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Abstract 

_ _ _ _ Th_is_rep_~rt_ c~~ers the modification of Materials Handling Equipment, Testing and 
- -~- - - -----~ _ .. -------~- --·--- ~- ~-~·-~ ~~ ---~ 

Program Management of Tasks 6, 7 and 8 of Phase 2. The Cohogg system contains a 

pyrolyzer for partial gasification of the coal through sub-stoichiometric combustion, a 

char burner which burns the char (generated in the pyrolyzer) in excess air, and an 

afterburner where the pyrolyzer gases and the char burner gases mix to produce a high 
- 0 -

temperature ('V3000 F)· environmentally clean flame capable of replacing an oil or gas 

burner. 

The system has operated successfully and demonstrated the capability of producing 

an environmentrt.lly clean high temperature flame. Operation with D% exess air overall 

demonstrated a 3200°F capability while sulfur rentention was in exce~s of 9096. After 

more than 100 hours of operation the system sho-ws itself to have flexibility in coal type, 

sorbent type, and operating temperatures while maintaining a clean high temperature 

flame and meeting or exceeding current pollution restrictions. 

•• 

·-
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1.0 Introduction • __.,i 
; .. · 

1.1 . Background 

COHOGG is a Coal Hot Gas Generator designed to allow the replacement of an oil 
. - -- - ··.·~.· 

or gas burner with an environmentally acceptable coal burner. Fluid bed coal combustors 

cannot provide high enough temperatures for process burners or high temperature boilers 

because of the limiting temperatures for clinkering {IV2000°F) and sulfur dioxide absorp­

tion {V1600°F). Wormser Engineering, Inc~ is developing a ~ique line of coal FBC's 

known as Wormser. Grates wh~ch have several notable advantages over the typical FBC. If 

a partially gasifying pyrolyzer is added to a Wormser Grate system, it is possible to 

generate a high temperature, environmentally clean flame and therdore substitute for a . . . . 
gas or oil burner. Figure 1 shows a diagramatic representation of the COHOGG principle~ 

Coal is fed to a pyrolyzer with a low percentage of stoichiometric air whict) 

provides the heat of pyrolysis and partially gasifies the coal. The resultant gase~ are fed 

to an afterburner and the char is .fed to a Wormser Grate, where it is burned with excess 

air to maintain the bed temperatures at the optima for comt>ustion efficiency ~nd so2 

clean-up. The char burner combustion products with the. excess air are fe~ to tt)e 

afterburner where they burn the pyrolyzer gases to produce the N3000°F flame. 

The COHOGG system is highly efficient and low in cost. The high efficiency results 

from (a) no in-process gas clean-up requiring a large loss of sensible heat, and (b) high 

carbon utilization because Ol)lY partial gasification o~curs in the pyrolyzer and the upper 

bed in the Wormser Grate pro~ides adpitional fines burn-up. 

The capital cost is low since the reactor sizes are similar· to other gasific~tion . 

systems but there is no need for sulfur clean-up, carb~n burn-up or fines r~cyclin& systems 

downstream. Installed equipment cost may be redu~ed by half for these r~aso~s. 
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Figure 1. COHOGG@ Schematic. 
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A flow diagram of a COHOGG installation is shown in Figure 2. Tt)e .afterburner 

shown may not be required in retrofit cases where the existing boiler combustion volume 

can act as the c0mbustion chamber. In a new installation, savings in boiler volume may be 

available if the combustion space is absorbed in .the COHOGG system. (The high 

combustion constituent gas temperatures will provide high rates of reaction and reduced 
. ' 

volume requirements in any case.) 

·Operational advantages of COHOGG are the ability to use a wide range of high 

sulfur bituminous coals anq its low maintenance requirements. These result from the long 

residence time at temperature in the pyrolyzer which minimizes the formation of tars. 

This minimizes deposition in the ducting which would otherwise require frequent shut-

down for <:;leaning. 

The high temperature capability of the sytem stems from the high fraction of 

devolatization achieved in the pyrolyzer. The pyrolyzer design is that used successfully in 

the U.S. Bureau of Mines' pyrolysis investigation (Ref. 1 and 2). The percentage of 

volatiles achieved is larger than that measured from proximate analysis and is ~ue to the 

high temperature and the heating rate. Figure 3 shows the range of results from the 

USBM tes~s while Figure 4 shows. the effect of heat rate on the percentage of volatiles 

achieved (Ref. 3). 

Figure 5 shows the theoretical flame temperature achievable in COHOGG if the 

char burner combustion products are at 1600°F. The 57 percent devolatization shown 

necessary to reach 3000°F seems quite achievable according to the USBM results shown 

on Figure 3. 
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1.2 Emissions 

figure 2 shows cp~l and Ume~t~ne befng pn~limatically ~r~~s.ported to the pyrolyzer. 

The Hlllestone is c~lc~'l~~ in-ti)~ p.Y.r<>ly~r ~n~ ~he r,~~l!lt~n~ lime re~~s w~tn t1;1~ hydrogen 

sulf~de in ~he volat~les a~ follo,ws; 

(1) 

The sorbenJ. is transport~d t9 the char l)yrh~r ~tt<>rn ~~ wh~r~ it is oxidized back 
~ . . . '. 

to lime and sulfur dioxide: 
,. 
· ... : 

(2) 

lpe ~~~~!:'~, ~ioXlde \S thefl ~~r,!:lqbed er ~he ppper bed in the ~h~f ~!:lfn~r to produ<;:e a11 
•'. ' . . . . 

. i.nert JTii~tur~ of pf~C\~rn,~nant•y CaSQ4: 

(3) 

So.m~ 9S:q m~y ~~i.l.~ ~ ~>;resent. 
. ' 

" !llaj~r ~~,va,nt~g~ of tp~- W.~n:p~er Fr~1~ f,n ~~e G.9110GG system is that .separ~te 
, j ) • o ' r ' • ' 

0 ~ , 

· .. ·. ~ds ~~HC!w e,~f~: .10. ~~ 9p.er~t~~ at 1~E7 <>P·~~~Hrn te,mper~t~re for its. p"rtiq.dar chem!s~ry. . . . ' . . . . . . . . . . 

