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FOREWORD 

This report summarizes technical progress accomplished 
during the second quarter of a one year study being conducted 
for the Department of Energy under Contract No. DE-Ac22-79PC10328. 
The work period was October 1, 1978 through April 1, 1979 and 
was accomplished under the direction of Dr. John P. Dooher, 
Principal Investigator. Mr. Roy Kurtzrock is the technical repre- 
sentative for DOE. 

During this six month period Dr. Dooher worked for 33% of 
his time on the project, Don Wright 50%. Steve Jakatt 3 3 1 ,  
Ba.rbara Gilmartin 75% graduate assistant SO%, and a student 
assistant 50%. 
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ABSTRACT 

This r e p o r t  represents work accomplished during the 
first and second quarter of this project to demonstrate "Coal 
Desulfurization During the Combustion of Coal/Oil/Water Emulsions: 
An Economic Alternative Clean Liquid Fuel". 

The main emphasis during this period was screening 
candidate emulsions for combustion testing as well as equipment 
order and set up. 



I. OBJECTIVES 

A) OVERALL OBJECTIVES 

The overall objectives of this program are to develop 

the use of coal/oil/water mixtures (COW) to the point where 

sulfur oxides (SOX) emissions can be controlled in a wide 

range of applications, such as industrial scale boilers, by 

simply adding alkaline absorbents to the fuel. Control of 

SOX from COW is necessary if we are to implement this very 

promising fuel alternative to oil. 

Secondary objectives of this program are to obtain 

sufficient data on an actual industrial scale boiler system 

to prove out the technical feasibility of this process. 

The major thrust in this work is the removal of SOX 

from stack emissi0n.s of this liquid fuel. 

B) TECHNICAL OBJECTIVES 

The proposed program is planned info Phase I and Phase 

11. Phase I will extend over a one year period. Phase 11 

which is the second year option is planned to follow Phase I. and 

to be an extension and detailed verification of the Phase I. 

program. 

PHASE I 1. Determine optimum economic fuel composition in 

terms of coal/oil/water and alkaline absorbents for the most 

efficient removal of sulfur oxides during the combustion of 

coal'/oil/water mixtures in industrial scale boilers. 



2 .  Determine effect of SOX absorbents on boiler 

thermal efficiency. 

1 1 .  RESEARCH TO BE PERFORMED BY CONTRACTOR 

(a) The scope of work under this contract is unclassified 
and shall consist of developing the use of coal/oil/ 
water mixtures (COW) to the point where sulfur oxides 
(SOX) emissions can be controlled in a wide range of 
applications. Under Phase I of the program (lasting 
one year) the Contractor will determine optimum 
economic fuel composition in terms of coal/oil/water 
and alkaline abosrbents for the most efficient removal 
of sulfur oxides during the combustion of coal/oil/ 
water mixtures in industrial scale boilers. Also, the 
Contractor will determine the effect of SOX absorbents 
on boiler thermal efficiency. 

The effort under Ph.ase I is composed of the following 
tasks: 

TASK 1. Equipment order and set up: The major areas 
of equipment needed for data collection and. 
analysis will be ordered and integrated. 

TASK 2. Boiler, coal feed, and bag house order and 
installations: The large boiler, coal teed 
svstem and ban house system needed for this 
wbrk will be ordered and installed. 

TASK 3. Rheological Analysis: Various emulsion 
com~ositions with added alkali absorbents 
wili be tested for flow properties and 
stability. 

TASK 4. .Parametric studies of sulfur oxides remo'val 
on laboratory boiler: Small scale laboratory 
studies will be done to evaluate SOX removal - - 
for various emulsions. 

TASK 5. Optimum sulfur oxides removal, fixed emulsion 
composition, variable al'kali 'absorbe'nt: One 
concentration of emulsion with four a'lkali 
absorbents will be tested for SOX removal on 
the large boiler. 

TASK 6. Optimum sulfur oxides removal for coal/oil 
slurry, variable alkali absorbents: Three 
alkali abssorbents will be tested for SOv 
removal in a coal/#4 oil slurry. 



TASK 7. Optimization of sulfur oxides removal efficiency 
with emulsion composition: The composition of 
coal/oil/water emulsion that will give the 
optimum sulfur removal efficiency will be 
determined. This will be done for two alkali 
absorbents, i.e., soda ash and limestone. 

(b) The scope of work shall include such other studies, 
investigations and services as may be mutually agreed 
upon. 

(c) The Principal Investigator expects to devote the following 
approximate amount(s) of time to the contract work: 

35% ur 4 olo'nths 05 n calendar year 

I11 PROGRESS SUMMARY 

TASK 1. All major pieces of equipment have been ordered 
and set up should be completed in July. 

TASK 2. A Cleaver Brooks 350HP hot water generator has 
been ordered and delivery date has been set for 
June. Arrangements have been made to obtain 
the bag house. . 

TASK 3. Several limestone slurries have been screened. 
A selection of coal/water/#4 oil emulsions 
has been made for the follow on combustion 
testing. 

TASK 4. The sass spectrometer is being checked out and 
an immediate start ilp of combustion tests is 
anticipated. 

TASK 5, 6, 7. 

Expected to start in August. 

IV PROGRESS DETAILS 

TASK 1 - EQUIPMENT ORDER 6 SET UP: 
> 

The maior pieces of equipment have been ordered. The 

GA 1200 Multiple Gas Analyzer has arrived. The sieve shaker 

was ordered from Fisher Scientific. An electric hoist was 

ordered from McMaster-Carr. Our purchasing agent is looking 

for a used fork lift to handle the drums of coal. Used drums 

have been ordered from Tri-State Street Drum Company in 



Graysville, Ga. and are being sent to TVP-. 

Instrumentation for the boiler will not have long 

delivery times except the turbine flow meter for the inlet 

water. We are evaluating the meter produced by Flow Technologies. 

We have previsously used their smaller models with good results. 

Pressure transducers will be purchased from American Design 

Corporation if possible. They have many surplus transducers in 

stock. The cost is about one-fourth that of new transducers and 

the delivery time is much shorter. We have been very pleased 

with the ones we have obtained so far. 

Platinum resistance thermomexers, thermisters and 

thermocouples are being evaluated for the various required 

temperature measurements and will be ordered shortly. 

TASK 2. BOILER. COAL FEED AND BAGHOUSE 

The Cleaver Brooks 350 hp fire tube boiler has been 

ordered. Delivery is expected in June. Cleaver Brooks submitted 

the lowest bid among Kewanee Boiler Corp. and Oswego Package 

Boiler Company. Eclipse Lookout Company, John Zink Process Systems, 

ABCO Industries and American Schack Company responded, but sent 

no bids. Two contractors are submitting bids for installation, 

one recommended by Con-Ed, the other by Cleaver Brooks. They 

should be received shortly. Removal of the old boiler will take 

about four weeks. The installation of the new boiler will t&e 

2 to 3 weeks. Removal will start as soon as the bids are 

evaluated and a price negotiated. 

Three bids have been received for the coal feed system. 



We have selected the lowest bid which meets all our requirements. 

Although the bag house installation was mov,ed into the 

second phase, we are working on procuring one and are getting 

bids for installation. 

TASK 3. RHEOLOGICAL 

The major thrust of this task is to provide stable, 

pumpable emulsions for the efficiency tests. Tests are being 

performed on emulsions of No. 4 oil, coal supplied from TVA, 

water, and SOX removal additives. The emulsions are being 

tested in the Haake Rotovisco RV3 for dyanmic stability and in 

the ACES pendulum settling device for static stability. Select 

emulsion will also be placed in a large settling column and their 

viscosity monitored as a function of time. Using sections of 

pipe and pressure transducers, the actual pumping characteristics 

of the emulsions will be ascertained. In this quarter, preliminary 

work was begun on these investigations. 

The coal used in tests was the first sample shipped from 

the TVA. Because of their sampling procedures, the particle 

distribution was bi-modal. More than 5 0 %  of the coal was larger 

than 75 microns (200 mesh), while 22% was less than 45 microns 

( 3 2 5  mesh). A more typical industrial grind [ 8 0 %  less than 

2 0 0  mesh) has been promised us and presently being shipped. This 

smaller coal will be used in all future tests. 

