levels are listed, along with the overall SO, removal across 
the absorber. The data columns are grouped by blocks of four, 
listing four different analytical/sampling methods by which SO2 was 
determined. IICEMtt denotes measurement by continuous emission 
monitor (i-e., SO, infrared gas analyzers installed on the LCTS). 
The specific analyzers and gas treatment method (i.e., Perma Pures) 
are discussed elsewhere ( 4 1 .  ltControl Condl@ refers to CONSOL'S 
measurements using the controlled condensation method. Analysis of 
CONSOL-obtained samples ("Control Condtt in Table 4) occurred in the 
field on the same day the sample was taken. 

Measurements by CONSOL were independently corroborated by sending 
several of the liquid samples recovered from the controlled 
condensation method to a laboratory at FETC for analysis. Although 
these analyses did not immediately occur after the samples were 
taken, the samples were kept refrigerated for most of the time 
prior to analysis. The third and fourth columns in each data block 
of four in Table 4 contain the results by independent analysis. 
llTitrationl' refers to sample analysis using the same titration 
protocol (BaC1,) employed in the controlled condensation method. 
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ttIon Chromtt refers to analysis using ion chromatography. Samples 
were sent to an analytical lab, formerly identified with the Bureau 
of Mines, to perform both of these analysis. The methodology of 
analysis by ion chromatography is described elsewhere [l]. 
Results, reported as liquid sulfate concentrations, were converted 
back to equivalent gas-phase composition in the flue gas. 

Excellent agreement in SO, measurements is noted in Table 4 .  Not 
only are CONSOL'S measurements in good agreement with the CEM 
values (typically less than 5% relative error), but generally good 
agreement was obtained between CONSOL'S measurements and the 
results from independent analysis using titration and ion 
chromatography. 

MBCuO-18-1 was a very stable condition, as evidenced by the low 
statistical variance in absolute SO, values and the SO, removal for 
CEM measurements. A s  previously noted with respect to absorber 
pressure drop, MBCu0-18-2 was not as stable a condition under coal 
fire versus natural gas fire in MBCuO-18-1. There is more 
statistical variance in the absorber outlet SO, levels as compared 
to the absorber inlet. However, this increased error was not 
greatly reflected in the sample variance for the methods of SO, 
determination. 

B. SO, 
For MBCuO-18-1, SO, levels were elevated using a catalytic system 
fed with SO, and air. The catalytic system is detailed in a 
previous study [l] undertaken to measure SO, levels around the 
absorber using EPA Method 8. The SO, spike system is sketched in 
Figure 4 .  A commercially available catalyst used for the 
production of sulfuric acid was obtained from Monsanto Company. 
The catalyst consisted of vanadium salt complexes (V,05) deposited 
on silica. A stainless steel tubular reactor of approximately 10 
in3 was constructed and filled with the catalyst. The reactor 
operating temperature was held constant at 825OF. Reactor inputs 
consisted of 0.11-lb/hr SO, and 0.16-lb/hr air. The product stream 
from this reactor was injected into the flue gas flow at a location 
far upstream from the absorber. Figure 5 shows the piping & 
instrumentation design (P&ID) layout of the catalytic system and 
its integration into the overall combustor P & I D .  SO, was introduced 
to the catalytic system at a level equivalent to 100 ppm in the 
total flue gas. Based on gas chromatographic analysis of gas 
samples obtained at the reactor exit, approximately 50 percent 
conversion of SO, to SO, was estimated. Thus approximately 50 ppm 
SO, was predicted to be present in the flue gas at the absorber 
inlet. As will be discussed below, this level was independently 
confirmed by CONSOL'S measurements for SO, at the absorber inlet. 

Measurements for SO, are summarized in Table 5. Absorber inlet and 
outlet levels are listed, along with the overall SO, removal across 
the absorber. The data columns are grouped by blocks of three, 
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listing the three different methods by which SO, was determined. 
SO, method abbreviations are the same as those adopted in Table 4 ,  
except that tlCEM1l is absent in Table 5. ltControl Condtt refers to 
CONSOL's measurements using the controlled condensation method. 
tlTitrationll refers to sample analysis using the same titration 
protocol (BaC1,) employed in the controlled condensation method. 
'IIon Chromll refers to analysis using ion chromatography. 

Based on CONSOL'S measurements for both sampling locations for 
MBCuO-18-1, approximately 9 6  percent SO, removal occurs across the 
moving bed of sorbent in the absorber, representing a very 
favorable result. SO, levels averaged near 4 6  ppm at the inlet, 
again confirming a predicted spike level of nominally 50 ppm. 
Lesser agreement in absolute SO, levels is noted between CONSOL'S 
measurements and the two other SO, methods of independent analysis. 
The two methods ranged 30-50% lower in SO, at the absorber inlet 
versus the controlled condensation values. However, when comparing 
the difference in absolute values across the absorber, strikingly 
similar SO, removals are noted among the three methods. In fact, 
the statistical variance in SO, removal for CONSOL's measurements 
for MBCuO-18-1 was remarkably low (less than 1% standard deviation 
of the mean). This result, along with the SO, levels reported in 
Table 4 ,  reaffirms the steady state condition that was attained for 
MBCuO-18-1. 

For MBCuO-18-2 , SO, was not artificially elevated using the 
catalytic system. Instead, only the SO, produced from the coal 
combustion was present in the flue gas. Overall results were again 
in fairly good agreement. Note that the first outlet measurement 
for SO, (MBCu0-18-2a) was considered to be biased high, and 
therefore a fifth outlet sample (MBCu0-18-2e) was obtained. 
Approximately 3 - 6  ppm SO, was produced by coal combustion, with 
roughly 70-80 percent SO, removal across the absorber. In the 
absence of SO, spiking, SO, determination by Iltitrationll was not 
measurable due to the relatively low inlet SO, levels. The 
independent method of SO, analysis by ion chromatography revealed 
consistently lower results versus measurements by controlled 
condensation. 

Based on previous SO, sampling experiences of CONSOL, similar 
discrepancies have been observed by CONSOL in conducting SO, 
sampling and the subsequent chemical analysis of the liquid 
samples. Per private conversation with Mr. Matthew DeVito of 
CONSOL, a degradation in the liquid sample may occur with aging, 
leading to a deficit in analyzed SO,. Hence CONSOL attempts to 
perform the chemical analysis of the liquid samples within a short 
time period (preferably the same day) of collection. As previously 
discussed, the titrations for the controlled condensation method 
were performed by CONSOL on the same day. However, a time lag of 
more than a week, with samples refrigerated, had passed before 
samples were analyzed by ion chromatography or repeat titration. 
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When comparing the difference in absolute values across the 
absorber, the SO, removal was significantly lower (55%) using ion 
chromatography versus controlled condensation (73%). In either 
case, the SO, removal under coal firing for MBCu0-18-2 is 
appreciably lower than the SO, removal under gas-firing for MBCuO- 
18-1 (96%). Statistical variability in SO, removal is also more 
pronounced for MBCu0-18-2 versus MBCuO-18-1, again indicating the 
difficulty in attaining steady state for MBCu0-18-2. The SO, 
removal was also slightly lower (84%) under coal fire versus MBCuO- 
18-1 (88%). With respect to the direction of flue gas flow through 
the absorber, these observations are consistent with the 
possibility of partial blinding by ash of the sorbent retention 
screen or sorbent bed. 

Levels of SO, recovered from the various components of the gas 
sampling train for the controlled condensation method are listed in 
Table 6. The three sample train locations for SO, recovery are (1) 
sample plug used to filter solids at the tip of the probe, denoted 
as atFiltat; ( 2 )  sample probe liner, denoted as saProbe"; and ( 3 )  
condenser, denoted as "Condtt. The total of the three is denoted by 
"Totat. SO, method abbreviations are the same as those adopted in 
Table 5. 

From inspection of Table 6 ,  the majority of the SO, is recovered in 
the rinsing of the condenser. For MBCu0-18-2, there is little 
evidence of SO, being captured by the filter as indicated by the 
controlled condensation values. Ion chromatography results show 
only trace levels (less than 0.2 ppm) of SO,. 

A concern was that, during sampling, attrited sorbent (in the form 
of copper sulfate or aluminum sulfate) could compromise the results 
by sample contamination, especially in the lffilterma part of the 
method. The analysis of sulfate in the recovered liquid sample 
cannot distinguish the identity of the sulfate precursor (i.e., SO, 
or sulfate). Therefore, several samples were analyzed for 
dissolved copper and aluminum. Results indicated that dissolved 
aluminum or copper were two to three orders of magnitude less in 
value (reported as mg/l) than sulfate levels. Therefore, sample 
contamination by attrited sorbent is negligible. 

C. P i t o t  Measurements 
Flue gas moisture and volumetric flow measurements are listed in 
Table 7 for MBCuO-18-1 and MBCu0-18-2. Sampling was performed by 
CONSOL at the absorber inlet and outlet locations. The sampling 
ports have been previously described [l] and have been illustrated 
in Figures 2 and 3 .  A l s o  included in Table 7 are LCTS operational 
parameters to compare against the pitot measurements. Excellent 
agreement is noted between the results. Flue gas flowrate, based 
on an average of inlet and outlet pitot measurements, was 
approximately 109 SCFM for MBCuO-18-1 and 108 SCFM for MBCu0-18-2. 
These values are reported on a wet basis. Flue gas flow based on 
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a venturi meter located upstream of the absorber inlet indicated 
113 SCFM for MBCuO-18-1 and 110 SCFM for MBCu0-18-2. The venturi 
meter also measures total flow on a wet basis. Comparison of 
values in Table 7 represent less than 4 %  and 2% error respectively 
for MBCuO-18-1 and MBCu0-18-2. 

Gas composition was also monitored as part of CONSOL's stack gas 
sampling equipment. Results can be compared against CEMS located 
on the LCTS. Oxygen is measured by CEMS at both the inlet and 
outlet of the absorber. Oxygen values in Table 7 compare 
favorably, with about 3 %  error for MBCuO-18-1 and 6% error for 
MBCuO-18-2. Carbon dioxide is theoretically predicted by CONSOL 
based on fuel composition and stoichiometric calculation. Carbon 
dioxide is measured by CEM at the furnace on the LCTS. CO, is not 
measured at the absorber, but other than possible air in-leakage, 
differences in sampling location should not affect the CO, results. 
CO, values in Table 7 also compare favorably, with about 3% error 
for MBCuO-18-1 and 6% error for MBCu0-18-2. 

Moisture in the flue gas is theoretically predicted based on fuel 
composition and stoichiometric calculation. Moisture was directly 
determined by CONSOL as part of the stack gas sampling equipment. 
Moisture was measured to be approximately 18% for the natural gas- 
fired condition (MBCuO-18-1) and 9% for the coal-fired condition 
(MBCu0-18-2). Measured results for moisture are generally in fair 
agreement with predicted values, with approximately 10% error for 
MBCuO-18-1 (16.4% H,O predicted) and 1% error for MBCu0-18-2 (9.1% 
H,O predicted). 

Flue gas temperature within the duct was measured by CONSOL. The 
sampling probe contained a thermocouple extended into the gas 
stream at the tip of the probe. Inlet gas temperature ranged 
between 805-810OF while outlet gas temperature ranged between 650- 
660OF. The absorber is maintained such that temperatures within 
the sorbent bed are near 750OF. 

Several LCTS thermocouples are available for comparison of 
temperature (see Table 2 for LCTS variables which were computer 
recorded). Several of the LCTS thermocouples relevant for 
temperature comparison are collected in Table 7. 1' TE- 1 5 I' 
represents temperature located upstream from the absorber, 
approximately five feet prior to the junction where flue gas can be 
bypassed around the absorber. 1fTE-1511 was approximately 840-850°F 
for MBCuO-18-1 and 860-910°F for MBCu0-18-2. t1TE-1811 represents 
temperature located immediately at the inlet of the absorber. The 
thermocouple is mounted within the flanged (3-inch pipe) coupling 
before the gas is expanded through the inlet gas cone of the 
absorber. 11TE-18*f was approximately 745-750°F for MBCuO-18-1 and 
755-800OF for MBCu0-18-2. 