5eqmdary ~~r c~n be ~njectep ~tw,e~~ *~ t~p rr~~ ~0 prov~d«r l~is control. ,Wor~s~r 
' ' 

~r~t~ ~~~r:~~n~e ln~~~ted th~t.S92 ~crl!b,bi!l,& effic;:i~n~f~.s ~n the ~pper ~d w~p be in th~ 

90 ~r,~~l11~· . . : ...... 
·i 
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NOX 

The sub-stoichiometric operation of the pyrolyzer releases the fuel nitrogen in 

molecular form so that fuel NOx generation should be zero. In direct coal combustion . 

processes, fuel N2 forms the majority of the NO formed because of the very high local . X 

temperatures occurring during the particle burning history. The amount formed depends 

upon the excess air ratio to a certain extent (Ref. 4). The thermal Nox· formed 

subsequently will be low due to the low temperatures in the char burner and, even at the 

higher temperature in the afterburner, will be low due to the short time at temperature 

before cooling in the ·boiler tube passes or the process for which tteat is being provided. 

Staged combustion in pulverized coal systems has already demonstrated this principle. 

Particulates 

Particulate control may be achieved through conventional high efficiency ·cyclones 

since the particle sizes will be relatively large. In some applications, however, it is likely 

that a conventional collector downstre~m of the boiler or process will be required. 

1.3 COHOGG Applications 

No other high temperature direct coal fired combustion system has the self 

cleaning, efficiency and cost advantages of COHOGG so that it becomes the system most 

capable of replacing direct fired_processes using oil or gas. 
1 

Process heat (as opposed to process steam) uses some 4096 of the energy consumed 

by industry, of which the primary users are petroleum refining (1.1 mbd of gas and oil in 

1974), primary metals (.55 mbd), chemicals.(.4.mbd) and stone, .clay., .and .glass (.4 mbd). In-

identifying the impediments in the conversion of these applications to coal, low-BTU 

gasifiers have in most cases been deemed technically suitable, with the only Constraint 

being economics. · (In some cases, flame temperature of low-BTU gasifiers· was a 

constraint). 

\ 
\~ 

., 
,I,, 
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COHOGG appears to overcome all of the technical limits of direct-fired coal 

systems (product contamination, fouling, combustion volume restrictions), as well as the 

low-temperature constraint of low-BTU gasifiers. What remains- to be seen- is. whether the 

economic benefits of COHOGG (vs gasifiers, due to the elimination of the scrubber) are 

sufficient to significantly increase the use of coal in the process industries. (Ref. 5). · 

COHOGG application to the utility field is not as near term as the industrial sector, 

although it does allow convenient conversion of existing gas or oil installations. It will be 

useful in combined cycle systems where it can provide rhigh turbine inlet temperatures but 

there are other technical problems of hot gas clean-up and gas turbine corrosion which 

need to be solved before COHOGG can be .most useful in this area. 

Space heating i.Jses about half of the heat used in direct heat generation so the 

potential savings through the use of COHOGG are large. However, the smaller unit sizes . 

required in this field will require development beyond the scope required for the areas 

above and the potential savings are not in the near term.· ,, 



10 

2.0 Phase 2 Contract Workscope 

The Phase 2 objective was to convert the bench model from a fully manual system 

to one capable of continuous operation. Also, the objective was ·to install the sorbent 

recycling system and to continue the sorbent-variety testing initiated in Phase 1. The 

work was to provide the basis for selecting the din~ction of future R & D work. The 

workscope as proposed was subsequently modified arid is summari~ed below. 

2.1. Task 6. Modifications to Materials Handling Equipment 

To improve operation of the system tested in Phase 1, the design, fabrication and 

installation will be completed on:'· 

air lock devices on the coal and sorbent hoppers. to allow manual filling during 

operation 

a sorbent return system from the char burner. bottom bed to the 'pyrolyzer feed 

line 

direct-reading mechaniCal level detectors in the coal, char. and sorbent 

hoppers 

2.2 Task 7. Testing 

This task shall include tests for: 

calibration of the materials handling system modifications from Task 1· 

sorbent utilization 

variation in pyrolyzer sorbent-type 

endurance· testing .with an initial goal of .100 hours operation 

'a: 

t 

f 

(~, 
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2.3 Task 8. Program Management 

This task includes the management and administrative functions of the 

program, including report preparation, budgeting, scheduling and program 

direction. 

3.0 Summary of Phase 2 Results to Date 

3.1 Task 6. Modifications to Materials Handling Equipment 

3.1.1 Rotary Air Lock 

A William W. Meyer Company "4 x 4" rotary air lock (Figure 6) was installed 

between the coal and sorbent feed screws and the pneumatic transport line. This 

arrangement allows the bins to be loaded while the system is running as there is no 

longer the need for the bins to be at the same pressure as the transport line (as in a 

pressure balanced system). Also the feed rates have become much more consistant 

as changes in the transport air pressure no longer affect the feed screw feed rates 

because they now feed into a chamber at atmospheric pressure. 

Rotary air locks are used in industry for precisely this application but are not 

available in very small sizes. The smallest air lock that we could find was about 10 

times larger in capacity and dimensions than what we required. 

The end and side clearances of the rotating blades allowed enough air leakage 

so that much of the borderline pryrolyzer blower capacity was lost here. After 

much experimentation, elastomer seals were devised that could withstand the 

abrasion and remain reasonably effective for at least 40 hours of operating time. 

The leakage rate was reduced to about one tenth of the manufacturer's specifi­

cations. On a scaled up Cohogg system, the same rotary valve leakage rate would 



Full flow tapered inlet and 
outlet. 
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MEYER ROTARY AIR LOCK 

FIGURE 6. 

Pellet adapters and 
square to round transi­
tions available as stand­
ard options. 

CONSTRUCTION and FEATURES 
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simplify installation. 
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be a much smaller percentage of the transport air blower capacity and wo~ld not 

be an issue. 

A simple valved airlock arrangement was installed on the char burner soroent 

feed transport line. A rotary air lock was deemed not necessary as the sorbent 

hopper needs infrequent filling and feeds well when sealed. By closing two valves, 

the sorbent feeder can be isolated from the transport air pressure during the few 

minutes it takes to fill the hopper. 

3.1.2. Sorbent Return System 

. A sorben~ return system (Figure 7) was installed be.tween the char burner . 

combustion bed and the ~yrolyzer sorbent hopper. It works as follows: 

Bed material fills a 1 1/2" standpipe that enters the combustion bed just 

above the distributor plate and extends above the bed .material at a 45° angle. 

Fluidizing action causes bed material to fall into the open upper end of the. pipe at 

a rate dependent on the bed height. A KTM Company high temperature ball valve 

·at· the lower-end of the pipe and outside the char burner, periodically opens and 

~ closes allowing the accumulated ·bed material to enter a small collection pot. In 

·conjunction with the valve closing, fluidizing air enters the bottom of the pot and 

forces the solids out a one inch pipe, transporting them to a small cyclone above 

the pyrolyzer sorbent hopper where the solids drop into the hopper and are again 

fed to the pyrolyzer. 