Besides the problem with our coal supply, the consistency 

from batch to batch of the # 4  oil obtained from the Adelphi 

boiler room has been poor. The oil used in the Rotovisco, 



pumping and pendulum tests in this report had an apparent viscosity 

of 106 cP at 356 sec. - 1 . When a new supply of #4 oil was obtained . 

the viscosity dropped to about a third of the origin.al value. In 

order to duplicate the original oil, #6 and #2 oil were mixed until 

the proper viscosity was achieved. However the ASTM standard 

D396-69 for fuel, oils gives the kinematic viscosity for #4 oil at 

0 
37.8 c as being between 5.8 and 26.4 cSt. The oil we had been 

using has a kinematic viscosity of 44.4 cSt which, according to the 

ASTM, is a light #5 oil. It was decided to fabricate a #4 oil with 

v = 16.1 cSt, the middle of the #4 range. This was accomplished by 

using a standard fuel blending .chart. This oil has a dynamic 

viscosity of 14.29 cp at 234 sec and 37.8'~ and a density of 

3 ' 0.8891 g/cm . This oil makes a dynamically stable emulsion with 

TVA coal as shown in its flow curve, Figure 1. This 40-40-10 COW 

- 1 has an apparent viscosity of 59'0 cp at 100 sec . 
Using larger TVA coal and higher viscosity #4 oil, Rotovisco 

tests were performed on emulsion made with different sizes of 

limestone. A two percent sulfur content was assumed for the 

emulsion. Concentrations of limestone were used to ideally remove 

SO%, IOU%, and 150% of the sulfur. The particle sizes which were 

tested were: 
a. p < 75 microns 

b. p < 53 microns 
< 

C* P 4 5  microns 
Calcium carbonate was ground and sieved in our laboratory for these 

, 
tests. An industrially ground limestone, Grade "R" York 

1. Rose, J.W., Technical Data on Fuel, Scottish Academic Press, 
19'77, p. 149-150. 



White from R.E. Canall, with p < 45 microns, was also tested. 

The COW used were 40-40-5 and 40-4.0-10. Of the 19 emulsions 

tested, only three proved partially satisfactory. These tests 

will now be repeated using the smaller coal and the lower 

viscosity #4 oil. 

During the testing of the limestone emulsions, a 

problem arose with the Rotovisco. Highly viscous emulsions would 

slip down the measuring gap in the viscometer and migrate intd 

the air space under the rotor. This caused.a sharp lessening in 

.the measured viscosity of the sample. To rectify this problem, 

a ribbed rotor'and stator has been purchased from Haake. Beside 

overcoming the slippage dif.ficulty, if there is a wall effect in 

the Rotovisco due to a layer of oil next to the rotor, it will be 

eliminated. 

Pumping tests were conducted on #4 oil, # G  oil, 35-40-10 

and 4-040-10 COW (TVA coal, #4 oil, water) and a 50-50 COM (TVA 

coal, #4 oil). Five pipes of length 14" and IiD. from 0.163" to 

0.356" were used to determine whether a thin layer oil formed 

next to the pipe resulting in a lower viscosity in the pipe than 

. in the Rotovisco. A 28" pipe with the same I.D. as one of the 

14" ones measured the thixotropy of the emulsion under pumping 

conditions. Flow rate was measure with a graduated cylinder and 

stopwatch and the pressure monitored'with a zero to 300 pound 

total pressure transducer. The pressure transmitting line 

between the pipe and transducer was filled with mercury to 

prevent coal from migrating into the line. As happened in our 



large test loop facility, the pressure transmitting line quickly 

clogged with coal. To overcome this difficulty, we have purchased 

small tranducers whose pressure sensing surface can be mounted 

flush in the pipe. These transducers are in the zero to five psi 

range, which is more appropriate with our short length of pipe. 

Some data on the 40-40-10 emulsions was collected before the 

pressure transmitting line was blocked. Both the t h i x o t r o a i c  

time effect and the."wallW effect seem to be present in this 

emulsion. When the new transducers are hunted these tests will 

be repeated. 

PENDULUM STUDIES 

In order to study the stability of coal/oil/water 

emulsions and coal/oil mixtures we have developed a physical 

pendulum a section of which consists of an emulsion sample to 

determine settling by measuring changes in the period of 

oscillation. Any settling results in a shift of the center of 

mass which can be calculated directly from the measure change 

in the period of the pendulum. This is evident from the 

equation for the period of the pendulum which is given by: 

As the settling results in a shift in R, the position of the 

center of mass of the pendulum, and a shift in I, the moment 

of inertia of the pendulum, these shifts in turn result in 



changes in T, the period of oscillation. Two independent 

measurements of the period - permit determination of both unknowns 

R and I. 

Data is obtained through the following procedure. First 

the period of the empty pendulum and the period of the pendulum 

with "standard" - a metal rod - are determined. In each 

instance the pendulum is swung for precisely ten full swings 

while a counter is totalizing the number of pulses from a 

10242.6 HZ frequency source. This step of the procedure is 

repeated four times for each of the pendulum pivots [upper and 

lower). From the data an average period is calculated and 

an uncertainty or spread in values is estimated. By using the 

empty pendulum and the pendulum with standard object we obtain 

a measure of the reproducibility of the system from day to day. 

From these daily variations in the periods of the empty pendulum 

and the pendulum with standard an uncertainty in the center of 

mass of the emulsions of + 0.02 centimeters exist. This is 

probably due to a lack of reproducibility in the positioning . 
of the tube within the pendulum. 

The data is analyzed by the Burrough1s B6700 computer 

using the program HOYT/NEW PENDULUM III/IV. The program also 

calculates the mean squared diviation of a group of pulses and 

the uncertainty of a calculated period. 

The PENDULUM/TUBES/A program calculates the periods of the 

empty glass tubes that will contain the fuel. When analyzed for 

a series of days, the settling rate of the fuel can be studied 

by the following the change in the fuel's center of mass. From 
+ 

variations in the periods of the standards, an error of - 0.02 



centimeters. is present in the center.of mass of the emulsions. 

This is probably due to the positioning of the tube in the 

pendulum. 

Appendix 3 gives the shifts in center of mass of the 

emulsions and slurries. Day 1 is the day of preparation. On 

averape the samples are 16.5 and in length over a period of 

tiine. Figure 2 shows the effect of the addition of sur*actant 

to a slurry of 50% TVA coal. The unstabilized slurry settles 

the most, but the addition of 2% by weight coal of surfactant 

does not improve the stability. One percent seems to be the 

optimum concentration. When water is added to the slurry, the 

long term stability definitely improves with the amount of water 

up to 15.8% (Figure : ) .  When the amount of oil is varied in 

the emulsions (Figure 4  ) there is a slight long term improve- 

ment when an emulsion is made with more coal than oil. Figure 

5 shows the effect of the addition of limestone to a 4 0 - 4 0 - 5  

COW. The emulsion with 2.2g limestone with particles less than 

4 5  microns is the most stable while the one with 6.6 of lime- 

stone with larger particles settles 4 . 7  cm in 7 9  days. All of 

the limestone emulsions also broke on the Rotovisco. 