The sampling probe location for the absorber inlet lies 
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approximately midway along the flue gas duct between **TE-151* and 
**TE-l8*I. Hence a probe temperature of 805OF for MBCuO-18-1 is 
logical since the upstream temperature was 840-850°F and the 
downstream temperature was 745-75O0F. A similar rationale exists 
for MBCu0-18-2. The probe temperature of 810°F for MBCu0-18-2 is 
intermediate between the upstream temperature of 860-91O0F and the 
downstream temperature of 755-800OF. 

Only one thermocouple (*tTE-21tt) is available to compare with the 
sampling probe temperature for the absorber outlet. **TE-21** lies 
approximately six feet upstream of the outlet probe location and 
approximately four feet downstream from the exit pipe flange on the 
absorber flue gas outlet cone. **TE-21*1 averaged near 675-680°F for 
both MBCuO-18-1 and MBCu0-18-2. Thus, CONSOL'S probe temperatures 
at the absorber outlet (650-660OF) compares favorably with 1*TE-21*t 
and was approximately 25-30°F cooler since the sampling probe was 
located slightly downstream from *1TE-21v1. 

V. MATERIAL BALANCE RESULTS 

Material balances for sulfur, and solids collected are summarized 
for MBCuO-18 parametric test series. A discussion of the results 
follows. 

A material balance for sulfur around the life-cycle test system was 
conducted using two methodologies. At steady state, the amount of 
sulfur captured in the absorber should equal the amount of SO, 
liberated from the regenerator. In the absorber, SO, is removed 
from the flue gas and captured onto the sorbent in the form of 
CuSO,. In the regenerator, sorbent is regenerated by chemically 
reducing CuSO,; SOz is liberated from the sorbent and exits the 
vessel with other gas phase products of regeneration. Absorber 
sulfur removal is based on the difference in gas phase composition 
of flue gas entering and exiting the absorber. Sulfur evolution in 
the regenerator can be calculated in one of two manners. First, 
gas phase composition of the regenerator offgas with flow rate can 
indicate the amount of SO, exiting the regenerator. Alternatively, 
the difference in solid phase composition (wt% sulfur) of the 
sorbent entering and exiting the regenerator with solid flow rate 
can also indicate the amount of sulfur regenerated. Thus the 
reduction in residual sulfur on the sorbent entering and exiting 
the regenerator should correspond to the amount of SO, observed in 
the regenerator offgas. Both of these regenerator methodologies 
can be compared to the absorber method as a check on sulfur 
recovery. 

A. Sulfur 

Table 8 lists calculated sulfur recovery for the various test 
conditions. Process interruption of the LCTS must occur in order 
to extract sorbent samples from the various vessels. Since a 
primary goal of the testing was to maintain continuous steady-state 
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operation forthe purpose of repeated stack gas sampling intervals, 
samples of sorbent were obtained only after the conclusion of stack 
gas sampling for MBCuO-18-le and MBCu0-18-2e. Therefore, solid 
phase sulfur balances could be made for only MBCuO-18-le and MBCuO- 
18-2e, although it can be argued that these balances are 
representative of the two operating conditions for this test. 

From past results, the gas phase sulfur balances for MBCuO-18-1 
were poor. Generally, the gas phase balances are good and agree to 
within 10 to 15 percent error. However, the sulfur in the offgas 
from the regenerator was 20-30% less than the sulfur removed in the 
absorber. The CEM for measuring SO, in the regenerator offgas was 
suspected t o  be in error during testing. The SO, analyzer was 
thought to be reading low based on prior baseline operation. This 
proved to be the case (to be discussed in detail later in this 
section). At the conclusion of MBCuO-18-1, steps were taken to 
mitigate the erroneous SO, readings from the analyzer. This proved 
mostly successful for closing the material balance for sulfur. For 
MBCuO-18-2, the sulfur deficit in the regenerator offgas stream was 
cut approximately in half. Generally, the gas phase balances were 
then good and agreed within 5 to 15 percent error. 

A good solid phase sulfur balance was obtained for MBCuO-18-le 
(within 6%). However, the solid phase sulfur balance for MBCuO-18- 
2e was in much greater error (30% low in the regenerator). 
Determination of the solid phase composition of the sorbent for 
residual sulfur may be inherently more uncertain than the 
determination of gas phase composition for SO,. Other sources of 
error in the solid methodology may include the extraction of solids 
from the system and whether the solid sample obtained is 
representative. 

Gas composition of inlet and outlet process streams on the 
regenerator is verified using chromatographic analysis of gas 
samples. The off-gas stream from the regenerator is periodically 
sampled (as a "grab sample") and stored in a glass sampling bulb. 
The natural gas supply header is also sampled to ascertain the 
composition of reducing gas fed to the regenerator. Composition is 
determined by gas chromatography (GC) and provides a check on the 
values measured on-line by CEM. Table 9 shows species identified 
by GC and CEM. The date and time corresponding to when the data 
was obtained is also tabulated. CEM data is included over windows 
of time that coincide nearest to the time period when grab samples 
were extracted. The presence of oxygen in the GC analysis is most 
likely due to air in-leakage during the sampling procedure, and the 
sample analysis should be corrected for this. 

The composition of the regenerator off-gases was generally fairly 
consistent throughout the testing (see Table 9). Comparison of 
values obtained by GC analysis versus CEM indicates that CH, was in 
fair agreement. A discrepancy is consistently noted for the CO, 
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measurements. The CEM values were sometimes about five percentage 
points higher than the GC values. All gas analyzers are calibrated 
at a minimum of once per shift (8 hours), but reasons for the 
discrepancy are unknown. 

As mentioned previously, the CEM for SO, measurement was thought to 
be reading low during MBCuO-18-1. This was confirmed by comparison 
of values obtained by GC analysis versus CEM. Table 9 indicates 
that CEM values for SO, (33-35%) were typically about five 
percentage points lower than the GC values (38-42%). This was 
partially responsible for the large sulfur deficit noted for MBCuO- 
18-1. 

The span gas normally used to calibrate the analyzer was 
unexpectedly depleted at the start of LCTS operation. Lacking a 
span gas of equivalent composition, a substitute span gas of much 
higher concentration was used for calibration. However, 
nonlinearity in the response of the analyzer was causing lower SO, 
readings when sampling the regenerator offgas during MBCuO-18-1. 
At the conclusion of MBCuO-18-1, a gas -blender 
combination with a pure SO, cylinder and nitrogen 
multipoint calibration over the entire (0-100%) 
resulting calibration curve was programmed into 
linearize the response of the analyzer. This 
successfully narrowed the difference between CEM and 
SO, during MBCu0-18-2. 

was used in 
to perform a 
range. The 
the CEM to 

recalibration 
GC values for 

Trace levels (several tenths of a percent) of oxygen are noted in 
Table 9 for the regenerator off-gas as measured by GC analysis. 
These values are generally consistent with the oxygen content as 
determined by CEM. However, it is reasonable to assume that any 
oxygen fed to the regenerator should be consumed by reaction, and 
therefore no oxygen should be exiting the regenerator. With 
respect to the manner in which GC samples are obtained and analyzed 
(by filling a glass sampling bulb and transferring to the GC), it 
is plausible that air in-leakage into the sample can occur. If 
dilution by air is assumed, then the data listed in Table 9 can be 
corrected for air leakage to yield an oxygen-free composition. 
However, the data in Table 9 have not been corrected in any manner. 

If the GC analyses are corrected for air in-leakage, little 
variability in the composition of the natural gas header feeding 
the regenerator is noted. Historically, the methane content is 
typically around 90 percent, with the next largest component being 
5-9 percent of ethane. Trace levels of higher hydrocarbons 
(propane) are present in the natural gas, but these components are 
generally not observed in the regenerator product stream (consumed 
in the regenerator). Ethane is sometimes observable (around 1 
percent) in the regenerator off-gases. 

Elemental balances for carbon and hydrogen are performed for a 
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control volume surrounding the regenerator. These balances are 
included in the hand-recorded data for MBCuO-18 (see Table 1). 
Timed collections of condensate and bagmeter flow readings were 
obtained for the regenerator exit stream and are also included in 
Table 1. These parameters were necessary in order to perform the 
regenerator material balances. The reducing gas fed to the 
regenerator (natural gas with an assumed composition of pure 
methane) contains both carbon and hydrogen. Product gases to be 
included in the balances and liberated fromthe regenerator include 
CO, (carbon balance) , H,O (hydrogen balance), and unused reducing 
gas measured as CH, (carbon and hydrogen balance). CEM gas analyses 
were used to perform the elemental balances. The carbon balance 
around the regenerator is generally within plus or minus 10 
percent. All carbon balances for MBCuO-18 indicated a surplus in 
the regenerator offgases. Given that CEM values were somewhat high 
for CO, versus GC values, the surplus in carbon can be reduced if 
GC analyses were used, resulting in better closure for the carbon 
material balance. 

The hydrogen material balance has historically been problematic for 
the regenerator and was difficult to close in this test ( 2 5  
percent). The product stream is always in deficit of the input 
stream. Collection of condensate enters into the material balance 
for hydrogen and may be a contributing factor, but nearly all of 
the water in the product stream is thought to be captured by the 
condenser whose temperature is near 32OF. The calculation of 
flowrate, using timed bagmeter readings, is apparently not the 
source of error since the carbon balances around the regenerator 
are close to balancing. 

B. S o l i d s  
A material balance for solids around the life-cycle test system was 
conducted for parametric test series MBCuO-18. Depending on the 
sampling location, the collected dust is typically a mixture of 
both attrited sorbent as well as ash from pulverized coal-firing. 
Only by analysis of the dust for copper content can an 
approximation be made for partitioning a sample into sorbent and 
ash fractions. 

Materials balances for total dust, as well as sorbent and ash 
considered individually, are summarized in Table 10. Dust is 
collected from six locations around the LCTS. The sampling 
locations are (with abbreviations in Table 10) : furnace ashpot; 
absorber inlet ashpot (AB-IN-POT); absorber outlet ashpot (AB-OUT- 
POT); furnace baghouse (BH); fluid-bed heater baghouse (FBH); and 
fluid-bed cooler cyclone (FBC). 

The furnace ashpot is located beneath the furnace (downward-fired) 
such that slag/unburned coal accumulates within this pit. Hence no 
sorbent fines can appear in these dust samples. The remainder of 
the ash (as flyash) is carried over from the furnace to the 
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absorber. Dust can be collected at several locations within the 
absorber. The absorber inlet ashpot refers to the collection point 
upstream of the sorbent bed. The flue gas is transitioned from a 
3 inch schedule 10 pipe and exmded through a diffuser cone to the 
maximum cross-sectional bed area ( 8  ft x 2 ft). Thus the absorber 
inlet ashpot collects any fines which may settle out of the flue 
gas as a result of the inlet gas expansion. Similarly, the 
absorber outlet ashpot refers ts the collection point downstream of 
the sorbent bed. The flue gas is transitioned from the cross- 
sectional bed area down to a 3 inch schedule 10 pipe. Thus, the 
absorber outlet ashpot collects any fines blown through the bed 
which may settle o u t  of the fkiue gas as a result of the flue gas 
outlet cone. Dust samples fro4 both the absorber inlet and outlet 
ashpots can contain sorbent as a result of attrited sorbent small 
enough to pass through the sorbent retention screens at the front 
and rear of the sorbent bed. m e  furnace baghouse traps any fines 
downstream of the absorber transported by flue gas. Since the LCTS 
contains the parametric flexibglity of flue gas bypass around the 
absorber for absorber inlet flow control purposes, the furnace 
baghouse captures fines which have passed either through or around 
the absorber. 