For testing purposes, the solids collected in the pot were transported to a 

separate container to be weighed and sampled before being manually returned to 

the pyrolyzer sorbent hopper during the char burner testing and also the 24 hour 

run. 
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3.1.3 Mechanical Coal Level Gauge 

A Monitor• CM 4 mechanical level gauge shown in Figure 8 (weight on a string 

type) was installed in the coal hopper. The readout is located on the control panel 

with a timer that checks the level at regular intervals. The level gauge is accurate 

and repeatable allowing for easy computation of coal feed rates and convenient 

coal level measurements at the start and end of runs. 

Two capacitance type Endress and Hauser level gauges purchased in Phase 1 

were installed on the pyrolyzer and char burner sorbent hoppers. They have not 

stayed calibrated (as was the problem when they were mounted on smaller vessels 

in Phase 1) and so are not suited to our needs. Although it would be convenient to 

have accurate level gauges here, the low usage rate and ease of .filling of the 

sorbent hoppers makes use of the level gauges as a low alarm only, sufficient for 

our purposes. 

3.1.4 Hammermill Crusher 

A Holmes Brothers Laboratory Hammermill crusher (Figure 9) was purchased 

and has greatly sped up handling of the coal. We can now crush a barrel of coal 

once instead of twice, and do it in five minutes instead of the Y.z hour it took with 

the old jaw crusher. It will also crush limestone if the need arises. 

3.1.5 Screener 

A Midwestern Industries three stage screener (Figure 1 0) was purchased to 

size coal and sorbents for size distribution testing. This was a big improvement 

over manually shaking a single screen over a barrel and, needless to say, was much 

faster. 



16 

Monitor CM4 Mechanical Level Gauge 

CM·4 

Figure 8. 
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When a nonreversible hammermill is used for attri­
tion reduction, material is broken down first by 
impact between hammers and material and then by 
a scrubbing action of material against screen bars 
and other material. 

Hammermill Crusher 

Pigure 9. 
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Midwestern Industries Screen Separator 
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3.1.6 Flexifeeder 

An Automatic Industrial Machinery, Inc., Flexifeeder (Figure 11) was 

installed to load coal from the ground level to the top of the coal hopper. Now 

coal can easily be loaded during a run and an automatic level gauge shuts off the 

feeder when the coal hopper is full. This has put behind us the bucket brigade and 

ladder routine of Phase 1. 

Other system modifications included: 

3.1.7 Thermoelectron Gas Analyzer 

The gas chromatograph purchased in Phase 2 was found to be nearly useless 

for measuring NOx levels. We were able to replace this with a company owned 

Thermoelectron Emissions analyzer for the duration of Phase 2. This system has 

the ability to measure so2 and NOx simultaneously and continuously. A Lynn 

Products Company oxygen analyzer was purchased to allow us to correct the 

indicated readings for excess air. 

3.1.8 Blower 

A redundant blower was added to the char burner feed system so that the 

pyrolyzer and the char burner could be operated independently. A side benefit was 

the ability to keep the char transport line clear when cooling the char burner beds 

after completion of a run. 

3.1.9 Controller 

A proportioning controller and electrically actuated butterfly valve were 

added to the char burner combustion air line. This system maintains a preset 

temperature in the char burner combustion bed. This task had previously been a 

full time job for one person. The controller tends to over react to changes in 

• temperature in the bed producing moderate swings in combustion air flow. There 
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were no discernible undesirable effects from these swings but a desens,itized 

control mode should be investigated in future work. 

3.1.10 Alarm 

All of the important readouts were rewired so .that if· any exceeded setpoint, 

an alarm bell would ring. 

3.1.11 Preheat burner 

A. larger preheat burner that was more dependable and easier to light was 

installed in the pyrolyzer. This burner was installed, like the one it replaced, above 

the cone section of the pyrolyzer (figure 34) as there simply wasn't room to install 

a burner at the cone entrance. The preheat time could be further reduced if the 

preheat burner were firing into the bottom ·of the cone and this could be, a useful 

future modification. The current arrangement was quite satisfactory for the 

testing program of :Phase 2. 

3.1.12 Char Drum · 

A 55 gallon· drum was sealed and flanged so that it could be connected to the 

char downcomer when the pyrolyzer was being tested by itself for devolitization of 

various types of ~oal at various temperatures • 

.3.1.13 Additional Char Cyclone 

A second char cyclone was constructed. and installed downstream of the first. 

It was constructed to be internally identical to . the first (Figure 32). However, 

unlike the first, it has smoother internal surfaces of stainiess steel which are 

externally insulated, whereas the first has cast surfaces of hard refractory. As the 

first one is more heavily loaded with solids. than the second, and also rougher 

internally than the second, it is likely that the efficiency of the second 1s greater. 

·~ We have assumed that they both have the same collection efficiency, allowing us to 

make a conservative estimate of the overall collection efficiency of the two in 

series. 
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3.2 Summary List of Task 7. Results To Date 

Item DescriEtion Contract Goals Cohogg Test Results 

so2 System retention Minimum of 70% 95% with Ca./S of 2.5 

NOx generation Max~ of 300 ppm at 550 ppm (total NO) (* 1) 
char burner exit average at afterburner 

exit for 24 hour run 

CaS conversion efficiency minimum of 98% 98% + (*2) 

Cyclone efficiency minimum of 95% 98% with 
two cyclones 

Carbon utilization minimum of 90% 98% on 1800°F 
efficiency char burner tempera-

ture teet 

Range of FSI coals with none Full range; 
which system can operate FSI of 1-8.5 

Turndown Ratio none 5.5:1 

(*1) 550 ppm NO (.66 lb/million BTU) is the overall sytem NOx level measured at the 
afterburner exhausf. The bench model Cohogg layout was not arranged to allow NO . 
measurement at the char burner exit. x 

(*2) Results from the char burner temperature tests indicate that CaS in the lower bed was well 
tinder Yz% at the end of the runs. The 24 hour run should show similar results • 
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3.3 Task 7: Testing 

3.3.1 Calibration of Materials Handling System Modifications 

Coal and sorhent feeders were calibrated at many different feed rates to. generate 

a calibration curve .for each feed mechanism after installation of the rotary air 

locks. There was a significant improvement in the repeatability of the feed rates 

resulting from the isolation of the screw feeders from the fluctuations of the 

transport air presssure, against which they had been feeding originally. 