TASK 4 - PARAMETRIC STUDIES OF SOX REMOVAL ON LABORATORY BOILER 

In order to accurately determine the SOX levels in the 

combustion gases we have purchased a Mutliple Gas Analyzer. The 



instrument has ar.rived, but it has not been installed. In the 

neantime we have been re-calibrating the other combustion test 

monitoring equipment e. g. platinium resisrance thernlun~eter., 

flow meters, and transducers. . A procedure is being developed to 

determine the percentage of ash, moisture, volatiles, sulfur, 

iron, barium and heat content of the coal. 'These tests, which 

will also be performed on the ash deposits in the furnaces are 

*a combination of bomb calorimetry, atomic absorption, and 

standard chemical techniques. . 
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L 
100 FILE 99=NEWPNDLUM/TJATAFILFREDrUNIT=IIISKsRECORD=14rBLOCKING=30 
200 FILE 6=FILE6~UNIT=REMOTEsR€COHI:I=22 
300 SUBROUTINE RATIO(MsM2rMEsTsTirT2sT21sREsIErALPHArHETA) 
4 0 0  HEAL MpM2rMEsIE 
5 0 0  DOUBLE PRECISION T,TlsT2~T2isWRrXRrYRrZR 
6 0 0  WR=Mrk(Tl /#TI tHETA) i1r339tALF'HA 
700 XK=TitTi-T*T+2,0bBETA 
8 0 0  YH'zM2b (T2l*'T21.tBET.A,) *1*339+ALPHA 
9 0 0  ZR=T21tT21-T2bT2+2,0*BETA 
1000 RE=WR/ME/XR-YR,'.ME/ZK 
1100 IE=1./4,028b(WR*TtT/XR-YR*T2dT2/ZH) 
1200 RETURN 
1300 EN11 
1400 SUBROUTINE RATIOi(MlsALPHqsEETAsTsTisR1) 
1500 DOUBLE PRECISION TsTlbZKsXH 
l6OO ZR=TiXTi tBE'I'Att?LPHA/M1/1+339 
1700 XH=TX*Ti-T*.Tt2.~BETFI 
1800 RI=ZR/XR*1,339 
1900 HETIJRN 
2000 ENLI 
2100 SUBROUTINE GRAF'H(M) 
2200 COMMON ITIM(lOO)'rY(lOO) 
2300 DIMENSION K(i00)sNA(100) 
2350 SHIFT(L)=Y(L)-Y(1) 
2400 I=1H* 
2500 ..l=1H 
2600 N=lH. 
2700 IIG 1 L=islOO 
2800 NA(L)=N 
2Y00 1 K(L)=J 
3000 PRINT 7sNA 
3100 7 FOHMAT(Xs"~AYS's103XsmSHIFT INmr/s103Xr"CENTER OF tlASSos 
;3200 - X s T N  CEN' I ' IME'rEHS's/r6X?100Air / )  
3300 BIG =Y(1) 
3400 SMALL.=HIG 
3500 0 0  2 1 ~ 2 9 M  
3600 IF (Y(L) + G T + B I G )  BIG=Y(L) 
3700 IF (Y(L).LT+SMALI-) SMALL=Y(L) 
3800 2 CONTINUE 
3900 RANGE=,5/99, 
4000 IF (ITIM(M),LE*?O) IA=3 
4100 I F ~ ( I T I M ( M ) . G T , 2 O + A N I : 6 r I T I M ( M ) t L E + 5 0 )  IA=2 
4200 IF (ITIM(M),GT+SO) IA=1 
4300 DO 3 L=isM 
4400 N=(.5tSMALL-Y(L))/KANGE 
4500 N=Nt1 
4600 K(N)=I 
4800 PRINT ~ ~ I T I M ( L ) ~ ( K ( L A ) ~ L A = ~ ~ ~ O O ) I S H I F T ( L )  
4900 4 F O R M A T ( I ~ ~ ~ X ~ ~ O O A ~ . P ~ X ~ F ~ + ~ )  
5000 IF(L*EQ*M) GO TO 3 
5100 ISPACE=(ITIM(Ltl)-ITIM(L))iIA-1 
5200 DO 5 LL)=lpISPACE 
5300 PRINT 6rNA(1) 
5400 6 FORMAT(1H r:bXrAl) 

APPENDIX 1 



5 5 0 6  5 CONTINUE 
5 6 0 0  3 K.(N)=J 
5 7 0 0  HETIJRN 
5 8 0 0 .  END 
5 9 0 0  %PROGRAM HOYT/NEWF'NDLUMI I I / IV  
6 0 0 0  %CALCULATES THE CENTER OF M?SS AN11 THE MOMENT 
6 1 0 0  %OF I N E R T I A  OF AN EMULSION SAMPLE WITH DATA 
6 2 6 0  %OBTAINED FROM THE ACES PENDLUti. 
6 3 0 0  COMMON I T I M ( 1 0 0 ) 9 C M ( L 0 0 )  
6 4 0 0  D1MENSSC)N' V ( 2 )  
6 5 0 0  DOUBLE 12'RECISION T A L O : ~ ) ~ T A ~ ~ I ( ~ ~ ~ P L ( ~ ~ ) ~ F ' M ( ~ ~ ) ~ P L S ( ~ $ ) ~ ' P M S ( ~ Z ) ~  
6 6 0 0  - A V E F ' L ( ~ ~ ) ~ A V E P M ( ~ ~ ) V D E L ( ~ ~ ~ ) ~ D E L M ( ~ ~ ) ~  
6 7 0 0  -DATE 9 T L  s TM 9 SL.. r SM vrIEVTL P EIEVTM 9 TLMAX I TMMAX 9 TAT Y TATH Y 