The remaining dust collection points are located along the path of 
sorbent transport around the LCTS. Any dust trapped by the bed of 
sorbent in the absorber is carried with the sorbent exiting the 
vessel. The mixture is pneumatAcally transported using a transport 
hopper into the fluid-bed heater. The mixture is segregated by the 
fluidizing gas based on difference in size and density (weight) of 
the material. Sufficiently large-sized sorbent remains within the 
vessel and then is transported by gravity into the regenerator. 
Dust elutriated fromthe fluid+bed heater is captured downstream of 
this vessel in a baghouse. The same principle of operation exists 
for the fluid-bed cooler located after the regenerator but before 
the absorber. However, dust elutriated from the fluid-bed cooler 
is captured downstream by a cyclone instead of a baghouse. 

With the exception of the fluid-bed cooler cyclone, all dust 
collection locations contain isolation valves between the 
particular equipment/vessel and its corresponding collection drum. 
This allows on-line accessibility to replace dust-filled drums with 
empty drums while the LCTS continues to operate. Hence dust 
amounts can be collected over a particular time window of interest 
without the need to terminate the test condition. However, the 
cyclone for the fluid-bed cooler can only be accessed at the end of 
a test series. The cyclone is emptied only after the vessel has 
been cooled and flow has been terminated during shutdown of the 
LCTS. It is for this reason that total dust balances are performed 
over the entire period of a paxametric test series (typically one 
or two weeks). Any time period shorter than this would require an 
assumption on the contribution of the fluid-bed cooler cyclone. 

Dust inputs to the LCTS occur in two manners. The first 

17 



PROTECTED CRADA INFORMATION 

contribution is from ash as a result of burning coal. The second 
input of dust occurs from the addition of fresh sorbent to the 
system necessary to replenish attrited sorbent which has been lost 
from the LCTS. Based on ultimate/proximate analysis of the coal, 
the expected ash is assumed to equal 10 percent of the coal burned. 
The calculated amount of sorbent makeup takes into account not only 
the sorbent which has been physically added to the system, but also 
sorbent which has been withdrawn from the vessels during sampling 
as well as any changes in vessel inventory. The sorbent residence 
time within the regenerator can be altered by raising or lowering 
the bed height, which in turn changes the sorbent inventory. 

Given in Table 10 are the material balances for total dust, ash, 
and sorbent obtained during MBCuO-18, The inputs to the system 
(expected ash and sorbent makeup) should equal the outputs 
collected from the system (total dust from the six vessel 
locations). Any discrepancy is reported as a percent of a 
particular input or output variable. The error in the total dust 
balance, listed in footnotes at the bottom of Table 10 in percent, 
is defined as (collected dust - sorbent makeup - expected 
ash)/(sorbent makeup + expected ash). In general, the total dust 
balance was excellent, agreeing within less than 3% of the input 
dust (sorbent makeup and expected ash). 

Dust samples obtained from the various collection points in the 
LCTS were analyzed for copper content. Depending on the location, 
the dust can be a mixture of both ash and attrited sorbent and, 
based on copper analysis, calculations can be made to partition the 
mixture into ash and sorbent fractions. This information can then 
be used to perform material balances for ash and sorbent 
individually, which is supplemental to the material balances 
previously performed for total dust mixtures. Given in footnotes 
at the bottom of Table 10 are dust balances for ash and sorbent 
fractions obtained for MBCuO-18. The copper content in pure, 
unspent sorbent is 6 . 6  wt%, and if analysis of the dust resulted in 
a copper content greater than 6 . 6  wt%, the dust was considered to 
be 100% sorbent with no ash present, 

The sorbent balance is defined as (collected sorbent dust - sorbent 
makeup)/(sorbent makeup). In general, the sorbent balance was 
excellent, agreeing within less than 3% of the input sorbent 
(sorbent makeup). The material balance for ash is defined as 
(collected ash dust - expected ash)/(expected ash). The ash 
balance was also excellent, agreeing within less than 3% of the 
input ash (coal ash expected). Closure of material balances for 
solids for MBCuO-18 are outstanding when compared to some prior 
parametric test series where errors often exceeded 20% or more. 

VI. COMPARISON WITH PAST SAMPLING RESULTS 

The results of the current study (MBCuO-18) can be compared with 
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previous parametric investigations [l] undertaken to quantify SO, 
removal across the absorber. Two series of parametric tests 
(MBCuO-15 and MBCuO-16) were conducted over several weeks of LCTS 
operation. Most major LCTS operational parameters (coal, sorbent, 
temperature, flowrate, etc.) were identical to those used in MBCuO- 
18. 

Stack gas sampling for MBCuO-15 and MBCuO-16 occurred using the 
same sampling ports at the absorber inlet and outlet. However, 
samples for SO, and SO, determination were obtained using a 
different sampling methodology (EPA Method 8) than used for the 
current study (controlled condensation method for MBCuO-18). The 
stack gas sampling was conducted solely by in-house FETC personnel. 
Composition of impinger solutions as determined by EPA Method 8 
(titration) was performed by site-contracted analytical chemistry 
personnel supporting in-house FETC. In addition, liquid samples 
obtained for MBCuO-15 and MBCuO-16 were sent to the same 
independent lab, as was used for MBCuO-18, to perform sulfate 
analysis using ion chromatography. 

Overall test conditions for MBCuO-15 and MBCuO-16 essentially 
mirrored conditions studied during MBCuQ-18. The furnace was fired 
on coal for all conditions of MBCuO-15. Natural gas and coal 
firing was utilized during MBCuO-16. The traditional ttbaselinelu 
condition was maintained during both series of tests. The absorber 
conditions targeted were approximately: 750°F, 2250 ppm inlet SO,, 
110 SCF'M flue gas, and 0.75 lb/min sorbent. The regenerator 
baseline conditions were: 850°F, 3 hours sorbent residence time, 
and 0.6 lb/hr natural gas (twice the stoichiometric requirement). 
For coal fired conditions, a lower inlet SO, level is targeted ( 2 0 7 0  
ppm) to account for difference in flue gas moisture for coal- 
versus natural gas-firing. 

Spiking of SO, using a catalytic system was as yet unavailable 
during MBCuO-15. The catalytic system was first installed for use 
during MBCuO-16 tests. The flowrate of SO, and air fed to the 
catalytic system was similar to that used in MBCuO-18. SO, was 
introduced to the converter at a level equivalent to 100 ppm in the 
total flue gas. Approximately 50 percent conversion of SO, to SO, 
was estimated, yielding a nominal 50 ppm SO, in the flue gas at the 
absorber inlet. 

Measurements for SO, and SO, are respectively summarized in Tables 
11 and 12 for MBCuO-15 and MBCuO-16. Absorber inlet and outlet 
levels are listed, along with the overall SO, and SO, removal across 
the absorber. The data columns are grouped by blocks, listing 
different analytical/sampling methods by which SO, and SO, were 
determined. tICEMtg denotes measurement by continuous emission 
monitor (i-e., SO, infrared gas analyzers installed on the LCTS). 
The specific analyzers and gas treatment method (i.e., Perma Pures) 
are discussed elsewhere [ 4 ] .  "Method 8" refers to measurements 
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using EPA Method 8 .  

Measurements were independently corroborated by sending several of 
the liquid samples recovered from EPA Method 8 to a laboratory at 
FETC for analysis. Although these analyses did not immediately 
occur after the samples were taken, the samples were kept 
refrigerated for most of the time prior to analysis. The last 
column in each data block in Tables 11 and 12 contain the results 
by independent analysis, where "Ion Chrom" refers to analysis using 
ion chromatography. Samples were sent to an analytical lab, 
formerly identified with the Bureau of Mines, to perform this 
analysis. The methodology of analysis by ion chromatography is 
described elsewhere El]. Results, reported as liquid sulfate 
concentrations, were converted back to equivalent gas-phase 
composition in the flue gas. 

Some of the data presented in Tables 11 and 12 was considered 
invalid in the previous report [l] for various reasons, and has 
been highlighted with an asterisk. Therefore, such data has been 
excluded from the statistical averaging presented in the tables. 
For the current discussion, if either the absorber inlet or 
absorber outlet value was excluded, then the overall absorber 
removal value was also considered invalid since it was 
mathematically derived from the difference in the inlet and outlet 
values. 

Both test conditions for MBCuO-15 (1 and la) were performed under 
coal firing, with no SO, spike .  Four periods of stack gas sampling 
(la-ld) was performed for the first test condition of MBCuO-16, 
under natural gas fire with SO, spiking. The last test condition 
(MBCuO-16-2) utilized coal firing, but without SO, spiking. 

Absorber inlet SO, and SO, levels for MBCuO-16-la, as determined by 
EPA Method 8, were considered in error due to a likely leak in the 
gas sampling train. The moisture content measured in the flue gas 
was only half of the expected moisture based on natural gas firing. 
Hence for a given data point, any error encountered during stack- 
gas sampling using EPA Method 8 would also invalidate the 
corresponding results obtained using ion chromatography, although 
analytical comparisons could be made between the two methods which 
were subjected to the same sampling error. Thus it is logical to 
exclude ion chromatography results at the absorber inlet for MBCuO- 
16-la also. 

Absorber inlet SO, and SO, levels for MBCuO-16-lb were also 
considered in error as a result of backflushing among the impinger 
solutions, thus excluding EPA Method 8 and ion chromatography 
results for MBCuO-16-lb. The absorber outlet SO, level for MBCuO- 
16-lb appears to be biased low relative to the other three readings 
(MBCuO-16-la,c,d) and was excluded from the averaging of results. 
The absorber outlet SO, levels for MBCuO-16-ld, both by EPA Method 
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8 and ion chromatography determination, are exceedingly high in 
comparison to MBCuO-16-la,b, and c. Contamination of the 
isopropanol solution was offered as a probable cause for the 
anomalous absorber outlet SO, results for MBCuO-16-ld. 

Large discrepancies exist in the SO, data when comparing EPA Method 
8 and ion chromatography results with CEN values. However, 
interpretation of data is more difficult since much of the data was 
excluded from averaging. Absorber inlet SO, levels are 
underpredicted by about 10-40% using EPA Method 8. Inlet SO, levels 
by ion chromatography are much worse, with about 50-70% 
underprediction versus CEM values. These results can be contrasted 
against MBCuO-18 (see Table 4 ) ,  where results are in much better 
agreement (maximum 15% error) among the different analytical 
methods. SO, removals across the absorber, as measured by EPA 
Method 8, are in greater error (5-15%) than the results of MBCuO-18 
(less than 4% error). The SO, removal, typically 86-88% as 
determined by CEM, is very repeatable for the baseline conditions 
performed during a l l  three parametric test series (MBCuO-15, 16, 
and 18). 

One probable reason for the low SO, concentrations at the absorber 
inlet by Method 8 in MBCuO-15 and MBCuO-16 was ascertained to be 
the result of poor sampling location. The duct location for 
injecting (spiking) SO, into the flue gas was only approximately 18 
inches upstream from the stack gas sampling port for the absorber 
inlet. Thus, it was reasoned that residence time was insufficient 
to fully mix the SO, within the flue gas, and a nonhomogeneous flue 
gas was probably sampled at the stack gas sampling port for the 
absorber inlet. The CEM sampling port location for the absorber 
inlet lies further downstream (about 6 feet from the inlet stack 
gas sampling port and a total of about 7.5 feet from the SO, spike 
port). In addition, a venturi for measuring flue gas flow is 
located between the stack gas sampling port and the CEM sampling 
port. Due to the effects of longer residence time, and a higher 
velocity profile in the venturi, the spiked SO, was felt to be fully 
mixed at the CEM sampling location. Therefore, the CEM 
measurements are held in higher confidence and are believed to have 
not been influenced by insufficient mixing. 