3.3.2 Pyroiyzer Modeling 

A dear Lexan model duplicating the internal shape of the pyrolyzer was 

made to simulate cold operation of the pyrolyzer mcludmg the solids and air 

transport systems. Answers .were needed to two questions: how does the limestone 

behave in the cone section during preheating of the pyrolyzer,. and how much 

vertical mixing occurs during typical operation of the pyrolyzer when it contains 

its steady state inventory ot' solids? 

The preheat burner enters .the pyrolyzer about 6 inches above the cone exit 

(See figure 34). The startup procedure is as follows: the preheat burner is lit and, 

after the preheat section of ttle pyrolyzer reaches about 1400°F and the exit dUCt 

reaches about 700°F (about ~/4 hour), limestone feed is initiated. From observing 

the lexan model, and from ~xperience during subsequent preheatings, it became 

apparent . how to vary the transport air flow rate as the solids inventory of the 

pyrolyzer cone section increases. The aim is to cause the tumbling of the · 

limestone in the cone section to bot!'l reach the preheat burner and also the bottom 

of the cone, thereby transferring the heat down to the cone. When the cone 

section reaches about l100°F, coal feed is initiated and the run is officially 

started. 

... 
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With the pyrolyzer at its steady state compliment of solids for various 

superficial velocities, it was found that vertical mixing was inu'ch less than we had 
. . 

anticipated. The solids moved in slugs of from two inches to two feet in· height and 

any given particle might move as much as six inches to a foot in height as these· 

slugs passed it by. However, relative motion betw.een particles was slight. Only i11 

the cone section was there vertical mixing. It ~eems, therefore, that a particle 

entering the pyrolyzer at the bottom during typical operating conditions gradually· 

moves upward in a predictable stepwise motion after passing through the cone. 

3.3.3 . Pyrolyzer temperatt1re variation tests 

The pyrolyzer was operated on niiriois 116 coal (for properties see Table 2) over a 

range of temperatures to study the effect of pyrolyzer operating temperatures on 

devolatization. A similar coal feed rate was used for all seven runs. The various 

•. operating temperatures were achieved by varying the combustion/transport air 

flow from one run to the next. Other operating conditions were held constant. 

The devolatization testing versus temperature curves of figure 12 shows four 

lines. The top curve is the moisture/ash free devolatization measured by weight 

loss. The project goal is 57% devolatization at not more than 15% stoichiometric 

air. Note that over the temperature range of 1400°F to 1600°F devolatization well 

exceeds this value. The second curve shows devolatization measured as the weight 

loss from the as fed coal to the resulting char. This curve includes the moisture 

arid ash content of the coal and the ash content of the char. The third curve shows 

devolatization less the percent combusted by the pyrolyzer combustion/transport · -

air. This curve compares reasonably well with the lower curve generated by the 

USBM prediction equations for these test conditions. The USBM prediction 

equations are shown in Table 1. 
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- Prcdict~on'cguation& for entrained-bed carbonization. o! coals1 

TABLE 1. 
.Correlation 

Equations2 63 ny4 coefficients 

/ 
P..r. ~£ 

(1) Dcvolatilization· of coal, pet, as carbonized: 
D = 15.6 + 0.26(Vl) + 4.1(1/100) 

- 0. 048(K/100)3 + 0.12(L/10)4 ••••••••••••••• 4.52 .59 0~937 0.328 
. 

(2) Volatile matter in char, pet, mf basis: 
vel = 3.67(Vl·) - 4.1(V1 /10)2 - 1.47(M) 

+ 0. 068(M)2 - B.B(T/100) 
+ 0. 26(T/100)2 + 0.9(K/100) •••• ~ •••••••••• ~ 2.33 '34 0.964 0.425 

(3) Carbonization temperature. • F; 
T = 1,672 + 2.2(Vl /10)3 

- 36.6(V2 ) 

+ 0. 704(V~):I. - 144. 8(R) + 15.46(.R)~ 
- 0.43(R) ···················~···········••• 39.7. 57 0.,.976 0. 33l. 

(4) Air-to-coal ratio, scf/lb of as~carbonized 
coal: 

R = 12.6 + o.oo6(M)2 + o.oo22(T/.l00)3 

- 0. 58(V2 ) + 0.4l(V2 /10)3 -~ •••••• .'.· •••.• ·.~ •••• 0~912 59 0.957 :o. 328 

(5) Yield of char, pet of feed coa~: 
y = 0.1035(V1 ) 2 - 1. 92(V1 /10) 3 - 0.6(M) 

- 3.3(T/100) + 10.47(L) - 0.5l!){L)2 

+ 7 .. 56(L/10)3 
...... ~ •••••••••••••••••••• · ••••• 4.69. 34 -0.983 0.425 

l.These equations are considered to be "most like.ly to be· useful. 11 Additional. 
"satisfactory" equations, of major usefulness in special circumstances, 
appear in table A-·3. 

2 Units and definitions: 
D = Devolattlization of coal, percent reduction of volatile matter. in coal 

feed. 
V1 = Volatile matter content of coal, percent. as-fed basi$. 
M =Moisture content of coal,- percent, as-fed basis\ 
T = Temperature of carbonization, • F. 
K = Coal feed rate, pounds per hour of as-fed coal. 
L =.Reac'tor length• feet 
V2 .Volatile matter content of· char • percent, moist\lre-free basis. 
R = Air-to-coal ratio, standard cqbic feet per pound. as-fed basis. 
Y = Yiel-d of char, percent of coal; as-=fed basis. 

3 Estimated standard deviation. 
4 Res1dual degrees ·of freedom·used·-t-o determine ·correlation ·c-oefficients. 
6 Multiple correlation coefficient. 
6 Critical correlation·coefficient at the 99-pct confidence level. 

Comparisons between the calculated (equations in table 3) and experimen­
tal data for the same parameters, using carbonization tests not included in 
the computation of the equations, a~e shown in table 4. 

TABLE 1. 

... 

.•. 

•· 
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COAL TYPES FOR ..• .. 
'• -···. . .•. ; - ... · . 

TEST PROGRAM BASED 
~ S: 

ON R.E.I. STUDY .$" c-
~as "5 .. ..... 0' 'b 

de ~ 
,_,. 

(5 

SEAM RANI STATE l l(.• "'\. RUN 

RES. ENG HIGH 
,4.8/4,.9 (90% U.S. COALS) 31.7 18.8' 

4.n - - 14,760 2860 8 102 - -
RES. ENG L.OW - - 1.3 7.72 7.09/84.6 .54 10,812 198, 1 44 - -
(90% U.S. COALS) . 