6 8 0 0  -SMP19SMF'29SMP39SW4vSMF'5 
6 9 0 0  REAL M A S ( ~ ) ? M ~ M T O T ~ ~ L . ~ ~ A ~ M S T ~ N I ~ ~ I E P M S I I L O ( ~ ~ ) ~ M S I H I I ( ~ ~ ) ~  
7 0 0 0  -1ESvIESAVE9M29M19ME 
7 1 0 0  D A T A ( V ( K ) ~ K = ~ ~ ~ ) / I K I S P T . , Y ~ H F ' ~ ~ L ~ + /  
7 2 0 0  R E A D ( 9 9 s / )  MAS'(1)  
7 3 0 0  REAI i (  9 9  9 / ) TALO ( 1 ) 
7 4 0 0  , T i - ' r n L ( j (  1 ) / I .  ,0019 
7 5 0 0  H E A D ( 9 9 r / )  T A t i I ( 1 )  
7 6 0 0  'I'2=TAt.II ( 1 ) /0  ,99773:  
7 7 0 0  R E A D ( 9 9 v 2 1 )  S M F ' ~ ~ ~ M F ' ~ P S M , P ~ ~ S M P ~ ~ S ~ ~ P ~  
7 8 0 0  2 1  FORMAT' ( A 1 2 ~ . A l Z , A L 2 v A 1 2 1 A 1 2 l  
7 9 0 0  N P E N I I i = l  
8 0 0 0  COIJNT=O, 0 
8 1 0 0  DATA MS'TAND/144+2/~F/102426. /  
8 2 0 0  W H I T E ( 6 v 6 0 0 )  
8 3 0 0  600 .  FORMAT(X9'ALL MEASUREMENTS I N  CGS U N I T S m s Y )  
8 '400 NCOUNT=O 
8 5 0 0  3 READ(99v709END=12 )  NTE:ST~NWDATE~IIATEPNPEND 
8 6 0 0  70 FORMAT ( 1 3 s X s I l ~ X s A 8 s X 9 C l )  
8 7 0 0  HEAD ( 9 9  9.4) ~ ~ T . Y P E  v NTuBE 9 NRUN 
8 8 0 0  I F ( N T Y P E * N E * 3 )  5 0  TO 13 
8 9 0 0  NCOUNT=NCOLINTtl 
, 9000  IT IM(NCOUNT)=NTEST-1 .  
9 1 0 0  X I S  T H I S  A N E W  DATE? YES:NW3ATE=lsWRITE. HEADING 
9 2 0 0  13 I F ( N W I A T E * E Q . l )  WRITE( '6sJ50) '  NTESTsDRTE 
9 3 0 0  950FORMAT(XsnTEST  " ~ I ~ v ~ O X - ~ D A T E  " P A ~ ~ P / J ~ X ~ ~ T U H E ' ~ S X ~  
9 4 0 0  -'UEVIATIONS0915X~"AVERAGE P E F j I O I ~ " r 1 6 x s ' R  CH T U H E a s 6 X ~  
9 5 0 0  -"R CM SLURqYnv5Xv"MOM'ENT TUBEm.r6Xs'MOMENT SLURRYDs/v  
9 6 0 0  - 1 0 X v ' L O W E R 0 v 2 X v ' U ~ F ' E R m v 1 O X ~ P L ~ W E R ~ ~ l 4 X ~ . ~ U ~ P E R e v / ~  
9 7 0 0  4 F O R M A T ( I 1 9 2 1 2 ) .  r 
5?800 HEAD(99v / )MTOTAL 
9 9 0 0  I F  (NPEND.EU.0) NPENIll.=NPENXI 
10.000 I F  ( N P E N D + E Q + l )  N'END2=NPEdD 
1 0 1 0 0  I F  (NPENII1,EQ,OrA~D.NF'END2rEQ+l.AND,NPENIlrEQ+l) T A L O ( l ) = T L  
1 0 2 0 0  I F  (NPENDl,EQ,.O~A~DiN~ENI12.EQ+J,AND+NPE'ND.+EQ+l) TAHI('~)=T~ 
10300 I F  (NPENI l ,En*O)  P 4 n M = 2 9 5 + 6  
1 0 4 0 0  I F  (NPENU,+EQ.l )  PrlDM=2?7.2 
1 0 5 0 0  M=MTOTALtPNDM 
1 0 6 0 0  M2=PNDM+$lAS(i) 
1 0 7 0 0  ME=MTOTAL-MAS(1) 
1 0 8 0 0  SUMRE=O, 
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1 0 9 0 0  SUMIE=O * 
1 1 0 0 0  1 0  DO 5 0 0  J-1sNFlUN 
1 1 1 0 0  FiE~A1:I('?9~:1.0':!) NF'C)I:NT 
1 1 2 0 0  1.02F'OFiMAT (: i::! ) 
1 1 3 0 0  SM=O 
1 1 4 0 0  SL=O 
1 1 5 0 0  SUMDEL=O, 
1 1 6 0 0  SUMDEM=O + 
1 1 7 0 0  DO l( i0 I= :%?NPOINT 
1 1 8 0 0  XREAD :IN RAW DATA !F'IJL.SE:Ci) 
%1,900 FiEAD('?Yy/) F ' l  ... ( 1 )  sF'M( 1 )  
1 2 0 0 0  XSAVE TI-IEStf DATA I='I:l:I,NTE; W:I'I'H PI-Ei R F:'MS 
1 2 1 0 0  P L S ( I ) = P L ( I )  
1 2 2 0 0  P M S ( % ) = P M ( I )  
1 2 3 0 0  % 
1 2 4 0 0  P L ( I ) = S L  + F ' L ( I )  
1 2 5 0 0  SL=PL ( . I  ) 
:L2600 X 
1 2 7 0 0  F'M(I)=SM t P M ( I )  
1 2 8 0 0  SM=PM ( I ) 
b2YOO 1 0 0  CONTI:?lLJE 
1 3 0 0 0  %AVERAC;E THE PULSE VALUES 
1 3 1 0 0  AVEPL(J)=SL./NPOINT 
1 3 2 0 0  AVEF'fl( J)=SM/NPC)INT 
1 3 3 0 0  XCOMPLITE PER:[C)DS F:'HCIM KIATA 
1 3 4 0 0  TL=AVEF'L( .I) /F  
1 3 5 0 0  ,Tfl=AVEF'M ( J ) /F  
1 3 6 0 0  %COMPUTE MEAN SOLIARE DEVIATION OF PULSES 
1 3 7 0 0  DO 4 0 0  I = ~ Y N P O I N T  
1 3 8 0 0  D E L ( I ) = ( A V E P L ( J ) - P L S t I ) . ) # X 2  
1 3 7 0 0  $UMDEL=SUMKlEL+DEL(I) 
1 4 0 0 0  XKEPEAT FOR MIDI lLE POSIT ION 
1 4 1 0 0  T I E L M ( I ) = ( A V E P M ( J ) - - F ' M S ( I ) ) t * 2  
1 4 2 0 0  SUMDEM=SUMIlEM+DELM(I> 
1 4 3 0 0  4 0 0  CONTINUE 
14400 MSDLO(J)=SOR.T(SUMDEL~/NPOINT 
1 4 5 0 0  DEVTL=MSDLOCJ)/F 
1 4 6 0 0  MSDMID(.J)=SORT(SlIMDEM)/NPOINT 
1 4 7 0 0  IlEVTM=MSDMIIl( J ) / F  
1 4 8 0 0  %BEGIN CALCULATING SECONDARY PARAMETERS 
1 4 9 0 0  TLMAX=DEVTLtTL 
1 5 0 0 0  TMMAX=DEVTM+TM 
1 5 1 0 0  %USE SECONDARY PARAMETERS TO CALCllLATE RE AND I E  
1 5 2 0 0 .  %FOR. THE TWO RUNS 
1 5 3 0 0  TAT=TALO( l?  
1 5 4 0 0  T A T H = T A H I ( l )  
1 5 5 0 0  IF (NTYPE+EQ,3 )  GO TO 7 
1 5 6 0 0  I F  (NPEND,EO.O) ALPHA=-1.917 
1 5 7 0 0  I F  (NPENII,EO.l) ALPHA--2.191 
1 5 8 0 0  BETA=5.393E-02 
' 1 5 9 0 0 . I F  (NTYPE.EO.1) Ml=MTOTAL+PNDM 