To eliminate the effect of poor mixing of the SO, spike gas, the SO, 
spike was relocated to a position (about 40 feet) upstream of the 
absorber inlet stack gas sampling port. The relocation occurred 
prior to conducting MBCuO-18 (controlled condensation 
measurements). For MBCuO-16 and MBCuO-18, only one location was 
ever utilized for spiking SO, derived from the catalytic system. 
The SO, spike location coincided with the newly relocated SO, spike 
location (approximately 40 feet upstream of the absorber inlet 
stack gas sampling port). Hence the SO, spike was always located 
far upstream of the stack gas sampling port for the absorber inlet, 
and therefore complete mixing of SO, was achieved for all testing. 
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SO, levels for MBCuO-15 and MBCuO-16 (see Table 12) exhibited trends 
similar to the SO, results for MBCuO-18 (see Table 5). Under coal 
firing, SO, for MBCu0-18-2 averaged 5.8 ppm at the absorber inlet 
and 1.6 ppm at the absorber outlet, yielding about 73% SO, removal 
across the absorber using the controlled condensation method, 
MBCuO-15-1 is strikingly similar, having 6.4 ppm and 2.0 ppm at the 
absorber inlet and outlet respectively, with about 69% SO, removal 
across the absorber using EPA Method 8. The absorber inlet SO, 
level for MBCuO-15-la ( 2 7  ppm) is likely an anomaly since SO, was 
not artificially raised with the SO, catalytic system under coal 
fire. A similar argument can be made for excluding the absorber 
inlet SO, value for MBCu0-16-2 (63 ppm). 

SO, levels under natural gas fire were also similar among MBCuO-16 
and MBCuO-18. SO, for MBCuO-18-1 averaged 46 ppm at the absorber 
inlet and 2.6 ppm at the absorber outlet, yielding about 96% SO, 
removal across the absorber as measured by the controlled 
condensation method. MBCuO-16-1 averaged 57 ppm and 5.3 ppm at the 
absorber inlet and outlet respectively, with about 96% SO, removal 
across the absorber as measured by EPA Method 8. Both conditions 
yielded very similar results, with the absorber inlet values 
approaching the expected nominal 50 ppm of SO, using the catalytic 
spiking system. 

However, some differences are apparent in the SO, data when ion 
chromatography results are compared against results using EPA 
Method 8 and the controlled condensation method. For MBCuO-16-1, 
a small discrepancy (less that 5%) exists in absorber inlet SO, 
levels between EPA Method 8 (57 ppm) and ion chromatography (54  
ppm) . Much larger error (30-40%) was observed in absorber inlet SO, 
levels for all of MBCuO-18 (see Table 5), with ion chromatography 
results much lower that SO, levels as measured by the controlled 
condensation method. MBCuO-15-1 also exhibited large error, with 
the ion chromatography SO, level (3.7 ppm) approximately 4 0 %  less 
than the Method 8 SO, level (6.4 ppm). Thus in some instances for 
absorber inlet SO, levels, ion chromatography results agree well 
with EPA Method 8 results. In other instances, ion chromatography 
results are 30-40% lower than both EPA Method 8 or controlled 
condensation values. Absorber outlet SO, levels appear to show 
similar large discrepancy, with ion chromatography results 
sometimes roughly half of the levels as determined by either EPA 
Method 8 or controlled condensation method. 

It is somewhat difficult to draw definite conclusions when 
comparing SO, and SO, results as determined by the two methods of 
stack gas sampling (controlled condensation versus EPA Method 8). 
In general, one can conclude that the controlled condensation 
results of MBCuO-18 have better sample-to-sample repeatability 
(lower standard deviation) than the EPA Method 8 results of MBCuO- 
15 and MBCuO-16. However, one must bear in mind that different 
sampling crews were utilized when performing the stack gas 
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sampling. Certainly the high level of prior sampling experience of 
CONSOL was reflected in the quality of data obtained. 
Additionally, it must be remembered that the two methods were not 
compared simultaneously, but from different tests when the 
operational parameters were nominally kept constant. However, 
similar trends in overall SO, and SO, removal across the absorber 
were obtained using both sampling methods. 
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Figure 1 : LCTS process variables versus time for MBCUO- 18 test conditions. 



Regenerator 
Residence Time (Hr) 

Regenerator Off-Gas 
(Volume %, Dry) 

so2 
co2 
CH4 

3 

48 

41 

8 

Table 3: Effect of Screen Design and Sorbent on Performance* 
~ 

MBCuO 
13-1 

MBCuO 
17-1 

MBCuO 
18- la 

~ 

1/8" 
Alcoa 

~ 

1 /8" 
Alcoa 

1 /8" 
Alcoa 

Bar Bar II Bar Bar 

4 x 1 ~ 1 2  

Ear 

4 x l x 1 2  I 4 x 1 x 1 2  
Bed Dimensions II H(ft) x W (ft) x D (in) 

4 x l x 1 2  4 x ;; 12 1 4 12 

80 88 88 

3.1 4.1 3.8 

3 3 3 

36 40 41 

42 40 34 41 41 

19 
~ 

21 9 27 11 15 

* Natural Gas Fire; 110 SCFM Flue Gas Flow; 750°F Absorber; 2250 ppm SQ Spike; 0.75 lb/rnin Sorbent Flow; 
850'F Regenerator; 2 or 3 Hr Regenerator Residence Time; Twice Stoichiometric Requirement of Methane fed to Regenerator. 
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Table 5:  SO, Summary Data 
Absorber Inlet SO, (ppm) 

Cond Chrom 

43.3 I 

SO, Removal 

Control Titration Condition Ion 
Chrom 

MBCuO-18-la 

94.3 MBCUO- 18-lb - 
MBCUO- 18- 1 c 

MBCuO-18-ld 

MBCuO-18-le 

94.3 

Std Dev (%) 

MBCuO-18-2a 55.9 

MBCUO-18-2b 

MBCUO-18-2c 3.3 ~~ I I 
53.8 MBCUO-18-2d 

MBCuO-18-2e 

7.4 4.0 

6.8 

54.9 

2.7 

5.8 3.6 
I 

29.0 15.8 I Std Dev (%) 

* Outlet result for MBCu0-18-2a not used in statistics 



* Outlet result for MBCUO-18-2a not used in statistics 



Table 7: Flue Gas Moisture & Velocity Determination 

MBCUO- 18- 1 MBCUO- 18-2 

Inlet Outlet Inlet outlet 

Date 4/14/98 4/ 14/98 41 17/98 4/17/98 

Gas Temp, OF 805 650 810 660 

% 0 2  3.0 3.3 5.0 5.2 

% c02 10.0 9.7 15.0 14.8 

% Moisture 18.0 18.0 9.0 9.0 

Barometric Pressure, in Hg 28.72 28.72 28.80 28.80 

Duct Pressure, in H 2 0  -6.19 -14.75 -7.37 -24.05 

Avg Gas Meter Pres Drop, in H20  0.844 0.768 0.893 0.795 

Avg Velocity, Ft/s 79.5 71.8 79.1 71.9 

Flue Gas Flowrate (Pitot) 

acfm (wet) 276 250 275 250 

scfm (dry) 89 90 99 97 

scfm (wet) 108.5 109.8 108.8 106.6 

scfm (wet) 113 110 
Flue Gas Flowrate (Venturi) 

Flue Gas Temperature, "F 

840-850 860-910 1 TE-15 (upstream of inlet probe) 
I 5 

TE-18 (downstream of inlet probe) 745-750 755-800 

TE-21 (upstream of outlet probe) 675-680 675-680 

0 2 ,  (% 3.1 3.4 4.7 4.9 

Furnace C02, % 9.7 14.1 

Predicted Moisture, % 16.4 9.1 
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Table 8: Gas Phase and Solid Phase Sulfur Recoveries 

and Condition 

* Nominal regenerator temperature was 850°F and residence time was 180 min. 



Table 9: Analysis (dry) by GC and CEM of gas samples from regenerator and natural gas supply. 

4/14 
12:17 

- 
1.92 
20.61 
0.39 
36.90 
1.02 
39.16 

4/14 
12:17 - 

1.87 
19.63 
0.43 
35.37 
0.98 
4 1.73 

- 
- 

- 
4/14 
12:18 

0.06 
0.07 
2.16 
9.03 
78.80 

0.15 
9.06 

0.67 

- 
- - - - - - - - - - 
I_ 

4/14 4/14 
10:29 10:30 

- 0.05 

I -  
1.90 2.42 
19.36 19.40 
0.43 0.56 
35.38 35.77 
0.98 0.98 
41.95 40.82 

I 

4/14 4/14 4/14 4/14 
12:OO 13:30 15:oo 16:OO 

4/14 4/14 
13:55 1355 

0.29 0.27 
2.91 3.10 
21.08 19.67 
0.45 
36.44 34.68 
0.85 0.80 
37.97 41.49 

4/14 
15: 15 

1.77 
21.57 
0.52 
34.80 
1.04 
40.31 

4/14 4/14 
15:15 16:07 

- 0.34 
1.62 2.47 
21.76 21.84 
0.49 0.42 
34.78 33.30 
1.04 1.04 
40 31 40.59 

21 22 23 25 
40 40 39 39 

I I I I I I 

I 35 I I I 35 I I 33 I I 33 
4/16 4/16 4/17 4/17 4/17 4/17 4/17 4/17 4/17 
17:05 17:06 08:42 08:43 08:44 10:20 10:21 11:34 11:35 

4/14 
16:12 

0.43 
33.34 
1.04 
42.15 

1 1 1 1 
4/17 I 4/17 I 4/17 1 4/17 I 4/17 

0.05 0.07 
- 0.09 

0.69 0.15 
4.56 1.17 
26.33 87.97 
0.43 0.15 
30.54 0.07 
1.44 9.09 

0.05 1.24 

4/17 
13:00 

30 
35 
38 

35.90 - 

13:14 16:50 16:51 

0.54 0.56 0.51 
4.33 3.25 3.16 



Table 10: Copper Analysis and Dust Balance for MBCuO-18 

DUST BALANCE FOR MBCUO-18 

~~ ~- ~ 

BH 046 2.4 0.2 I 2.2 
FBH 5 45 21.2 17.5 3.7 

27.6 (subtotal) 20.2 (subtotal) 7.4 (subtotal) 
Xl -Scrub 4/16/90 i 
AB-IN-POT COO7 I 11.0 0 11.0 I 
AB-OUT-POT 5 0 7  1.4 1.1 0.3 
BH j 0.15 0.4 0.2 8.2 
FBH I 3.27 54.2 26.9 27.3 

1 75.0 (subtotal) 28.2 (subtotal) 46.8 (subtotal) 
X1 -SCNb 411 6/90 
AWN-POT 0.07 4.8 0.05 4.75 
AEOUT-POT 5.20 2.4 1.9 0.5 
BH 1 0.10 7.4 1 0.1 7.3 
FBH I 3.02 40.2 I 10.4 21.8 I I I I 

I 
I 1 I ll 1 54.8 (subtotal) 1 20.4 (subtotal) 1 34.4 (subtotal) 

X2 4/17/98 
AEIN-POT < 0.07 2.6 0 2.6 
AEOUT-POT 5.63 3.4 2.9 0.5 
BH 0.15 4.6 0.1 4.5 
FBH 2.00 40.4 17.1 23.3 

POST 4/18/98 
AWN-POT 0.26 2.4 0.1 2.3 
AB-OUT-POT 5.15 1.4 1.1 0.3 
Bn 0.50 0.2 0.02 0.18 
FBH 2.98 24.4 11.0 I 13.4 

51 .O (subtotal) 20.1 (subtotal) 30.9 (subtotal) 

I 

Dust encbsura = output-input = (364.7) - (186.99+169.5) = 8.21 Ibs (surplus) = 2.3% of input 
Sorbent unaccounted for = output-input = 191.7 - 186.99 = 4.71 Ibs (surplus) = 2.5% of sorbent makeup 
Coal ash unaccounted for = output-input = 173.0 - 169.5 = 3.5 Ibs (surplus) = 2.1 % surplus of input coal ash 
Note: If dust copper analysis is 6.6% or greater the dust is considered as 100% sorbent. 