POCHAHONTAS L.V.B. W.VA. 3.1 13 14,8/69.1 .,1 13,763 2860 ·8., 102 J v 
N 

"' 
11SHOE11 M.V.B W.VA. · 6.83 10.1' 23.8/60 .6!1 12,74' 207, 6 J J 

ELKHORN 1/3 H.V.A.·s. Ken- 8., 4.9 37.9/ ,8.2 .6J 14,,00 26-'0 3 44 '.j J tucky 
-. 
.. 

ILL ll6 Sub.Blt. 
Ill. 4.2 11.61 37.9/ ,7.8 4 '11,268 218, 1 J A 

'•• 

RANGE L.VB. - 8., 13 37.9 4 14,,00 2860 8 102 - -
TESTED Sub. ,A. - 3.1 4.9 14.8 '·'7 11,268 2075 1 44 - -

TABLE 2. 
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As would be. expected, the trend was for greater devolatization at higher 

operating temperatures (Figure 12) with an apparent exception at around 1)00°F. 

Devolatization at 1300°F to: 1.325°F did not follow the expected curve and two 

extra runs were done at these temperat~res in an effort to determine why. 

The low operating temperatures of the cyclone (600°F) during these low tempera-

ture runs makes it likely that condensation occurred on the walls of the char 

cyclone (there was only one in operation at this time) causing some char to be lost 

to the afterburner resultin~· in the optimistic devolatization fi~ures. Direct 

observation of the volatiies condensed on the cyclone walls· w~s not deemed 

practical as this would entail major disassembly of the system and require a great 

deal of time. }-Jowever~ it has been found that during preheating prior to a typical 

. run, any previously condensed material is removed from the entire syste!'Tl, allowing 

the. cyclone. to perform normally during subsequent runs at higher temperatures. It 

seems unlikely that there would ever be motivation to operate the pyrolyzer. at 

1300°F ,but even if there were, this condensation is likely a peculi~rity of our ber:tch 

· . model, with its high surface to volume ratio contributing to the low cyclone 

temperature, and is not relevant to a scaled up system. 

The percentage stochiometric air versus temperature curv~ ~igure 1 J) shows 

a higher percentage being required for higher temperatures~ The project goal· was 

no! to exceed 1596; however, additional et:ir is required in the bench model to 

overcome -excessive heat losses through the vessel walls at th~ higher operating . . ., . 

temperatures caused . by the large surface-to-volume ratio in this· small scale 

system. 

The char-particle size distribution versus 1emperature curve (figure 14) shows 

no discernible trend in particle size whi~e varying temperature in this range. 

•· 

-~· 
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3.3.4 Coal Types Tests 

Resource Engineering, Inc. of Lexington, Massachusetts was retained to 

recommend a series of coal types that would be representative of coal being mined 

in the United States. Four of these (Table 2), with the most extreme properties 

were selected and tested in the Cohogg pyrolyzer. 

Pochahontas. This coal from West Virginia stands out as having one of 

the highest free swelling indexes (8.5) of any coal mined in the U.S.A. 

It also has a high 96 ash (1396) and the highest ash softening temperature 

of the group. When Pochahontas was fed into a small starter bed of 

limestone, the pyrolyzer agglomerat~d. However, no agglomeration 

was observed when this coal was fed into a column of char (the United 

States Bureau of Mines technique). 

The apparent explanation is that as coal particles enter the pyrolyzer, 

they become sticky on being heated; their tendency towards stickiness 

being a function of the free swelling index o:t the coal. If the pyroly.t.er 

has an inventory of dry particles, these particles will coat the entering 

coal particles as they become sticky on being heated. This coating 

protects them from sticking to each other until they pass through Lht!ir 

sticky stage and become coating material for later arrivals. This effect 

is particularly important with high F.S.I. coals. The small quantity of 

limestone that was used for starting purposes was not adequate to keep 

Lhe :sticky Pochahontas cool particles separated during startup. 

"Shoe." This medium volatile bituminous coal from West Virginia has a 

free swelling index of 6 which required no special ·startup- procedur-e. 

This coal has been stored at USM Company for the last twenty years 
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and represented a very low ash fusion point(207 5°F) coal as well as 

being locally available. 

Elkhorn. This high volatile coal has a very high BTU value (14,500 

BTU/lb). It also has the highest moisture content (8.5%) and the lowest 

ash content (4.9%) of any of the coals tested. 

Illinois /16. This high vola tile coal (37. 996 and very similar in this 

respect to Elkhorn), had the highest sulfur content (4%), and the lowest 

free swelling index (1) of any of the coal tested. This coal was used for 

much of the testing for Phase 2 and also for the 24 hour run. 

3.3.5 Coal Size Distribution 

The pyrolyzer was run with four different coal size distributions between 1/4" 

x 1/8" to 3/8" x 0 (as crushed) while other conditions remained constant. The 

devolatization versus coal size chart (figure 15) shows no discernible trend in 

devolatization for the size distributions studied. The percentage stoichiometric air 

versus screen size (figure 16) shows larger coal particles requiring more air to 

maintain the same operating temperature. The coal size distribution versus char 

particle size (figure 17) distribution curve shows char becoming smaller as coal 

feedstock becomes smaller (as expected). 

3.3.6 Cyclone Efficiency 

The bar graph showing efficiency for one cyclone and two cyclones in series 

versus coal screen size (figure 18) shows efficiency improving, if anything, as coal 

feed size gets smaller. Note the contract objective of 95% has been well exceeded 

by use of two -cyclones. The chart· ·was ·-constructed assuming the ef·fieiency -of the 

two cyclones is the same. It is likely, however, that the second cyclone, having 

smoother inside surfaces, has a higher efficiency than the first. Figure 19 & 20 
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show the size distributions of the char collected in the two cyclones. In Phase 1 

the stack cooling spray water was collected in an attempt to measure the weight of 

the entrained char. The amount was insignificant. A similar attempt in Phase 2 

gave the same result. Consequently, while it is not possible to attach a concrete 

number to the char collection efficiency without a closure on mass balance, the 

objective of 95% appears to have been easily met. Figure 21 shows the sensitivity 

of overall collection efficiency to the efficiency of the individual cyclones. It can 

be seen that even a combination of low efficiencies of the first and second cyclone 

of 8096 &. 7596 would give an overall collection efficiency of 95%. 

3.3.7 Turn Down Test 

The pyrolyzer was run over a range of feed rates from 24 lb/hr to 131 lb/hr, 

giving an operational turndown of 5.5:1. The devolatization versus coal feed rate 

curve (figure 22) shows no difference in devolatization over the feed range tested. 

When one considers, however, that a smaller percent stoichiometric air was 

required at high feed rates, it can be seen that the devolatization (net of 

combustion air) actually improved with increased coal feed rate. 