' 1 6 0 0 0  I F  (NTYPE+ER. i )  MSP=Ml 
1 6 1 0 0  I F  (NTYPE.ER.2) Ml=PNDM 
1 6 2 0 0  I F  (NTYPE+EQ.2)MP=Ml 
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1 6 3 0 0  CALL R A T I O 1 ( M 1 r A L P H A r H E T A r T L L ~ T t i r R A A )  
1 6 4 0 0  I F  (NTYPE.EO.1) RSP=RA 
1 6 5 0 0  I F  (NTYPE*EC4,2)HP=RA 
1 6 6 0 0  COUNT=COUNT+l 
1 6 7 0 0  CHPARE=COUNT/2+-FLOAT(IFIX(COUNT/2+)), 
1 6 8 0 0  I F  (CHPARE.EO.O.0) RS=(MSY*RSP-MP*3P)iMSTANIl  
1 6 9 0 0  IE=O,O 
1 7 0 0 0  GO TO 7 5 0  
1 7 1 0 0  7 IF(NF!ENI?.ER.O) ALPHA=-1.917 
1 7 2 0 0  I F  (NPENtI.EO.1) ALPHA=-2.191 
1 5 3 0 0  BETA=5,393E-02 
1 7 4 0 0  DO 11 K = l r 2  
1 7 5 0 0  CALL R A T I O ( M ~ M ~ ~ M E ~ T L ~ T M ~ T A T ~ T A T H ~ ? E ~ I E P A L P H A ~ B E T A )  
1 7 6 0 0  CM(NCOUNT)=RE 
1 7 7 0 0  I F  ( K + E Q . i ) I E S = I E  
1 7 0 0 0  I F  ( K + E R , l )  RES=RE 
1 7 9 0 0  I F (  K + E R , l )  TLSAVE=TL 
1 8 0 0 0  I F (  K + E Q , l )  TMSAVEzTM 
1 8 1 0 0  TL='l'LMAX 
1 8 2 0 0  11 TM==T~MAX 
1 8 3 0 0  CALL R A T I O ~ ( M ~ ~ A L F ' H A ~ H E T R ; ~ T A - ' ~ T A T H P R A ~  
1 8 4 0 0  IESAVE='O. 0 
1 8 5 0 0  DRE=AHS(RES-RE) 
1 8 6 0 0  I I I E = A H S ( I E S - I E )  
1 8 7 0 0  W R I T E ( 6 s 3 0 0 )  N T U H E ~ M S D L O ( J ) ~ ~ ~ S T I M I D ( J ) ~ . T L S A V E Y ~ E V T L ~ T ~ S A V E ~  
1 8 8 0 0  - D E V T M Y R A ~ R E S ~ D H E ~ I E S A V E F ~ E S ! ~ I I I E  
1 8 9 0 0  ~ O O F O R M A T ( X ~ I ~ ~ ~ X ~ ~ ( F ~ ~ O Y X ~ ~ O F ~ F ~ O ~ ~ ~ ~ ~ / - ~ ~ ~ P E ~ ~ ~ ~ O P F ~ O ~ ~ ~  
1 9 0 0 0  - o + / - D s 1 P E 7 ~ 1 s 2 X s O F ' F ' ~ ~ 4 s 7 X ~ O F F F ' 7 ~ 4 s m I . / - n ~ ~ . P E 7 + l ~  
1 9 1 0 0  - ~ X ~ O P F Y + ~ ~ ~ X ~ O P F ~ ~ ~ I ~ ~ / - ~ Y ~ P E ~ ~ ~ )  
1 9 2 0 0  GO TO 1 1 0  
1 9 3 0 0  7 5 0  WRITE(69000)  V ( N T Y F ' E ) ~ M S D L O ( J ) ~ M S D M I D ( J ) V . T ~ ~ T H ~ R A I ' I E  
1 9 4 0 0  ~ ~ ~ F ~ O R M A T ( A ~ ~ X ~ ~ ( F ~ ~ ~ ~ X ) Y O F ' F ~ ~ ~ ~ ~ L ' O X ~ F ~ ~ ~ ~ Y  
1 9 5 0 0  -12XsF7.4v25XsFY.1)  
19600 IF (CMPARE.NE,O.O) GO Tr l  n i o  
1 9 7 0 0  WRITE ( 6 ~ 0 0 1 )  RS 
1 9 8 0 0  8 0 1  F O R M A T ( X r 0 S T T I + ' s 6 1 X s - 7 . " )  
1 9 9 0 0  1 1 0  SUMRE=SUMHEtRES 
2 0 4 0 0  SUMIE=:SlJMIE+IES 
2 0 1 0 0  5 0 0  ClONTINUE 
2 0 2 0 0  IF(NTYF'E.NE.3) GOITO 3 
2 0 3 0 0  AVERE:=SUMRE/NRlJN 
2 0 4 0 0  AUEIE=SUMIE/NRUN 
2 0 5 0 0  W R I T E ( 6 r J 5 0 )  NRUN9AVS:HEIr N?~JNPAVE:IE 
2 0 6 0 0  SSOFORMAT(Xs "AVERAGE C M  F3R " s I 2 9  " RlINS: "94XsF10,4v /sXs 
2 0 7 0 0  -."AVERAGE MOMENT FOR " r 112v " I::lINS : %,Fl.Cl, 1 9  / ) 
2 0 8 0 0  GO TO 3 - 
2 0 9 0 0  1 2  READ/ Y ITES'T 
2 1 0 0 0  PRINT 15s  I T E S T s S M P l r S M ~ > s S t i P 3 ' t . S M F ' 4 s ~ F ' 5  
2 1 1 0 0  1 5  FORMAT(1H1r////s3Xs'TUHEDrXrI3*3XsF~12rA12sA12sR3.2sAl2~////' 
2 1 2 0 0  CALL GRAPH (NCOUN'T) 
2 1 3 0 0  STOP 
2 1 4 0 0  ENIl 
9. 
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L 
1 0 0  F I L E  9 0 = D A ' ~ A T U E ~ E S 9 U N I T = ~ I , S K ~ R ~ C O R D ~ 1 4 r B I - O C I ~ I N G ~ 3 0  
1 0 5  %PROGRAM PNDLUM/TUBES CAI-CLILATES 'FtiE AVERAGE 
I 1 0  XF'ERIOLIS ANLl F'ARAME'TERS RELATE11 TO TI-IE 
1 1 5  %CENTER OF HASS AN11 'THIE MOMENT O F  INER'I'IA 
1 2 0  %FOR THE TUBES ONLY9 ,USED ON THE ACES PENISULUM. 
1 2 5  DOUBLE PRECISION F 
1 3 0  IlOUBLE PREC:lSIOtj P L ( 6 9 2 )  v P M ( 6 r 2 )  sF'L.S(6r2)sF'MS(6s2) sAVDPI ... (2) 9 

1 3 5  -AVEPM(2) s T L ( 2 )  s'l'M(2.) s I I E L ( 6 9 2 )  pDEl.M(bs2) vMSDLCI'(2) vMSDMII1(2) 
1 4 0  F=102426..  
1 4 5  %START KEAIl ING I N  DATA 
1 5 0  5 R E A D ( 9 0 r 1 0 )  TUBEPTRIAI- 
1 5 5  1 0  FORMAT(A2rXsA2)  
1 6 0  DO 1 5  J = l 9 1  
1 6 5  SH=O 
1 7 0  SL=O 
1 7 5  % 
1 8 0  DO 2 0  : [ = l s 5  
1 8 5  %REAL1 I N  HAW lSATCl (PUL.SE5) 
1 9 0  READ(.YOs/) P L ( I s J ) v F ' M ( I 9 J )  
1 9 5  %SAVE THF:SE DATA POINTS WITH F'LS 8 F'MS 
3 0 0  PLS( IsJ )=F 'L ( I v . . l )  
2 0 5  F ' M S ( I s J ) = P M ( I s J )  
2 1 0  % 
2 1 5  F'L(IIJ)=SL. t PLi1s.J) 
2 2 0  SL=F 'L ( I sJ )  
2 2 5  
2 3 0  F'M(I:sJ)=SM + . P M ( I s J )  
2 3 5  SM=PM( IsJ )  
2 4 0  2 0  CONTINUE 
2 4 5  %AVERAGE THE PULSES 
2 5 0  AVEPL (J)  =SL../5, 
2 5 5  AVEPM(J)=SM/5. 
2 6 0  %COMPUTE PERIODS FROM ElATA 
2 6 5  T L ( J ) = A V E P L ( J ) / F  
2 7 0  TM(J )=AVEPM(J ) /F  
2 7 5  1 5  CONTINUE 
2 8 0  XCOMPUTE. MEAN SQUARE EIEVIATION OF PULSES 
2 8 5  DO 3 0  J = l i l  
2 9 0  SUMDEL=O+ 
29':- SUMDEM=O. 
300 no 3 5  1=1,5 
3 0 5  K l E L ( I i J ) = ( A V E P L ( J > - P L S ( I i J ? ) $ $ 2  
3 1 0  SUML~EL=SUHDELtI~EL( I i J )  
3 1 5  %REPEAT FOR MIDDLE POSIT ION 
3 2 0  D E L M ( I , J ) = ( A V E P M ( J . ) - P M S ( I i J ) ) $ $ 2  
3 2 5  SUMUEM=SUMDEMtDELM(IIJ) 
3 3 0  3 5  CONTINUE 
3 3 5  MSDLO(J)=SRRT(SUMDEL/L)  
3 4 0  HSUMID(J)=SQRT(SUMUEM/S*) 
3 4 5  3 0  CONTINUE 
3 5 0  XCOMPUTE THE AVE OF F'ERIODS FOR TWO RUNS 
355 T L A V E = T L ( l )  
360 TMAVE=TM(l)  
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365 XCOMPUTE DEVIATIONS.OF PERIOtS . .  - -  
370 DEVTL=MSDLO(l)/F 
375 DEVTHI=MSDMID(l)/F 
380  WRITE MESSAGES AND COMPUTED PERIODS 
385 WRITE(br100) 
390 100 FORMAT(Xr///rXmALL H E A S U F E M W S  IN CGS UNITSer/) 
395 WRITE(6r110) TUBErTRIAL 
400 110 FORMAT(X,'TUBE 'rA2rSX'r'TRIAL '?A21 
405 WKJTE(6rl20) HSIILO(l)rHSDMIL(l) 
410 120 FORMAT(Xr35XrmRUN 1*r//rX9'Ff,S1D, LO POSITION' 
415 -g--PULSES'rSXrF1O.Zr/rXrsH..S+D. M a  POSITION' 
420 -I--PULSESmr5XrF10.2) 
425 WRITE(6rl40) TL(l)rTM(l) 
430 140 FOKHAT(X' * / rXrmPERIOD--LaJER POSITIOND~9X9F10,7r 
435 -/rXr*PERIOD--HI.GHER P O S I T I C M m r ~ X ~ F 1 0 . 7 )  
440 % 
445 WRITE(6r130) TLAVEs DEVTL. r TMWEsDEVT.HI 
450 130 FORMAT(XY/*X~'AVERAGE PER1011 FOR 1 RLN--LOWER POSITION' 
455 -r2XrF10,7rX9m+/-mr1F'E9+1r/rX~ 
460 -'AVERAGE PERIOD FOR 1 RUN--HIGHER PO5I'TION'rX, 
465 -OPF10.7rXr'i./-'rIPE9*1) - 
475 %CHECK TO SEE IF THERE IS MORE DhTA 
480 READ(909/) IDATA 
485 IF (IDATA.EQ.1) GO TO 5 
490 STOP 
495 END 
# 
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DAY 1 = day o f  'irepardtion 
SAMPUS 15;s - '17 .5  an long 
SHIFTS Z f 0 . 0 2 ~ ~  
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FOREWORD 