Indicates defautt copper analysis value. 



Condition 

MBCuO- 15- 1 

MBCuO-15-la 

Mean 

Std Dev (%) 

Error ( W )  

MBCuO-16-la 

MBCUO- 16-1 b 

MBCUO- 16-lc 

MBCuO-16-ld 

Std Dev (%) 
__ 

Error (%) 

MBCUO- 16-2 

Error (5%) 
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Table 1 I :  SO, Summary Data 

* Data not used in statistics. 
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Table 12: SC - 
Absorber Inlet SO, 

MBCuO- 15- la  

Mean 16.7 

* Data not used in statistics. 

Summary Data 
Absorber Outlet SO, SO, Removal (%) 

Chrom Chrom 

90.0 72.7 

2.4 I 1.2 11 79.4 I 76.5 

20.6 1 54.8 11 18.9 I 6.9 
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SUMMARY 

CONSOL R&D conducted two days of flue gas measurements at the inlet and outlet of 
the FETC novel SO, scrubber on April 14 and April 17, 1998. Flue gas sulfur dioxide 
(SO,) and sulfur trioxide (SO,) concentrations and the flue gas volumetric flowrates were 
measured at both the inlet and outlet of the scrubber. Four replicate pairs of samples were 
completed on April 14 while the test unit was operated on natural gas that was spiked with 
SO,. Five additional pairs of samples were completed on April 17 while the unit was 
operated on coal without SO, spiking. 

The average SO, duct concentration at the reactor inlet for the natural gas, SO,-spiked 
tests was 46 ppmv while the average SO, duct concentration was 2135 ppmv. The 
average scrubber SO, outlet was 3 ppmv while the SO, concentration was 266 ppmv. The 
average SO, removal was 96% and the average SO, removal 88%. The volumetric gas 
flow was 89 dry standard cubic feet per minute (dscfm) at the inlet and 90 dscfm at the 
outlet. 

The average SO3 duct concentration at the reactor inlet for the coal-fired tests was 5.5 
ppmv while the average SO, duct concentration was 2046 ppmv. The average scrubber 
SO, outlet was I .6 ppmv while the SO, concentration was 339 ppmv. The average SO, 
removal was 72% and the average SO, removal was 83%. The volumetric gas flow was 
99 dscfm at the inlet and 97 dscfm at the outlet. 

BACKGROUND 

In response to a variety of environmental and operational issues, CONSOL R&D 
developed a unique sampling method for SO, measurements for combustion systems. 
This methodology has been successfully used in a variety of pilot-scale and full-scale test. 
At the request of personnel from the Federal Energy Technology Center (FETC) of the 
United Stated Department of Energy (DOE), CONSOL R&D conducted a series of SOX 
measurements across a novel pilot scale SO, scrubber which is being evaluated at the 
FETC Pittsburgh facility. The objective of this work was to characterize SO, removal for 
the pilot scrubber. The CONSOL developed “controlled condensation” method was used 
to determine the SO, concentration. SO, removals and volumetric gas flow rates were also 
determined during this test program. Measurements with the unit operating on natural gas 
that was spiked with both SO, and SO, were completed on April 14. A second set of 
measurements with the system operating on coal was completed on April 17. The results 
of the testing and a description of the test methods are documented in this report. 

EXPERIMENTAL 

Samplina Locations 
A schematic showing the general locations of the inlet and outlet sampling ports is 
presented in Figure 1. The measurements were conducted through a “pipe tee” on both 
ducts. The ‘pipe tee” was equipped with an isolation valve that was connected to the 
3.26’ ID flue gas transport duct. The SOX samples were collected from the mid-point of 
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the sample duct. A five-point velocity traverse was used to determine flue gas flow rate. 
The traverse points are indicated in Figure 1. 

The sampling locations were under a high negative pressure (7"-24" H,O). Because of 
this, special care was taken to assure that the sampling probes could be inserted without 
causing air in-leakage which could upset to the system. With the isolation valve closed, 
the sampling probe was inserted into the "tee" section through an air-tight compression 
fitting. The compression fitting was loosely tightened and the isolation valve was opened. 
The sampling probe was then inserted into the mid-point of the duct. Once properly 
located, the compression fitting was compietely tighten to eliminate air in-leakage. 

Vo I umetri c FI ow Rat e 
Flue gas volumetric flow rate was measured as outlined in EPA Method 2. CONSOL used 
a 3' type "S" pitot tube equipped with a Type K thermocouple. The individual pressure 
differentials at the traverse points were determined using a Shortridge electronic micro- 
manometer. Pitot measurements were made in one plane using a five-point traverse. 

-2 SO /SO, Measurements 
Flue gas SO, and SO, concentrations were determined using a controlled condensation 
method originally developed by US EPA and modified by CONSOL RBD. A drawing of the 
CONSOL sampling train is shown in Figure 2. Flue gas is pulled through a temperature- 
controlled quartz-lined probe fitted with a quartz wool plug to remove particulate matter. 
The probe temperature is maintained at -550 OF to minimize SO, condensation and SO, 
oxidation. After the filter, the gas sample passes through a water-cooled condenser which 
is loosely packed with glass wool. A circulating water bath is used to control the 
condenser temperature to 140 O F .  This temperature is below the acid dewpoint. 
Essentially, all of the SO, condenses. However the condenser temperature is above the 
water dewpoint to eliminate water condensation. The sample gas exits the condenser and 
enters a bank of miniature impingers. The first two impingers contain a 3% H,Op solution 
which captures the SO,. The gas then passes through an empty impinger and finally a 
silica gel-filled impinger for moisture removal. The gas is then is conveyed through a 
rotameter, a vacuum pump, and a dry test meter. 

Prior to the sampling, the system is leak checked under a vacuum of IO" of Hg. The 
sample probe is then positioned at the proper location and gas is sampled for 30-60 
minutes. The following data is recorded: (1 ) starting gas volume, (2) interval gas volume, 
(3) final gas volume, (4) probe temperature, (5) condenser temperature, (6) flue gas duct 
temperature, (7) dry test meter temperature, (8) flowmeter setting, (9) system vacuum, (1 0) 
exit gas 0, concentration, (1 1 ) barometric pressure, and (1 2) sampling time. 

After sampling, the probe is removed from the stack, leak checked, and the train 
components are disassembled for sample recovery. The sample train components are 
recovered in the following manner: 

- 2 -  

Quartz Plug -The quartz plug is removed from the probe tip, placed in a glass bottle, and 
extracted with 20 mL of isopropyl alcohol (IPA). The solids are filtered and the filtrate is 
diluted to a known volume prior to analyses. 
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SamDle Probe - The quartz probe liner is rinsed with IPA into a glass bottle and diluted 
to a known volume prior to analysis. 

Condenser - The condenser interior is rinsed with IPA into a glass bottle. Three complete 
rinsings are utilized. The rinsings are diluted to a known volume prior to analysis. 

lmpinaers - The contents of the first three impingers and connecting tubes are rinsed into 
a collection bottle with deionized (DI) water and diluted to a known volume prior to 
analysis. 

The analyses of the individual fractions is by a BaCI, titration to a thorin endpoint as 
described in EPA Method 6. The quartz plug contains the SO, that was absorbed onto the 
solid particles prior to collection in the sampling train. The gas phase SO, value is the 
sum of the probe and condenser washes. In most cases, the majority of the gas phase 
SO, is found in the condenser rinse. The impingers collect the SO2 fraction. The SOX 
values are reported in ppmv at duct conditions and at 0% oxygen. 

RESULTS 

So, Measurements for Natural Gas Tests 
A summary of the flue gas SO, concentrations at duct conditions for each test while firing 
natural gas are presented in the following table: 

Test ID SO, Conc., ppmv at Duct Conditions % Removal 

inlet Outlet 

Test #I 2077 277 86.7 

Test #2 21 57 251 88.4 

Test #3 21 49 267 87.6 

Test #4 2143 266 87.6 

Test #5 21 43’ 270 87.4 

1 

Average 21 34 266 87.5 

St. Dev. 32 10 0.6 

i PRSD 1.5 3.8 0.7 
1 - Estimated from Test #4 inlet value. 

In some cases it is beneficial to evaluate gas concentrations at a constant oxygen dilution. 
For this reason, the values were also calculated at 0% oxygen. A summary of corrected 
flue gas SO, concentrations measured for each test while firing natural gas are presented 
in the following table: 
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Test ID I SO, Conc., ppmv at 0% Oxygen 

I Inlet I Outlet 

Oh Removal 

I1 Test # I  I 2425 I 328 86.5 

II Test #2 i 251 9 I 297 88.2 

II Test #3 I 2509 1 31 6 I 87.4 

Test #4 2503 I 31 5 I 87.4 

Test #5 I 2503' 320 I 87.4 

Average 2489 31 5 I 87.4 

St. Dev. 43 12 I 0.7 

1 0.8 PRSD 1.7 3.9 
1 - Estimated from Test #4 inlet value 

These data show very consistent flue gas SO, concentrations over the test day. Based 
on these measurements, the scrubber removed 87.5%+_0.7% of the SO, at duct conditions. 

SO1 Measurements for Natural Gas Tests 
A summary of the flue gas SO, concentrations at duct conditions for each test while firing 
natural gas are presented in the following table: 

Test ID SO, Conc., ppmv at Duct Conditions % Removal 

Inlet Outlet 

Test #I 43.2 1.7 96. I 

Test #2 52.0 1.6 96.9 

Test #3 39.3 1.9 95.2 

Test #4 50.8 2.4 95.3 

Test #5 50.8' 5.5 89.2 

Average 46.3 2.6 94.4 

St. Dev. 6.1 1.6 3.1 

PRSD 13.1 61 3.3 
1- Estimated from Test #4 inlet value 



A summary of corrected flue gas SO, concentrations (0% oxygen) determined for each 
test while firing natural gas are presented in the following table: 

Test ID SO, Conc., ppmv at 0% Oxygen 

inlet Outlet 

Test #I 50.5 2.0 

Test #2 60 7 1.8 

Test #3 45 9 2.2 

Test #4 59 3 2.8 

Test #5 59.3’ 6.5 

Average 54 1 3.1 

St. Dev. 7 1  2.0 

PRSD 13.1 65 
1- Estimated from Test #4 inlet value 

% Removal 

96.0 

97.0 

95.2 

95.3 

89.0 

94.5 

3. I 

3.3 

The inlet flue gas SO, concentrations was between 46 and 60 ppmv while the outlet values 
were between 2 and 6 ppmv over the test day. Based on these measurements, the 
scrubber showed an SO, removal efficiency of 94.5% & 3.1 % for the gas-fired condition. 

-2 SO Measurements for Coal-Fired Test 
A summary of the flue gas SO, concentrations at duct conditions for each test while firing 
coal are presented in the following table: 

ll Test ID SO, Conc., ppmv at Duct Conditions YO Removal 

Inlet Outlet 
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As in the natural gas case. the coal-fired results were also calculated on a 0% oxygen 
basis. A summary of corrected flue gas SO, concentrations measured for each test while 
firing coal are presented in the following table: 

Test ID SO, Conc., ppmv at 0% Oxygen % Removal 

Inlet Outlet 

Test #1 2651 404 84.8 

Test #2 2638 51 7 80.4 

Test #3 2651 430 83.8 

Test #4 2697 447 83.4 

Test #5 264 1 430 83.7 

Average 2656 446 83.2 

St. Dev. 25 47 1.8 

PRSD 0.9 15 2.2 

These data show very consistent flue gas SOz concentrations over the test day. Based 
on these measurements, the scrubber SO2 removal efficiency was 83.2% A 1.8% for the 
coa I-fi red test. 