The char particle size distribution versus coal feed rate curve (figure 23) 

shows an increase in particle size at higher feed rates. This likely is the result of a 

decrease in residence time in the pyrolyzer - at anx rate, there does not appear to 

be a trend of char size degradation with increased feed rate which might have been 

expected. However, the Tyler .Screen method we use to determine size distribution 

does not do a good job on char as the char i~ P.~sily abraided. 

The cylone efficiency versus coal feed rate curve (figure 24) shows collection 

efficiency increasing with gas velocity as expected. 
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Figure 19. 
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Figure 20. 
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3.3.8 Pyrolyzer Sorbent Tests 

The pyrolyzer was run with four sorbent types to determine relative 

desulfurization efficiencies. The sorbent types were Tymochtee dolomite, Carey 

dolomite, Grove limestone and Union Maine limestone. Desulfurization 

efficiencies of 95% were recorded with Tymochtee at a calcium/sulfur ratio of 2.5. 

Figure 25 shows a plot of so2 retention with four different sorbents tested 

in the pyrolyzer. The actual system retention with the char burner operating will 

be different because of the scrubbing action of the char burner desulfurizing bed. 

Plotting the so2 retention versus Ca/S ratio calculated on coal sufur content and 

pyrolyzer sorbent feed rate is a convenient way of showing the results of the 

pyrolyzer sorbent testing. 

3.3.9 Char Burner Temperature Tests 

The char burner combustion bed was operated at four different temperatures 

on four different occasions. The temperatures were 1600°F, 1700°F, 1800°F and 

1900°F. Fresh raw Tymochtee dolomite sized 0/8" x 0) was used in both char 

burner beds at the start of each run and also fed to the pyrolyzer, except in the 

case of the 1800°F run, where 1/3 of the upper bed was calcined Tymochtee. 

The purpose of these tests was to measure CaS conversion efficiency of the 

the lower bed, carbon utilization of the char burner as a unit, as well as so2 

retention and NO generation. With the exception of the 1800°F run, lab samples 
X 

for these tests are not yet in, so trends in CaS conversion and unburned carbon 

cannot be shown. 

Figure 26 shows the so2 retention .effiG-iency and .Figure 27 shows NOx-gener.­

ation measured at the afterburner for each of the runs. The runs are identified by 
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their combustion bed temperature and as indicated in Figure 26 the upper bed was 

operated at different temperatures for each run. The Ca/5 ratio for each run is in 

parenthesis and is the ratio of the total sorbent in both the char burner beds and 

that fed to the pyrolyzer (no sorbent was added to either bed during a run), 

compared to the sulfur content of the coal fed to the pyrolyzer. Table 3 shows the 

various ratios of sorbent to sulfur for a Ca/5 ratio of one for various sorbents. As 

far as the char burner was concerned, these tests were batch tests of the beds so 

that 502 retention deteriorates with time as expected. 

Each curve of Figure 26 represents the five hours of system operation after 

coal feed was initiated to the pyrolyzer. The curves are marked· with an L and a U; 

the L indicates the time at which the lower bed attained the intended temperature, 

and the U indicates the time at which the upper bed reached its intended 

temperature. The automatic controller maintained the combustion bed at its run 

temperature, and a secondary air supply entering below the upper bed cooled the 

upper bed if necessary to maintain it at the intended temperature. During the 

1600°F run, the upper bed was at 1400°F for some part of the run (2}l hours) and 

then rose to DOU°F for the latter part. Two U's ind1cate these two points. 

There tended to be some upper bed temperature fluctuations of 25u or so up 

and down from the intended temperature. What with the runs being relatively 

short and there being some differences in the character of each run, it is difficult 

to draw many conclusions from these curves. However, there seems to be a trend 

toward better so2 retention at low upper bed temperatures for the Tymochtee. 

The 1700°F run consistently had the lowest upper bed temperatures by a small 

0 margin and had the best 502 retention overall. The Ca/5 ratio of the 1600 F run 

of 4.5 and the 1700°F run of very nearly the same upper bed temperature seems to 
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follow the same rate of deterioration in so2 retention, but at a lower % so2 

retention throughout. Why these two curves are not more nearly the same is not 

clear. The 1800°F run had the benefit of 1/3 of it~ upper bed being calcined before 

the start of the run which ~ay explain the good so2 retention at its start • 

There seems· to be little correlation between other variables such as the 

effect of lower bed temperature on so2 retention or NOX generation (Figure 27). 

Three of the four curves of Figure 27 show the NOx generation to be remarkably 

similar over the temperature range. The vacuum pump associated with the NOx 

analyzer began to fail during the 1700°F run which caused the calibration to shift 

resulting in this apparently optimistic curve. 

The lab resJJlt5 fnr. the temperature test series (Tables 4-7) show less than 

.1% CaS in the lower be~ at the end o~ the five ho~rs during which CaS was being 

generated and delivered along wit~ the char from the pyrolyzer to the char burner 

lower bed. 1}1e unburned carbon in the char burner ash was less than 3.05% of 

the material collected, which represents a carbon ·utilization efficie~cy in excess 

of 9996 for all four runs. 

3.3.10 24 Hour Run 

The 24 h9ur run was a major undertaking requiring around-the-clock monitor-. . 

ing and periodic sample taking, solids weighing,.bin fiiling, so2, and NOx readings.· 

.The material collected in the ash cyclone hopper, the second cyclone char hopper, 

and the sor~ent recirculation hopper were all weighed and sampled every .4 hours. 

The sorbent recirculation hopper. material was added .to the pyrolyzer sorbent 

hopper- after .each .4._hour .period. The char_.bur.ner,. upper bed .was sampled by .letting_. 
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Resource Engineering Incorporated 
80 Bacon Street, Waltham, Massachusetts 02154 (617) 894-6720 

ANALYSIS REPORT 

YOUR PURCHASE ORDER #P.O. #3348 

SAMPLE RECEIVED - 1/19/81 

ANALYSIS REPORT #RA-203 

RECEIVED FROM: Mr. Charles Lowell 
Wormser Engineering 
212 S. Main 
Middleton, MA 01949 

Samele %Sulfide 

Upper Bed 1/13/81 < .005 

Lower Bed l/13/81 .019 

Rec i rcu 1 at i ng 
Pot. l/13/81 .017 

Ash Cyclone 1/13/81 .078 

%Sulfate · 

3.02 

15.70 

5.11 

* % Ca.rbon UnburnArl • %Ctota1 - %Cco2 

February 27, 1981 

%C02 %Ca %Ctotal 

2.18 32.8 

1.71 29.1 

11.98 27.9 

4.23 4.20 

%Cuobi1roed* 

3.05 

------------~--,···················-··--~~--------~--

Assuming all Sulfide, Sulfate, and C02 are combined with calcium, the 
following calculations result: 

Sample %CaS % CaS04 %CaC03 %Ca0 

Upper Bed l/13/81 < .01 4.28 4.96 41.3 

Lower Bed 1/13/Rl .044 22.24 3.89 ~Y.4 

Recirculating 
Pot l/13/81 .039 7.24 27.24 20.8 

Ash Cyclone 1/13/81 .175 --& 

TABLE 4. 