T h i s  r e p o r t  summar izes  t e c h n i c a l  p r o g r e s s  
a c c o m p l i s h e d  d u r i n g  t h e  t h i r d  q u a r t e r  o f  a  one  y e a r  
s t u d y  b e i n g  c o n d u c t e d  f o r  t h e  Depar tment  o f  Energy 
u n d e r  C o n t r a c t  No. DE-AC22-79PC1032S. T h i s  c o n t r a c t  
h a s  b e e n  ex ten 'ded  t o  J a n u a r y  31 ,  1980 .  The work 
p e r i o d  was A p r i l  2 ,  1979  t h r o u g h  August  31 ,  1979  
a n d  was a c c o m p l i s h e d  u n d e r  t h e . d i r e c t i o n  o f  Dr. J o h n  
P .  Dooher ,  P r i n c i p a l  I n v e s t i g a t o r .  M r .  Roy K u r t z r o c k  
i s  t h e  t e c h n i c a l  r e p r e s e n t a t i v e  f o r  D O E .  

Dur ing  t h i s  f i v e  month p e r i o d  D r .  Dooher worked 
f o r  33% o f  h i s  t i m e  on t h e  p r o j e c t ,  Donald Wr igh t  
S O % ,  S t e v e  J a k a r t  3 3 % ,  B a r b a r a  G i l m a r t i n  7 5 % ,  a g r a d u a t e  
a s s i s t a n t  S O % ,  and  a  s t u d e n t  a s s i s t a n t  5 0 % .  
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ABSTRACT 

This report represents work accomplished during 
the third quarter of this project to demonstrate: 
"Coal Desulfurization During the Combustion of Coal/ 
Oil/Water Emulsions: An Economic Alternative Clean 
Liquid Fuel1'. 

The main emphasis during this period was on the 
parametric studies of sulfur oxides removal on the 
laboratory boiler. Instrumentation on laboratory 
boil.er was completed and initiai tests were conducted. 
In addition to our parametric studies of sulfur oxides 
removal, we found by using the power law, precise 
apparent viscosities can be obtained from the Roto- 
visco and pump.ing tubes and then correlated. 



I. OBJECTIVES 

A) OVERALL OBJECTIVES 

The overall objectives of this program are to develop 

the use of coal/oil/water mixtures (COW) to the point where 

sulfur oxides (SOX) emissions can be controlled in a wide 

range of applications, such as industrial scale boilers, by 

simply adding alkaline absorbents to the fuel. Control of 

SOX from COW is necessary if we are to implement this very 

promising fuel alternative to oil. 

Secondary objectives of this program are to obtain 

sufficient data on an actual industrial scale boiler. system 

to prove out the technical feasibility of this process. 

The major thrust in this work is the removal of SOX 

from stack emissions of this liquid fuel. 

B) TECHNICAL OBJECTIVES 

The proposed program is planned into Phase I and Phase 

1 Phase I will extend over a one year period. Phase TI 

which is the second year option is pl.anned to follow Phase I and 

to be an extension and detailed verification of the Phase I 

program. 

PHASE I 1. Determine optimum economic fuel composition in 

terms of coal/oil/water and alkaline absorbents for the most 

efficient removal of sulfur oxides during the combustion of 

coal/oil/water mixtures in industrial scale boilers. 



2 .  Determine effect of SOX absorbents on boiler 

thermal efficiency. 

I I RESEARCH+-"TO BE PERFORMED BY CONTRACTOR 

(a) The scope of work unde; this contract is unclassified 
and shall consist of developing the'use of coal/oil/ 
water mixtures (COW) to the point where sulfur oxides 
(SOX) emissions can be controlled in a wide range of 
applications. Under Phase I of the program (lasting 
one year) the Contractor will determine optimum 
economic fuel composition in terms of coal/oil/water 
and alkaline abosrbents for the most efficient removal 
of sulfur oxides during the combustion of coal/oil/ 
water mixtures in industrial scale boilers. Also, the 
Contractor will determine the effect of SOX absorbents 
on boiler thermal efficiency. 

The effort under Phase I is composed of the following 
tasks: 

TASK 1. Equipment order and s e t  up: The major areas 
of equipment needed tor data collection and 
analysis will be ordered and integrated. 

TASK 2. Boiler, coal feed, and bag house order and 
installations: The large boiler, coal teed 
system and.-baa house system needed for this 
wbrk will be ordered and installed. 

TASK 3. Rheological Analysis: Various emulsion 
compositions with ad'ded alkali absorbents 
will be tested for flow properties and 
stability; 

= 1 be done to evaluate SOX removal 
for various emulsions. 

absorbents will be tested for SOX removal on 
the large boiler. 

TASK 6. Optimum sulfur oxides removal for coil/oil 
slurry, variable alkali absorbents: Three 
alkali absorbents .will be tested for SOV . . 

removal in a coal/#4 oil slurry. 



TASK 7 .  O p t i m i z a t i o n  of  s u l f u r  o x i d e s  removal e f f i c i e n c y  
w i . t  h  emul s i o n  compos i t ion :  The compo si t i o n  o f  
c o a l / o i l / w a t e r  emul s i o n  t h a t  w i  11 ~ i v e  t h e  
optimum s u l f u r  removal e f f i c i e n c y  ;;ill b e -  
de te rmined .  T h i s  w i l l  be done f o r  two a l k a l i  
a b s o r b e n t s ,  i . e .  , soda a s h  and l i m e s t o n e .  

(b)  The scope of  work s h a l l  i n c l u d e  such  o t h e r  s t u d i e s ,  
i n v e s t i g a t i o n s  and s e r v i c e s  a s  may be m u t u a l l y  a g r e e d  upon. 

( c )  The P r i n c i p a l  I n v e s t i g a t o r  e x p e c t s  t o  d e v o t e  t h e  f o l l o w i n g  
approximate  amount(s)  o f  t ime t o  t h e  c o n t r a c t  work: 

3 3 %  o r  4 months o f  a  c a l e n d a r  y e a r  

I 1 1  PROGRESS SUMMARY 
..I .-pi 

TASK 1. 'l'h b o i l e r  a r r i v e d  oil August 2 4 ,  1379;  1\11 major 
p i e c e s  o f  equipment have been o r d e r e d  and s e t  up 
i n  t h e  l a b o r a t o r y .  As soon a s  t h e  b . o i l e r  i s  
i n s t a l l e d  i t  w i l l  be i n s t r u m e n t e d .  

TASK 2 .  Old B o i l e r  has  been removed. Excava t ion  of  t h e  
b o i l e r  room i s  be ing  p lanned .  The d e s i g n  o f  t h e  
s t o r a g e  tank  has been comple ted .  

TASK 3 .  Using t h e  power law,  p r e c i s e  a p p a r e n t  v i s c o s i t i e s  
can  be o b t a i n e d  from t h e  Rotovi  sco and pumping t u b e s  
and t h e n  c o r r e l a t e d .  

TASK 4 .  I n s t r u m e n t a t i o n  on l a b o r a t o r y  b o i l e r  has  been 
complc tcd .  A p rocedure  f o r  a s h  a n a l y s i s  has been 
developed.  I n i t i a l  t e s t s  on l a b o r a t o r y  b o i l e r  have 
been per formed.  There were some problems i n  t h e  
combust ion o f  c o a l / o i l / w a t e r  w i t  11 washing soda.  I n  
g e n e r a l  , h n w e v a r ,  thermal  e f f i c i e n c i e s  and combustion 
e f f i c i e n c y  C - 9 8 % )  were a c c e p t a b l e .  

TASK 5 ,  6 ,  7 .  

Expected t o  s t a r t  i n  October .  