SO? Measurements for Coal-Fired Tests 
A summary of the flue gas SO, concentrations at duct conditions for each test while firing 
coal are presented in the following table: 

1- Outlet resuits for Test #1 not used in statistics. 
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A summary of corrected flue SO, ahcentrations (0% oxygen) measured for each test 
while firing coal are presented in the$ollowing table: 

Test ID SO, Corn., ppmv at 0% Oxygen % Removal 

Inlet - Outlet 
1 Test # I  6.4 6.7' _--- 

Test #2 6.3 1 2  81 .O 

Test #3 4 3  1.3 69.8 

Test #4 9 6  2.8 70.8 

Test #5 8.9 . 3.1 65.2 

Average 7.1 2.1 71.7 

St. Dev. 2.1 0.8 5.8 

PRSD 30 - 40 8.1 
1- Outlet resuits for Test #1 not used in statistics 

The inlet flue gas SO, concentrations ranged from 6 to 9 ppmv while the outlet values 
ranged from 1 to 3 ppmv over the test day. Based on a field review of the data it appeared 
that the outlet measurement for the first test was biased high. A decision was made to 
conduct an additional pair of measurements to verify the outlet concentration. From these 
results, it was decided to treat the first outlet test as an outlier. After omitting the outlet 
result from the first test, the scrubber SO, removal efficiency was 71.7% ~f: 5.8% for the 
coal-fired condition. 

All of the SOX data is contained in Appendix 1. 

Flue Gas Moisture Measurements 
Flue gas moisture was determined by measuring the weight gain in the liquid and silica gel 
impingers. From these measurements, the flue gas moisture content is estimated at 18% 
for the gas-fired and 9% for the coal-fired tests. 

Volumetric Flow Measurements 
inlet and outlet duct gas flow rate measurements were made for each firing condition. The 
results of the measurements are summarized in the following table: 
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PROTECTED CRADA INFORMATION 

~ ~~~ ~ 

Gas-Fired Conditions Coal-Fired Conditions 

Inlet Outlet Inlet Outlet 

Date 411 4198 411 4/98 411 7/98 411 7/98 

GasTemp, O F  805 650 81 0 660 

% 0 2  3.0 3.3 5.0 5.2 

% co, 10 0 9.7 15.0 14.8 

% Moisture 18.0 18.0 9.0 9.0 

Barometric 28.72 28.72 28.80 28.80 
Pressure, “Hg 

Duct Pressure, -6.19 -1 4.75 -7.37 -24.05 
H,O 

Avg AP,” H,O 0.844 0.768 0.893 0.795 

Avg Vel, fps 79.5 71.8 79.1 71.9 

acfm 276 250 275 250 

dscfm 89 90 99 97 

A complete pitot summary for each of the velocity measurements is provided in Appendix 
2. 

DISCUSSION 

In the controlled condensation method, the condenser is typically operated at a 
temperature of 140 O F .  At this temperature the flue gas is significantly below the acid 
dewpoint (>200 O F )  and above the water dewpoint (-125 O F ) .  By operating below the acid 
dewpoint, the majority of the SO, is condensed and collected on the glass wool in the 
condenser. However, it is important to prevent water condensation in the condenser. If 
water condenses in the condenser, gas phase SO, would absorb in the water and yield 
high results. 

While firing natural gas, the condenser temperature was maintained at 150°F. The higher 
temperature was selected because the acid and water dewpoint for this case are higher 
than for the coal-fired case. 
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During the gas-fired testing, a significant discoloration was observed in the train rinsings. 
The discoloration did not appear to have any effect on the titrations. However, an 
additional outlet sample was coliected to assure the data quality. 

The inlet and outlet SO, concentrations from the first coal-fired test had similar SO, values. 
A field review of the next three test showed an approximate 70% reduction in the flue SO3 
concentration across the scrubber. From these data it was decided to run an additional 
test and treat the first test as an outlier. 

The flue gas moisture concentrations should be considered as estimates only. The EPA 
procedure for determining moisture in a combustion flue gas stream specifies a minimum 
sampling volume of 20 cubic feet. For these tests, less than 5 cubic feet of gas was 
collected. 

Accurate velocity measurements in small ducts (<Sl') are difficult with standard EPA-type 
equipment. For this test program a standard Type "S" pitot tube encased in a 1" OD steel 
sleeve was used. The placement of the pitot tube in such a small cross-sectional area can 
significantly block the flue gas path. This can lead to flow distortions. However, a review 
of the pitot data showed that it compared well with existing plant instrumentation and 
theoretical calculations. 
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PROTECTED CRADA INFORMATION 
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2- 1.0' 
3- 1.5' 
4- 2.0' 
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Figure 1. Schematic of Sampling Ports and Points 
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"9OTECTED CRADA ~~F~~~~~~~~ 
SO, Sampling Results from FETC Test Unit 

TEST #l 

)ATE 
START TIME 
3ND TIME 
.OCATI ON 
dEASURED METER VARIABLES 
SAMPLE TIME [Minutes] 
3AROMETRIC PRESSURE I" Hg] 
SAMPLE VOLUME [ft '1 
AETER TEMPERATURE [ O F] 
IRIFICE PRESSURE [" H,O] 
' FACTOR 
ISCF SAMPLED 
ZONDENSER TEMP I o  Fl 
ZC/MIN @ COND 

IUCT TEMP DURING TEST 1" F1 
ISCFM (based on pitot traversej 
doisture Weight Gain, g 
Nater Volume, dscf 
L Moisture in Gas Sample 
% Moisture at Duct Conditions 

SO, in IMPINGERS 
Ib/DSCF 
lbihr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

IUCT OXYGEN [ APPROX % ] 

so2 

so3 
SO, in FILTER PLUG 
Ib/DSCF 
Iblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

Ib/DSCF 
Iblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 
SO, in CONDENSER 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 

GAS PHASE SO, [lb/DSCq 
GAS PHASE SO, [Ib/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [IbIDSCF] 
TOTAL PHASE SO, [Ib/hr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
% SO, in SOLIDS (filter pludtotall 

71 4/98 
935 
025 
llET 

50 

4.80 
72.3 
0.01 

1.015 

155 
3059 
3.00 
822 
90 
22 

1.0362 

28.72 

4.638 

18.3 
19.8 

3.1 7E - 04 
1.71 
1915 
2425 
2077 

0 .OOE +OC 
0.00 E +OC 

0.c 
0 .c 
0.c 

6.59E-0i 
3.56E -0: 

3.; 
4.c 
3 .E 

7.59E-Ot 
4.1 OE-0; 

36.1 
46.5 
39.t 

8.25E-0t 
4.45E-0: 

43.: 
50.: 

8.25E-04 
4.45E-0: 

43.: 
50.! 
0 .( 

,/14/98 i 
1935 
025 
IUTLET 

50 

4.60 
71.9 
0.01 

1.050 
4.601 

150 
3010 
3.25 
652 
90 

13.4 
0.631 14, 

12.1 1 
19.0' 

28.72 

2.91E-05 
0.16 
176 
328 
277 

O.OOE+OO 
o.OOE+OO 

0.0 
0 .o 
0 .O 

6.64~-08 
3.59E-04 

0.3 
0.6 
0.5 

1.52E-07 
8.20E-04 

0.7 
1.4 
1.2 

2.18E-07 
1.18E-03 

1.7 
2.0 

2.18E-07 

1.7 
2.0 
0 .o 

1 .I 8 ~ - 0 3  

io, Removal 

86.5% 
86.7% 

SO, Remova 

96.1 9 

96.29 



P R OT E CTE D C RAD A 1 N FO R M AT1 0 N 
SO, Sampling Results from FETC Test Unit 

TEST #2 

' START TIME :: ' END LOCATION TIME 

MEASURED METER VARIABLES 
i SAMPLE TIME [Minutes] 
BAROMETRIC PRESSURE [" Hg] 

METER TEMPERATURE [ O F] 
ORIFICE PRESSURE [" H,O] 

DSCF SAMPLED 
CONDENSER TEMP [' F] 
CCIMIN @ COND 
DUCT OXYGEN [ APPROX % ] 
DUCT TEMP DURING TEST [ O F] 
DSCFM [based on pitot traverse] 

Water Volume, dscf 

% Moisture at Duct Conditions 

SAMPLE VOLUME [ft 31 

~ Y FACTOR 

I 

I 

I 

1 Moisture Weight Gain, g 
1 
1 % Moisture in Gas Sample 

I 

! SO, in IMPINGERS 

' PPMV, As Sampled 
I PPMV, @ 0% Oxygen 
, PPMV, @ Duct Conditions 

j SO, in FILTER PLUG ' Ib/DSCF 
Ib/hr 
PPMV, As Sampied 

, PPMV, @ 0% Oxygen 
I PPMV, @ Duct Conditlons 
I 

l Ib/DSCF 
i Ib/hr 
1 PPMV, As Sampled 

I PPMV, @ Duct Conditions 

so2 
Ib/DSCF 
ib/hr 

I 

I 
I so3 

SO, in PROBE 

I 

PPMV, @ 0% Oxygen 

SO, in CONDENSER 
I b/D SC F 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 

, PPMV, @ Duct Conditions 

GAS PHASE SO, [Ib/DSCF] 
GAS PHASE SO, [Ib/hr] ' GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN : TOTAL PHASE SO, [IbIDSCF] 
TOTAL PHASE SO, [Iblhr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
Yo SO, in SOLIDS [filter pludtotall 

14/98 

LET OUTLET 

48 
28.72 
5.10 
78.7 
0.01 

1.01 5 
4.869 

137 
3247 
3.00 
81 2 
90 

23.5 
1 .lo685 

18.5 
19.2 

3.45E - 04 
1.8E 

2085 
251 6 
21 57 

O.OOE+OC 
0. OOE + OC 

0.C 
0. C 
0.C 

1.63E-0€ 
8.81 E- 0: 

7. s 
9. t 
8.: 

8.77E-0( 
4.74E - 0: 

42.1 
51 .: 
43.! 

1 .WE-O! 
5.62E - 0; 

52.1 
60.' 

1.04E-0! 
5.62E - 0: 

52.1 
60.' 
0.1 

48 
28.72 
5.30 
77.1 
0.01 

1.050 
5.250 

145 
3548 
3.25 
650 
90 

20.2 
0.95142 

15.3 
18.5 

3.44E - 05 
0.1 E 
20E 
297 
251 

0. OOE + OC 
O.OOE + OC 

0. c 
0. c 
O.( 

1.66E-0i 
8.98E-@ 

0. l 
1 .: 
1 .( 

9.98E-Of 
5.39E- 0. 

O.! 
0.' 
0. 