. 
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Resource Enginee-ring Incorporated 
80 Bacon Street, Waltham, Massachusetts 02154 (617) 894-6720 

February 27, 1981 

ANALYSIS REPORT 

YOUR PURCHASE ORDER #P.O. #3344 

SAMPLE" RECEiVED - 1/13/81 

ANALYSIS REPORT #R.A-202 

MAR 3 1981 

RECEIVED FROM: Mr. Charles Lowell 
Wormser Engineering 
212 S. Ma1n 
Middleton, MA 01949 

Sample 

Upper Bed 1/8/81 

Lower Bed 1/8/81 

Ash Cyclone 1/8/81 

%Sulfide 

< .005 

.022 

.060 

%Sulfate 

3.14 

13.91 

%C02 

5.08 

1.22 

7.68 

%Ca 

32.5 

30.1 

%Ctatal %Cunburned* 

4.61 2.51 

* % Carbon Unburned = %Ctotal - %Cco2 

Assuming all Sulfide, Sulfate, and COz. are combined with calcium, .the 
following calculations result: 

Sample 

Upper Bed 1/8/81 

Lower Bed 1/8/81 

%Cas· 

< .01 

.050 

Ash Cyclone 1/8/81 .135 

TABLE' 5. 

% CaS04 %CaC03 %Ca0 

4.45 11.55 37.2 

19.72 2.77 32.~ 

' 

RESPECTFULLY SUBMITTED BY 1 '{~<4() / .. ~ '.;]t 
Thomas Schuler 
Laboratory Manager 
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Resource Engineering Incorporated 
80 Bacon Street; Waltham, Massachusetts 02154 (617) 894-6720 

SAMPLE RECEIVED - 1/7/81 

ANALYSIS REPORT #RA-201 

ANALYSIS REPORT 

RECEIVED FROM: Mr. Charles Lowell 
Wormser Engineering 
212 s. Main 
Middleton, MA 01949 

Sample %Sulfide %Sulfate %C02 %Ca %Ctotal %Cunburned* 

Upper Bed 12/30/80 

Lower ~ed 12/30/80 

Ash Cyclone 12/20/80 

<.005 

<.005 

.027 

3.91 

14.73 

1.30 

2.29 

.2. 74 

34.7 

32.2 

* % Carbon Unburned = %Ctotal· - %Cco2 

Assuming all Sulfide, Sulfate, and C02 are combined with calcium, the 
following calculations result: 

Sample 

Upper Bed 12/30/80 

Lower Bed 12/30/80 

Ash Cyclone 12/30/80 

%CaS 

<.01 

<.01 

.048 

% CaS04 %CaC03 %Ca0 

5.54 2.94 44.6 

20.87 5.20 33.5 

6.23 

2.37 1.62 

RESPECTFULLY SUBMITTED BY:~~/<;~~~~~ 
Thomas Schii'ler · TABLE 6. 
laboratory Manager 
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Resource Engineering Incorporated 
80 Bacon Street, Waltham, Massachusetts 02154 (617) 894-6720 

February 27, 1981 

ANALYSIS REPORT 

YOUR PURCHASE ORDER #P.O. #3351 

SAMPLE RECEIVED - 1/26/81 

ANALYSIS REPORT #RA-204 

RECEIVED FROM: Mr .. _Charles Lowell 
Wormser Engineering 
212 S. Main 
Middleton, MA 01949 

Sample %Sulfide %Sulfate %C02 %Ca %Ctota1 

Upper Bed 1/20/81 <.005 6.67 0.34 32.5 

Lower Bed 1/20/81 < .005 20.95 0.41 29.2 

Recirculating 
Pot. 1/20/81 .029 5.81 17.41 26.8 

Ash Cyclone 1/20/81 .038 8.84 

* % Carbon Unburned = %Ctotal - %Cco2 

Assuming all Sulfid~, Sulfate, and C02 are combine~ with calcium, the 
fqllowing calculations result: 

Sample %CaS % CaS04 · %CaC03 %Ca0 

Upper Bed 1/20/81 < .01 9.46 0. 77 41.1 

Lower Bed 1/20/81 < .01 29.69 0.93 28.1 

Recirculating 
Pot 1/20/81 .065 8.24 39.59 11.8 

Ash Cyclone 1/20/81 .085 

TABLE 7 •. 

4.00 

%Cuobur:o~d* 

1.59 
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a small amount of bed material out through a small letdown valve arranged 

especially for the 24 hour run. so2, NO , and 0 2 readings were taken every 15 
X . 

minutes and the coal bin and pyrolyzer sorbent bin were filled as necessary. 

Except for one slight leak at the char burner flange requiring a shutdown of about 

10 minutes, and a· bridge in the coal hopper resulting in a shutdown of about 4 

minutes, the system ran smoothly and without any problems. The upper bed was 

run at between 1400°F and 1450°F as we have shown this range to be the best for 

Tymochtee dolomite. 

3.3.1 0.1 Results 

The gas sampling analyzed by the Thermoelectron equipment show very 

encouraging results. Figure 28 shows the percent so2 retention, the parts per 

million NOx generated, and the pounds per hour of sorbent feed rates to the 

pyrolyzer, and char burner upper bed. The so2 retention is good considering that 

the net system calcium. sulfur ratio was 2.17. The large dip in the so2 retention 

curve at about 5 hours was caused by the second cyclone downcomer becoming 

filled to capacity when the slide valve to the second cyclone char hopper was 

accidently left closed after the hopper was emptied. Char that would have been 

collected by the sec~nd cyclone was passing through with the volatiles from the 

pyrolyzer to the afterburner where so2 in the char was released. Shortly after the 

problem was identified and corrected, the· so2 capture efficiency returned to a 

more typical percentage. 

The char burner lower bed ~as operated at 1750°F for the entire run and the 

upper bed was held at 1400°F ·to 1450°F ·with the addition· of cold secondary· air 
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when necessary, entering from air manifolds below the upper bed. 1400°F to 

1450°F was determined to be the best upper bed temperature for maximum so2 

retention with Tymochtee dolomite. 