I V  PROGRESS DETAILS 

TASK 2 .  BOILER, COAL FEED AND BAGHOUSE 

The o l d  b o i l e r  has been removed and t h e  new b o i l e r  has  

a r r i v e d .  For t h e  i n s t a l l a t i o n  of  t h e  new b o i l e r ,  e x c a v a t i o n  . of  t h e  

b o i l e r  room i s n e c e s s a r y .  Once t h e  e x c a v a t i o n  has  been comple ted ,  

R .  B .  Hamilton Haul ing-  and Rigging Corp. have been h i r e d  t o  s e t  

t h e  new b o i l e r  i n  p l a c e .  The new b o i l e r  i s  p r e s e n t l y  a t  t h e  



r i g g e r 1  s ya rd .  

The day a f t e r  t h e  b o i l e r  i s  r i g g e d  i n t o  p l a c e ,  S tone  and 

Webster Eng inee r ing  Corp. w i l l  t a k e  on. s i t e  f i n a l  measurements 

of  a l l  t h e  nece .ssary  c o n n e c t i o n s .  They have informed u s  t h a t  

comple t ion  o f  t h e  f i n a l  p i p i n g  and w i r i n g  p r i n t s  w i l l  t a k e  one 

d a y  and a l l  t h e  p i p e s  and val .ve s needed c a n ' b e  o b t a i n e d  

r a p i d l y .  The e s t i m a t e  f o r  completi-on o f  i n s t a l l a t i o n  o f  t h e  

b o i l e r  i s  s e v e r a l  weeks from t h e  t ime i t  i s i n  p l a c e  p r o v i d e d  

c o n t r a c t o r s ,  p i p e f i  t t e r s ,  w e l d e r s  and e l e c t r i c i a n s  a r e  a l l  

r e a d i l y  a v a i l a b l e .  The i n s t a l l a t i o n  w i l l  a l s o  depend on t h e  

a v a i l a b i l i t y  o f  a l l  t h e  m a t e r i a l s  r e q u i r e d  f o r  comple te  hook 

up.  We a r e  p r e s e n t l y  o r d e r i n g  a s  much o f  t h e  m a t e r i a l s  a s  

p o s s i b l e  so we can have t h e  b o i l e r  working a s  soon a s  p o s s i b l e .  

S tone  and Web s t e r  has  completed t h e  d e s i g n  o f  t h e  s t o r a g e  

tank  and e x p e c t s  t o  comp.lete c o n s t r u c t i o n  o f  t h e  tank  i n  a  m a t t e r  

of  weeks.  The c o a l  s t o r a g e  tank  and bag house w i l l  be sh ipped  

t o  t h e  r i g g e r ' s  y a r d  and t h e  r i g g e r s  w i l l  t r a n s p o r t  t h e s e  p i e c e s  

t o  t h e  Woodruff H a l l  b o i l e r  room a t  Ade lph i .  

TASK 3 .  RHEOLOGICAL ANALYSIS 

While a w a i t i n g  a r r i v a l  of  t h e  s m a l l e r  TVA c o a l  and 

/ o r  new s i e v e  s h a k e r ,  c a l i b r a t i o n  and i n t e r f a c e  work was comple ted  

f o r  t h e  Ro tov i sco ,  Wang, and pumping t u b e s .  

L a s t  y e a r ,  a  Wang program was w r i t t e n  t o  t a k e  d a t a  

from t h e  Rotovisco  and c a l c u l a t e  t h e  v i s c o s i t y  of  t h e  e m u l s i o n s  

a s  i f  t h e y  were Newtonian. I n  a n a l y z i n g  d a t a  from t h e  pumping t u b e s ,  

i t  became a p p a r e n t  t h a t  a  power law model was a p p l i c a b l e  t o  

e m u l s i o n s  i n  t h e  r e g i o n  o f  i n t e r e s t ,  50-150 s e c .  Using t h e  power 



l aw,  p r e c i s e  a p p a r e n t  v i s c o s i t i e s  can be o b t a i n e d  from t h e  

Ro tov i sco  and pumping t u b e s  and then  c o r r e l a t e d .  

The power law s t a t e s :  

where T  = s h e a r  s t r e s s  
y = s h e a r  r a t e  
k = c o n s i s t e n c y  index  
n = non-Newtonian index  

I f  n = l ,  t h e  f l u i d  i s  Newtonian and k i s  t h e  Newtonian 

v i s c o s i t y .  COW ( c o a l / o i l / w a t e r  emuls ions )  a r e  p s e u d o p l a s t i c  

w i t h  n < l .  The a p p a r e n t  v i s c o s i t y  a t  a  given s h e a r  r a t e  i s  T/y 

11- 1 which i s  k? . Using a  power law model ,  Calderbank and Moo- 

Young ' s i m p l i f i e d  t h e  Kr ieger  and Maron ' e x p r e s s i o n  f o r  s h e a r  

r a t e  i n  a c o u e t t e  v i s c o m e t e r  ( c o n c e n t r i c  c y l i n d e r ) .  

where C = s h e a r  rate a t  g i v e n  r p s  
N = r p s  (number o f  r e v o l u t i o n s  p e r  second)  
S = r a d i u s  c u p / r a d i u s  bob 
n" = s l o p e  o f  l n  t o r q u e  v e r s u s  I n  r p s  c u r v e  

The Wang a l l o w s  c a l c u l a t i o n s  o f  e x a c t  s h e a r  r a t e s  a t  v a r i o u s  r p s .  

1 
Calderband,  P . H . ,  and Moo-Young, M . B . ,  "The P r e d i c t i o n  o f  
Power Consumption i n  t h e  a g i t . a t i o n  of  Non-Newtonian F l u i d s " ,  

T r a n s .  I n s t n .  Chem E n g r s . ,  137 ,  1959,  p .  26. 2 
K r i e g e r ,  I .>;I. and Xaron, S . H .  , J o u r n a l  of App l i ed  P h y s i c s ,  
1954,  25 ,72 .  

- 



Because t h e  Wang has l i m i t e d  memory and s t o r a g e  c a p a c i t y ,  

a  t r a d e - o f f  must be made between t h e  amount of  d a t a  s t o r e d  and 

t h e  s o p h i s t i c a t i o n  o f  t h e  program. To overcome t h i s  d i f f i c u l t y ,  a  

s e r i e s  o f  e i g h t e e n  programs were w r i t t e n  t h u s  a l l o w i n g  s t o r a g e  

o f  f i f t y  d a t a  p o i n t s ,  each  w i t h  two p i e c e s  o f  i n f o r m a t i o n .  The 

e l e c t r i c a l  o u t p u t  o f  t h e  Rotovisco  i s  ' c a l i b r a t e d  and f e d  i n t o  t h e  

s c a n n e r ,  d a t a  i s  u s u a l l y  t a k e n  e v e r y  f o u r  s e c o n d s .  The s h e a r  
. . 

s t r e s s  and s h e a r  r a t e ,  a s  w e l l  a s  t h e  v i s c o s i t y  a t  each  p o i n t  

ar.e c a l c u l a t e d  a s  i f  t h e  f l u i d  were Newtonian and t h i s  d a t a  i s  

g raphed .  The n a t u r a l  l o g  o f  t h e  t o r q u e  and r p s  a r e  c a l c u l a t e d ,  

s t o r e d ,  and graphed.  Using a  l e a s t  s q u a r e  f i t  l i n e a r  r e g r e s s i o n ,  

t h e  s l o p e  o f  t h e  I n  t o r q u e  v e r s u s  I n  r p s  l i n e ,  n" ,  i s  

found a s  w e l l  a s  t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n .  

The s l o p e  i s  chen used  t o  c a l c u l a t e  t h e  a c t u a l  s h e a r  r a t e s  

a t  t h e  v a r i o u s  r p s . .  Using t h e  I n  ( s h e a r  s t r e s s )  and I n  s h e a r  

r a t e  and pe r fo rming  a n o t h e r  l i n e a r  r e g r e s s i o n ,  k and n  a r e  found.  