2.66E - 0 
1.44E-0: 

1 .( 
1.1 

2.66E -0 
1.44E-03 

1 .' 
1. 
0.1 

50, Rernova 

88.29 
88.49 

SO, Rernov: 

97.0: 

97.0' 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
TEST t3 

)ATE 
START TIME 
!ND TIME 
.OCATION 
dEASURED METER VARIABLES 
SAMPLE TIME [Minutes] 
MROMETRIC PRESSURE [" Hg] 

AETER TEMPERATURE ( O  F] 
IRIFICE PRESSURE [" H20] 
' FACTOR 
ISCF SAMPLED 
:ONDENSER TEMP [ O F] 
X/MIN @ COND 
IUCT OXYGEN [ APPROX % ] 
IUCT TEMP DURING TEST [ O F] 
ISCFM [based on pitot traverse] 
doisture Weight Gain, g 
Mater Volume, dscf 
!6 Moisture in Gas Sample 
% Moisture at Duct Condibons 

SO, in IMPINGERS 
I b/D SCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

30, in FILTER PLUG 
IWDSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @? 0% Oxygen 
PPMV, @ Duct Conditions 

IWDSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @? 0% Oxygen 
PPMV, @? Duct Conditions 

SO, in CONDENSER 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

;AMPLE VOLUME [fi 31 

so, 

so3 

SO, in PROBE 

GAS PHASE SO, [Ib/DSCF] 
GAS PHASE SO, [lb/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [lb/DSCF] 
TOTAL PHASE SO, [lb/hr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
% SO, in SOLIDS [filter pludtotall 

O.\APPRES\STACKTS03#3 

'1 4/98 
320 
405 
JLET 

45 
28.64 
4.20 
85.1 
0.01 

1.01 5 
3.952 

143 
2840 
3.00 
81 4 
90 

17.2 
0.81 01 2 

17.0 
19.0 

3.1 8E-04 
1.72 
1921 
2509 
21 4s 

O.OOE + oc 
O.OOE +oc 

0. c 
0. c 
0. c 

9.72E - 07 
4.7 
6.1 
5. : 

6.30E - O€ 
3.40E-02 

30.L 
39. E 
34.1 

7.27E- OC 
3.93E - 02 

39.: 
45.s 

7.27E-Ot 
3.93E-0: 

39.: 
45. : 
O.( 

5.25E- 01 

./I 4/98 
320 
405 
IUTLET 

45 
28.64 
4.20 
83.2 
0.01 

1.050 
4.1 02 

145 
2958 
3.25 
660 
90 

15.3 
0.72063 

14.9 
18.1 

3.66E - 05 
221 
31 E 
267 

0.20 

o.ooE+oc 
O.OOE + oc 

0.c 
0. c 
0.c 

0. OOE + oc 
O.OOE+OC 

0.c 
0. c 
0. c 

3.1 9E-Oi 
1.72E-0: 

1 .E 
2.2 
1 .s 

3.19E-0i 
1.72E-0: 

1 . I  
2.2 

3.1 9E-0; 
1.72E-0: 

1 .: 
2.: 
0. ( 

$0, Remova 

87.4'3 
87.691 

SO, Remova 

95.29 

95.3'1 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
TEST X4 

JATE 
START TIME 
I N D  TIME 
-0CATION 
MEASURED METER VARIABLES 
SAMPLE TIME [Minutes] 
3AROMETRIC PRESSURE [" Hg] 

METER TEMPERATURE [ O F] 
3RIFICE PRESSURE [" H,O] 
Y FACTOR 
3SCF SAMPLED 
:ONDENSER TEMP ( O  F] 
X /MIN @ COND 
3UCT OXYGEN [ APPROX % ] 
3UCT TEMP DURING TEST I o  F] 
XCFM [based on pitot traverse] 
Woisture Weight Gain, g 
Nater Volume, dscf 
)/o Moisture in Gas Sample 
?4 Moisture at Duct Conditlons 

SO, in IMPINGERS 

SAMPLE VOLUME [ft 31 

so2 
I b/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

so, 
SO, in FILTER PLUG 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

Ib/DSCF 
lb/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in CONDENSER 
I b/D SCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 

GAS PHASE SO, [lb/DSCF] 
GAS PHASE SO, [Ibihr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [Ib/DSCF] 
TOTAL PHASE SO, [lb/hr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
YO SO, in SOLIDS [filter pludtotall 

71 4/98 
445 
533 
JLET 

45 
28.64 

5.00 
87.9 
0.01 

1.01 5 
4.680 

139 
3341 
3.00 
81 5 
90 

21.2 
0.99852 

17.6 
19.9 

3.13E-04 
1.69 

1892 
2502 
21 42 

O.OOE+OC 
O.OOE+OC 

0.c 
0. c 
0.c 

1.21 E-OE 
6.55E-02 

5.5 
7. E 
6. E 

8.07E - OE 
4.36E - 04 

39. c 
51 .€ 
44.2 

9.28E-Of 
5.01E-02 

50. E 
59.: 

9.2eE- O[ 
5.OlE-0: 

50.t 
59.: 
0. ( 

41 4/98 
445 
533 
IUTLET 

45 
28.64 

5.20 
86.6 
0.01 

1.050 
5.047 

144 
3633 
3.25 
670 
90 

14.1 
0.6641 1 

11.6 
16.8 

3.04E-05 
0.16 
184 
31 5 
266 

O.OOE+OO 
O.OOE+OO 

0.0 
0.0 
0.0 

6.05E-08 
3.27E-04 

0.3 
0.5 
0.4 

2.81E-07 
1 S2E-02 

1.4 
2. s 
2. c 

3.42E-07 
1.85E-02 

2.4 
2. € 

3.42E -0i 
1.85E-OE 

2.L 
2. E 
0.1 

11 4/98 
600 
642 
UTLET 

45 
28.62 
4.40 
88.4 
0.01 

1.050 
4.254 

147 
3077 
3.25 
660 
90 

18.3 
0.861 93 

20.1 
i 6.8 

3.75E - 05  
0.2c 
227 
32C 
27C 

).OOE+OC 
3. OOE + OC 

0. c 
0. c 
0. c 

1.03E-07 
5.54E-Of 

0. E 
0.7 
0. E 

6.47E - O i  
4.57E - OE 

4.1 
5.2 
4. s 

9.49E-0i 
5.1 3E-0: 

5. f 
6. f 

9.49E - 0; 
5.1 3E-0: 

5.: 
6.: 
O.( 

. . . . . . . . . . . . . . . . 
SO, Remova 

(test 4) 

87.49 
87.69 

SO, Removr 
(test 4) 

95.2T 

95.3: 



PROTECTED CRADA fNFORMATlON 

SO, Sampling Resuits from FETC Test Unit 
TEST X 5  

)ATE 
;TART TIME 
N D  TIME 
OCATION 
AEASURED METER VARIABLES 
;AMPLE TIME [Minutes] 
MFIOMETRIC PRESSURE I" Hg] 

AETER TEMPERATURE ( O  FJ 
>RIFICE PRESSURE [" H20] 
' FACTOR 
ISCF SAMPLED 
:ONDENSER TEMP [ F] 
:C/MIN @ COND 
IUCT OXYGEN [ APPROX % 1 
>UCT TEMP DURING TEST [ O FJ 
ISCFM [based on pitot traverse] 
tloisture Weight Gain, g 
Water Volume, dsd  
6 Moisture in Gas Sample 
6 Moisture at Duct Condihons 

30, in IMPINGERS 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

;AMPLE VOLUME [tt 31 

so* 

so, 
30, in FILTER PLUG 
lb/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 
SO, in CONDENSER 
IWDSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Condivons 

GAS PHASE SO, [Ib/DSCF] 
GAS PHASE SO, [Ib/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [Ib/DSCF] 
TOTAL PHASE SO, [Ib/hr! 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
9'0 SO, in SOLIDS [filter plualtotall 

4/17/98 
081 0 
0852 
INLET 

42 
28.69 

1.40 
69.8 
0.01 

1.01 5 
1.358 

135 
1032 
4.80 
820 
90 

3 
0.1413 

9.4 
9.9 

3.21 E-04 
1.73 
1941 
2651 
2042 

3.21 E-07 
1.74E-02 

1 .E 
2.1 
1 .E 

3.21 E-07 
1.74E-02 

1 . E  
2.1 
1 .€ 

6.43E - 07 
3.47E-OC 

3.1 
4.2 
3.2 

9.64E - Oi 
5.21E-0: 

4. s 
6.4 

1.29E-Ot 
6.94E-0: 

6.! 
8.! 

25.( 

/17/98 
81 0 
91 0 
IUTLET 

55 
28.69 

4.40 
73.0 
0.01 

1 .os0 
4.387 

2567 
5.0C 
655 
9c 

11.2 
0.53222 

10.f 
10.e 

i 40 

5.09E - OE 
0.27 
30E 
401 

O.OOE + O( 
O.OOE +O( 

0. ( 
0. ( 
0. ( 

5.97E-Ot 
3.22E - 01 

0.: 
0.1 
0.: 

9.95E-0 
5.37E - 0: 

4. i 
6. : 
4. I 

1.05E-01 
5.70E-0: 

5. 
6.' 

1.05E-01 
5.70E-0 

5. 
6. 
0. 

30, Rernova 

84.79 
84.99 

SO, Rernovz 

-5.2' 

22.0%1( 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
=T #6 

>A1 k 
START TIME 
END TIME 
-0CATION 
WEASURED METER VARIABLES 
SAMPLE TIME [Minutes) 
3AROMETRIC PRESSURE [" Hg] 

ylETER TEMPERATURE [ O F] 
3RIFICE PRESSURE [" H,O] 
I FACTOR 
X C F  SAMPLED 
;ONDENSER TEMP f O i ]  
X/MIN @ COND 
N C T  OXYGEN [ APPROX % ] 
IUCT TEMP DURING TEST [ "  F] 
3SCFM [based on pitot traverse] 
bloisture Weight Gain, g 
Nater Volume, dscf 
16 Moisture in Gas Sample 
% Moisture at Duct Conditions 

SO, in IMPINGEAS 

- 

SAMPLE VOLUME [ft 31 

so, 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

so, 
SO, in FILTER PLUG 
lb/DSCF 
Iblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in CONDENSER 
I b/D SC F 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 

GAS PHASE SO, [Ib/DSCF] 
GAS PHASE SO, [Ib/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [Ib/DSCF] 
TOTAL PHASE SO, [Ib/hr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
% SO, in SOLIDS [filter pludtotall 

1038 
INLET 

48 
28.69 

3.90 
76.7 
0.01 

1.01 5 
3.733 

140 
2503 
4.80 
820 
90 

0.381 51 
9.3 

11.0 

e. 1 

2.84E-04 
1.53 
1717 
2638 
2032 

O.OOE+ 00 
0. OOE + 00 

0.0 
0.0 
0. a 

1.87E-07 
1.01 E-03 

0.9 
1.4 
1.1 

6.55E - 07 
3.54E - Ot 

3. z 
4.6 
3.7 

8.42E - 07 
4.55E - 02 

4. E 
6.2 

8.42E - Oi 
4.55E - 0: 

4. E 
6.2 
0. t 

045 
)UTET 

5c 
28.69 

5. OC 
76.7 
0.01 

1.054 
4.951 

14C 
31 8E 
5.0C 
66C 
9c 

10.2 
0.4851 2 

8. S 
1o.c 

5.81 E- 05 
0.31 
35 1 
51 i 
39: 

O.OOE+ O( 
O.OOE+O( 

0. t 
O.( 
0. ( 

3.53E-01 
1.90E-01 

0.: 
0.: 
0.: 

1.32E-0 
7.14E- 01 

0. 
O.! 
0. a 

1.68E-0 
9.05E-0. 

O.! 
1 .: 

1.68E-0 
9.05E - 0. 