The NOx curve of Figure 28 (corrected to shoichiometric fuel/air ratio) has a 

gradual trend upward but shows an average of 550 ppm (.66 lb/106 BTU) for the 

entire run. Had the pyrolyzer been operated at 1600°F during the 24 hour run 

instead of 1400°F, more of the fuel NOx would have been released in the pyrolyzer 

as N2 instead of becoming NOx in the char bu~ner. 

The pyrolyzer sorbent feed was operateb at a constant 18.8 pounds per hour 

for the entire 24 hour run starting when coal feed was initiated at hour zero. The 

sorbent feed to the char burner upper bed was not started until after the 3~ hour 

point, and was then set at 7.4 pounds per hour. It was later increased to 9.6 pounds 

per hour for most of the rest of the run with a six hour return to 7.4 pounds per 

hour during about hours 14 to 20. so2 retention seemed to suffer slightly at hour 

14 and improved slightly after hour 20 when the upper bed sorbent rate was again 

increased. There is no apparent explanation for the poor so2 retention from hours 

19~ to 21. 

The indicated afterburner flame temperature for the 24 hour run is plotted in 

Figure 29, curve A, against the percent excess air in the afterburner shown as 

curve B. Extrapolating from curve B, and with the aid of Figure 38, curve C shows 

the maximum theoretical flame temperatures achievable in thP. Afterburner if no 

sensible heat were lost by the system. Curve C indicates an afterburner 

temperature. averaging slightly below 3000°F, (the contract objective met in Phase 

I.) The Curve C temperature is consistent with the pyrolyzer operating at 1450°F 

instead of 1600°F resulting in devolatization of 56% instead of 62% by weight as 

shown in figure 12. 

• 
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The average indicated flame temperature of the afterburner flame is shown 

in Figure 29, curve A as about 1900°F. If the emissivity of the thermocouple is 

assumed to be .3, a reasonable assumption for these conditions, Figure 37 indicates 

an actual temperature of about 2300°F which would be expected with the small 

scale of the system and its relatively large heat loss, and the concurrent high 

percent excess air present in the afterburner flame. 

The primary objective during the 24 hour run was one of demonstrating 

endurance rather than performance. The afterburner pilot light contributes 

substantially to the overall percent excess air. Had it been turned off after the 

afterburner had come up to operating temperature, the average system excess air 

would have been more like 25%, rather than the 35% actually experienced. This 

single change would have allowed the theoretical afterburner flame temperature to 

average over 3000°F as shown in Figure 38 • 

The pressure drop across the char burner beds (Figure 30) shows a gently 

increasing and leveling off trend. Both the upper and lower beds were fed sorbent 

throughout the run resulting in a gradual increase in bed depths as both beds 

reached their equilibrium depths above their starting levels. No significant 

plugging of the upper bed distributor plate occured during the 24 hour run. The 

35% average increase in pressure drop shown in Figure 30 resulted from the 

increase in bed depths of both beds, as was expected. 

Figure 31 is a representative sample of the strip chart for the 24 hour run. 

The various points are connected with dark lines and labeled for what they 

represent. The afterburner temperature is read on the higher temperature scale; 

the pyrolyzer temperatures on the lower. Please note that the afterburner 
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temperature indicated on the strip chart has not been corrected for thermocouple 

radiation error or system sensible heat loss. The NOx and 0 2 curves are useful for 

trends, but the actual readings for plotting purposes (including so2) were taken 

directly off the analyzers every 15 minutes throughout the run. 

The Thermoelectron equipment calibration was checked and adjusted at the 

beginning and rechecked at the end of the 24 hour run. For the duration of the run, 

neither instrument had drifted more than 5% off calibration; the so2 analyzer was 

reading 2% higher than actual, and the NOx analyzer. 5% lower than actual at the 

end of the run. The curves of Figure 28 have not been corrected for these small 

errors. 

Six samples of the lower bed recirculating material were analyzed and show· a 

low and increasing sulfide percent of from .062% to .387% (Table 8). It is n<;>~ 

understood why there is an increasing trend for the last 12 hours of the run, but the 

absolute percents are nevertheless well below the 2% maximum project goal. 

The unburned carbon in the ash cyclone is 4.4% of the ash (Table 8) which 

converts to a carbon utilization of 96.9% for the system. This percent is typical 

for the system and well exceeds the contract minimum of 9096. 

4.0 Conclusion 

Results for the COHOGG Systetn have been very encouraging. It appears 

that all of the contract goals have been met · or exceeded. The system has 

demonstrated the capability of providing an environmentally clean flame in excess 

of 3000°F while burning low or high sulfur coal, and is suitable as an alternative 

to, or as a retrofit for, gas S>,r oil burl)ers. 

/ 
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Resource Engineering Incorporated 
80 Bacon Street; Waltham, Massachusetts 02154 (617) 894-6 720 

March 30, 1981 .;, 

ANALYSIS REPORT 
, .. 

YOUR PURCHASE ORDER #3355 
SAMPLE RECEIVED 2/12/81 
ANALYSIS REPORT #RA-206 

RECEIVED FROM: Mr. Charles lowell 
Wormser Engineering 
212 S. Main Street 
Middleton, MA 01949 

%Ca %S04 = SAMPLE %C02 %S %C 
% Sulfate. % Sulfide 

Recirculating Material 
, .. 

#2A l/27/81 2:30 26.6 4.69 6.99 . 062 

#4A l/27/81 6:30' 25.5 17.95 1.45 .066 ,_.,, 

~ *6A l/27/01 lO:JO 26.0 23.14 0.84 .OG2 

#SA l/28/81 2:30 23.9 28.66 0.51 .090 

#lOA l/28/81 6:30 24.1 27.67 0.59 .280 

#12A l/28/81 10:30 24.7 34.88 0.58 .387 

Upper Bed 

#~R 1/77/81 4:45 30.9 5.18 2.92 < .005 

#4B 1/27/81 6:45 29.9 6.68 6.50 < .005 

#6B 1/27/Bl 10:45 28.7 7.27 6.02 <.005 

#8B l/28/81. 2.:45 28.3. 0.86 .. 5.42. <.005 ___ 

#lOB l/28/81 6:45 28.9 8.87 7.40 < .005 
\. 

#12B 1/28/81 10:45 29.3 9.36 6.32 <.005 

Ash Clclone .. ... 
'i 

#6C l/27/81 ·11 :00 18.1 8.18. 6.49 .089 4.23 

#12C l/28/81 11:00 20.7 9.31 13.71 .036 4.43 

TABLE a. 
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A. Rotary Valve 

B. Afterburner 

C. First Cyclone (Original) 

D. Second Cyclone <new) 
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