0.' 
1. 
0.1 

SO, Rernova 

80.49 
80.69 

SO, Rernovi 

80.9: 

81 -21 

0 :\APPRES\STACI(\S03#6 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
TEST #7 

)ATE 
START TiME 
IND TIME 
-0CATION 
MEASURED MFfER VARIABLES 
SAMPLE TIME [Minutes] 
3AROMETRIC PRESSURE [" Hg] 
SAMPLE VOLUME [ft 3] 

inETER TEMPERATURE [ O F] 
XIIFICE PRESSURE [" H,OJ 

ISCF SAMPLED 
;ONDENSER TEMP [ O F1 
W M I N  @ COND 
3UCT OXYGEN [ APF'ROX % ] 
IUCT TEMP DURING E S T  [ O F] 
ISCFM [based on pitot traverse] 
Moisture Weight Gain, g 
Nater Volume, dsd 
16 Moisture in Gas Sample 
% Moisture at Duct Conditions 

30, in IMPINGERS 

FACTOR 

so, 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @? Duct Conditions 

so3 
SO, in FILTER PLUG 
IbIDSCF 
lblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

I b/D SCF 
Iblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in CONDENSER 
Ib/DSCF 
Iblhr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 

GAS PHASE SO, [IWDSCF] 
GAS PHASE SO, [Iblhr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [IWDSCF] 
TOTAL PHASE SO, [Ib/hr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
% SO, in SOLIDS [filter oludtotall 

rl 7/98 
110 
205 
4LET 

42 
28.80 
2.00 
72.6 
0.01 

1.01 5 
1.937 

1 35 
1 472 
4.80 
840 
90 
4.7 

0.221 37 
10.3 
12.4 

2.79E - 04 
1.51 
1687 
2651 

0. OOE + OC 
O.OOE+OC 

0.c 
0.c 
0. c 

2.25E - 07 
1.22E-02 

1.1 
1.7 
1 .c 

3.38E - 07 
1.83E-OE 

1 .€ 
2. € 
2.c 

5.63E - Oi 
3.W-0: 

3.: 
4. : 

5.63E - 0; 
3.WE - 0: 

3.: 
-4.: 
0. ( 

IUTLET 

28.80 
4.40 
80.0 
0.01 

1.050 I 

1401 
2590 
5.00 
660 
90 
8.2 

0.38622 
8.2 
8.2 

1 
4.347, 

5.42E-05 
0.29 
327 
430 

O.OOE + 00 
O.OOE+OO 

0.0 
0.0 
0.0 

5.02E - 08 
2.71E-04 

0.2 
0.3 
0.2 

1.51 E-07 
8.1 3E-04 

0.7 
1 .o 
0.7 

2.01E-07 
1.08E-03 

1 .o 
1.3 

2.01 E-07 
1.08E-03 

1.3 
0.c 

1 .a 

SO, Remova 

83.89 
84.09 

SO, Removs 

70.2T 

70.6' 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
TEST #8 

IATt  
;TART TIME 
END TIME 
.O CAT10 N 
UIEASURED METER VARtASLES 
SAMPLE TIME [Minutes] 
3AROMETRIC PRESSURE [' Hg] 
SAMPLE VOLUME [ft 31 

AETER TEMPERATURE [ O F] 
IRIFICE PRESSURE I" H,O] 

ISCF SAMPLED 
>ONDENSER TEMP [ O F] 
WMIN @ COND 
IUCT OXYGEN [ APPROX X ] 
IUCT TEMP DURING TEST [ O FJ 
ISCFM [based on pitot traverse] 
vloisture Weight Gain, g 
Nater Volume, dscf 
!4 Moisture in Gas Sample 
K Moisture at Duct Conditions 

SO, in IMPINGERS 

FACTOR 

so, 
Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

so3 
SO, in FILTER PLUG 
IbiDSCF 
Ibihr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in CONDENSER 
Ib/DSCF 
lb/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SO, in PROBE 

GAS PHASE SO, [Ib/DSCF] 
GAS PHASE SO, (Ib/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 
TOTAL PHASE SO, [IbDSCF] 
TOTAL PHASE SO, [Ibhr] 
TOTAL PHASE SO, [Duct PPM] 
TOTAL SO,, 0% OXYGEN 
% SOt in SOLIDS [filter plucdtotall 

'1 7/98 
?30 
330 
iLET 

60 
28.80 
5.00 
88.0 
0.01 

1.01 5 
4.706 

144 

4.80 
85C 
9c 
7.1 

0.33441 
6.E 
9.2 

254a 

2.46E-04 
1.32 
1 484 
2697 
207E 

0. OOE + OC 
0. OOE + Ot 

0.C 
0. C 
0.C 

1.62E-0; 
8.77E- 01 

0. I 
1 .d  

1: 

9.28E-0 
5.01 E-0: 

4.! 
8. ' 
6. : 

1.09E-01 
5.89E - 0; 

7.1 
9. I 

1.09E - 01 
5.89E - 0 

7. 
9. 
0. 

71 7/98 
230 
325 
NJTLET 

54 
28.80 

5.00 
89.0 
0.01 

1.050 
4.859 

140 
2895 
5.00 

90 
10.4 

0.48984 
9.2 

11.c 

658 

4.67E-05 
0.25 
282 
4 4 7  
3 4 C  

O.OOE+OC 
0.OOE + OC 

0.C 
0.C 
0. c 

0. OOE + O( 
O.OOE +OC 

0. ( 
O.( 
0. ( 

3.59E - 0; 
1.94E-0: 

1 : 
2. t 
2.. 

3.59E -0 
1.94E-0: 

2.' 
2.1 

3.59E - 0 
1.94E-0, 

2. 
2. 
0.1 

83.49 
83.64 

SO, Removs 

77.3: 

71.6: 



PROTECTED CRADA INFORMATION 

SO, Sampling Results from FETC Test Unit 
TEST X9 

START TIME 
IND TIME 
.OCATION 
dEASURED METER VARIABLES 
SAMPLE TIME [Minutes] 
3AROMETRIC PRESSURE [* Hg) 

AETER TEMPERATURE [ O F] 
IRIFICE PRESSURE [,, H,O] 
f FACTOR 
ISCF SAMPLED 
2ONOENSER TEMP [ O FJ 
;C/MIN @ COND 
IUCT OXYGEN [ APFROX % ] 
IUCT TEMP DURING TEST [’ F] 
ISCFM [based on pitot traverse] 
uloisture Weight Gain, g 
Nater Volume, dscf 
l/o Moisture in Gas Sample 
l/o Moisture at Duct Conditions 

SO, in IMPINGERS 
Ib/DSCF 
lb/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

SAMPLE VOLUME [ft 31 

SO, in FILTER PLUG 
I b/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

Ib/DSCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 
SO, in CONDENSER 

I b/D SCF 
Ib/hr 
PPMV, As Sampled 
PPMV, @ 0% Oxygen 
PPMV, @ Duct Conditions 

GAS PHASE SO, [fb/DSCFJ 
GAS PHASE SO, [lb/hr] 
GAS PHASE SO, [Duct PPM] 
GAS PHASE SO,, 0% OXYGEN 

SO, in PROBE 

O:WPRES\STACK\S03#*9 



APPENDlX 2 

Velocity Traverse Data 



FETC TEST REACTOR 

/ *  SIDE-1 I 0.5 I 805 0.981 rFt'Secl 85.9 I POINT ~ r m  From Wall1 1 [Deg-Fl rn H,O~ 

Method 2 Velocity Measurements 

(1 

Location INLET Duct ID,' 3.26 
Date 4/14/98 Duct Dim. 
Time 1100 Duct Area,W 0.0580 
Tube I.D. S - 50A % 0, 3.0 

Operator(s) MSD % N, 
C - Factor 0.797 %CO, 10.0 

_ _ _  _ _  - 

1 .o 805 o . 9 n  05.0 
1.5 805 0.835 79.3 
2.0 805 0.762 75.7 

87.0 

Average 
Maximum 
Minimum 
SDEV 

Barometric 28.72 

Dry Bulb 805 
Wet Bulb ND 
% H,O 18.0 
W.M.Wt 27.61 - .  

Static -6.19 

805.0 0.844 79.5 
805 0.981 85.9 
805 0.663 70.6 
0.0 0.123 5.9 

11 PORT/ 1 DISTANCE I TEMP IDELTA PIVELOCITY 11 

I DATA SUMMARY 
Velocity, [fps] 79 -5 
Velocity, [@ml 4768 
acfm 276 
s c f m  1 09 
dscfm 89 
Ex Air Free cfm 76 
Est. MM Btu/hr Heat  Input 0.62- 

3 

08-May-98 



PROTECTED CWA 

PORT/ DISTANCE 

SIDE- 1 0.5 
SIDE- 2 1 .o 
SIDE-3 1.5 
SIDE-4 2.0 
SIDE-5 2.5 

POINT [' From Wall1 

Average 
Maximum 
Minimum 
-SDEV 

FETC TEST REACTOR 

TEMP DELTA P VELOCITY 

650 1.007 82.5 
650 0.832 75.0 
650 0.699 68.7 
650 0.663 { 67.0 
650 0.638 65.7 

[Deg-Fl [" H,01 [Ft/Secl 

650.0 0.768 71 .a 
650 1.007 82.5 
650 0.638 65.7 
0.0 0.137 6.3 

Method 2 Velocity Measurements 

Est. MM Btu/hr Heat Input 

Location OUTLET Duct ID," 3.26 Barometric 28.72 

Time 1100 Duct Area,ft2 0.0580 Dry Bulb 650 
Tube I.D. S - 50A % 0, 3.3 Wet Bulb ND 
C - Factor 0.797 %CO, 9.7 % H,O 18.0 
Operator(s) MSD % N, 87.0 W.M.Wt 27.58 

Date 4/14/98 Duct Dim. Static - 14.75 

4307 
250 
110 
90 
76 

0.62 
~~ 

DATA SUMMARY 
71.8 Velocity, [fpsl 

Velocity, ifpml 
acfm 
scfm 
dscfm 
Ex Air Free cfm 

08-May-98 



FETC TEST REACTOR 

Method 2 Velocity Measurements 
Location INLET Duct ID,' 3.26 
Date 4/17/98 Duct Dim. 
Time 0745 Duct Area,ft2 0.0580 
Tube I.D. S-50A % 0, 5.0 
C - Factor 0.797 %CO, 15.0 
Operator(s) MSD % N, 80.0 

Barometric 28.80 
Static -7.37 
Dry Bulb 81 0 
Wet Bulb ND 

W.M.Wt 29.47 
% H,O 9.0 

11 PORT/ 1 DISTANCE 1 TEMP [DELTA PIVELOCITY 11 
89.1 

POINT I I' From Wail1 [Deq-FJ I I' H,01 ! SIDE-1 1 0.5 8051 1.126 
84.7 1 SIDE-3 I 1.5 8051 0.805 75.3 

11 SIDE-2 1 .o 805 1 1.017 
- I , 

SIDE-4 2.0 805 0.795 74.9 1 1 SIDE-5 2.5 805 0.723 71.4 

Average 1 805.0 0.893 79.1 
Maximum 805 1.126 89.1 
Minimum 805 0.723 71.4 
SDEV 0.0 0.152 6.7 
[Points numbered from back of port] 

DATA SUMMARY 
Velocity, [@SI 79.1 

acfm 275 
scfm 108 
dscfm 99 
Ex Air Free cfm 75 
Est. MM Stu/hr Heat Input 0.60 

Velocity, [@ml 4745 

08-May-% 



PR CQ-E GI€ D c R A BA 1 N FO Fa MATI 6 N 
FETC TEST REACTOR 

Method 2 Velocity Measurements 
Location OUTLET Duct ID,' 3.26 Barometric 28.80 

Time 1220 Duet Area,ft2 0.0580 Dry Bulb 660 
Tube I.D. S - 50A % 0, 5.2 Wet Bulb ND 

Operator(s) MSD % N, 80.0 W.M.Wt 29.44 

Date 4/17/98 Duct Dim. Static -24.05 

C - Factor 0.797 %GO, 14.8 % H,O 9.0 

PORT/ DISTANCE TEMP DELTA P VELOCITY 
POINT [' From Wall1 fDen-Fl Fa H,01 i' Ft/Secl 
SIDE- 1 0.5 660 0.91 0 77.1 
SIDE-2 1 .o 657 0.824 73.3 
SIDE-3 1.5 658 0.814 72.9 

Average 657.2 0.795 71.9 
Maximum 660 0.910 77.1 
Minimum 655 0.705 67.7 
SDEV 1.7 0.074 3.4 
[Points numbered from back of port] 

DATA SUMMARY 
Velocity, [@SI 
Velocity, [fpm] 
acfm 
scfm 
dscfm 
Ex Air Free cfm 
Est. MM Btu/hr Heat input 

~ 

71.9 
4-31 5 

250 
107 
97 
73 

0.59 

08-May-98 