Bes ides  p r i n t i n g  t h e s e  numbers o u t , ,  t h e  power law behavi'or of  ' 

t h e  f l u i d  i n  t h e  p i p e :  

where V = v e l o c i t y  

D = p i p e  diame.ter 

i s  a l s o  c a l c u l a t e d .  F i n a l l y ,  t h e  a p p a r e n t  v i s c o s i t y  u s i n g  t h e  

power law s h e a r  r a t e  i s  p r i n t e d  and p l o t t e d  v s .  s h e a r  r a t e .  These 

programs per form a  comple te  a n a l y s i s  o f  COW and COM u s i n g  a  



c o n c e n t r i c  c y l i n d e r  v i  scometer  . 
A s  was mentioned i n  t h e  p r e v i o u s  r e p o r t ,  a  r i b b e d  r o t o r  and 

s t a t o r  were o r d e r e d  and have now been r e c e i v e d .  This combinat ion  

i n s u r e s  t h a t  t h e  e m u l s i o n s  do n o t  s l i p  a t  t h e  v i s c o m e t e r  w a l l s ,  

c a u s i n g  a lowered measured v i  sco s i  t y .  The measur ing  system has 

been c a l i b r a t e d  and works e x t r e m e l y  w e l l  w i t h  t r i a l  # 4  o i l  

emu1 s i o n s  and s l u r r i e s .  'f he s p r i n g  measuring system f o r  t h e  

t o r q u e  measurements i n  t h e  Rotovisco  was r e - c a l i b r a t e d  and t h e  

i n s t r u m e n t  c o n s t a n t s  r e - c a l c u l a t e d .  

I n  doing  e x p e r i m e n t s  on #6  COM,  t h e  r i b b e d  r o t o r -  s t a t o r  

combina t ion  worked w e l l  on c o n c e n t r a t i o n  up t o  abou t  4 0 % .  W i t  h  

5 0% s l u r r i e s ,  t h e  sample would c l lmb up t h e  r o t o r  (Wei ssenberg  

e f f e c t )  and ove r f low i n t o  t h e  d e p r e s s i o n  i n  t h e  c e n t e r  o f  t h e  

r o t o r .  T h i s  caused  an improper  f i l l i n g  o f  t h e  gap.  To overcome 

. t h i  s normal '  s t r e s s  e f f e c t ,  a  p l a t e  and cone measur ing  system was 

i n s t a l l e d  on t h e  Ro tov i sco .  I n  th is .  system, a  s m a l l  amount of 

sample i s  p l a c e d  1n  t h e  small  gap between t h e  f l a t  p l a t e  and 

a lo cone .  A s p r i n g  i s  used  t o  keep t h e  p l a t e  and t h e  p o i n t  o f  

t h e - c o n e  i n  c o n t a c t ,  t hus  c o u n t e r a c t i n g  t h e  normal s t r e s s  e f f e c t .  

Because t h e  gap i s  s o  s m a l l ,  s p e c i a l  c o r r e c t i o n s  do n o t  have t o  

be made f o r  t h e  s h e a r  r a t e  and t h e  a n a l y s i s  o f  v i s c o s i t y  i s  

s i m p l i f i e d .  Using t h e  power law,  a  s e r i e s  o f  Wang programs have 

been w r i t t e n  t o  per form t h e  same a n a l y s i s  a s  w i t h  t h e  c o c e n t r i c  

c y l i n d e r .  This  sys tem can  o n l y  b e . u s e d  w i t h  ve ry  v i s c o u s  l i q u i d s ,  

b u t  i s  v e r y  conven ien t  because  o f  t h e  s m a l l  sample r e q u i r e d .  

- F l u s h  mounted diaphragm, ze ro  t o  f i v e  pound, p r e s s u r e  

t r a n s d u c e r s  were i n s t a l l e d  i n  t h e  sma l l  p i p e s  used f o r  i n - p i p e  



v i  sco si t y  measurements .  These t r a n s d u c e r s  u s e  a  15  VDC power supply 

which  was s p e c i f i c a l l y  c o n s t r u c t e d  f o r  u s e  w i t h  t h e s e  t r a n s d u c e r s .  

The o u t p u t  of t h e  t r a n s d u c e r s ,  which  i s  i n  m i l l i v o l t s ,  i s  f e d  i n t o  

an a m p l i f i e r  and t h e n  i n t o  t h e  Wang. A program t a k e s  t h e  ze ro  

l e v e l  r e a d i n g  b e f o r e  t h e  t e s t ,  t h e  p r e s s u r e  d u r i n g  t h e  t e s t ,  t h e  

ze ro  a f t e r  t h e  t e s t ,  a v e r a g e s  them and s u b t r a c t s  them. Each 

t r a n s d u c e r  has  been s e p a r a t e l y  c a l i b r a t e d  and t h e  c a l i b r a t i o n  

e n t e r e d  i n t o  t h e  program. A t hermi s t o r  i s used t o  mon i to r  

t e m p e r a t u r e .  Flow r a t e s  a r e  measured u s i n g  c a l i b r a t e d  t u b e s  and 

a  s top  watch.  The program g i v e s  p r e s s u r e ,  t e m p e r a t u r e ,  s h e a r  

s t r e s s  a t  t h e  w a l l s ,  and f low r a t e .  B a s e l i n e  o i l  t e s t s  a r e  

p r e s e n t l y  be ing  per formed.  

TASK 4 - PARMETRIC STUDIES OF SOx REMOVAL O N  LABORATORY BOILER -- 
A .  .MODIFICATION OF THE WANG EFFICIENCY PROGw1 

Three m o d i f i c a t i o n s  have been made i n  t h e  Wang e f f i c i e n c y  

program. 

( i )  The MGA 1200 m u l t i p l e  g a s  a n a l y z e r  has  been i n t e r f a c e d  

w i t h  t h e  Wang c a l c u l a t o r .  V o l t a g e s  from t h e  MGA a r e  f e d  i n t o  t h e  

Wang. The c o n c e n t r a t i o n  of  H2  0 ,  N 2 ,  O 2  , A r ,  C 0 2  and S O 2  a r e  

c a l c u l a t e d  and p r i n t e d  approx ima te ly  e v e r y  minu te .  These v a l u e s  

a r e  ave raged  and p r i n t e d  a f t e r  e v e r y  f u e l  l o a d .  P e r c e n t  of  e x c e s s  

a i r  i s  t h e n  c a l c u l a t e d  b y  t h e  Wang u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

% Excess  A i r  = 3.7619 c o n c e n t r a t i o n  O7 x 1 0 0  
C o n c e n t r a t i o n  N 2  - 3.7619 x  c o n c e n t r a t i o n  0  2 

C i i )  The the rma l  e f f i c i e n c y  i n  t h e  p a s t  has been de te rmined  

i n  two ways. The f i r s t  i s  c a l c u l a t e d  by u s i n g  t h e  s p e c i f i c  h e a t  of  

w a t e r ,  t h e  t empera tu re  d i f f e r e n c e  of t h e  i n l e t  and o u t l e t  w a t e r ,  and 

t h e  r a t e  of w a t e r  f low.  In  t h e -  second method, t h e  e n e r g y  s t o r e d  i n  



t.he hea t  exchanger  i s  added t o  t h e  AT - wate.r f l o w  p r o d u c t .   his 

s t o r e d  e n e r g y  i s c a l c u l a t e d  b y  assuming a  l i n e a r  t e m p e r a t u r e  

g r a d i e n t  i n  t h e  exchanger .  Once t h e  two r e s u l t s  a r e  a p p r o x i m a t e l y  

e.qual ( ? I % )  t h e  sys tem i s  considered to be i n  thermal equilibrium. Thermal 

efficiency i s  then used only a f t e r  the two resul ts  are within one perceht. 

( i i i )  The s t a c k  t e m p e r a t u r e  i s  ave raged  and p r i n t e d  o u t  

a f t e r  e v e r y  f u e l  l o a d .  

B. ASH AJULYSIS 

During t h e  e f f i c i e n c y  t e s t s  t h e  s tack  sampler  i. s u s e d  

t o  c o l l e c t  a  r e p r e s e n t a t i v e  sample of  f l y  a s h .  Knowing t h e  t o t a l  

volume of  g a s  produced d u r i n g  combust ion and t h e  volume of  s t a c k  

g a s  c o l l e c t e d ,  t h e  t o t a l  amount of  f l y  a s h  i s  c a l c u l a t e d .  A f t e r  

t h e  t e s t  t h e  b o i l e r  i s  c l e a n e d  and t h e  a s h  c o l l e c t e d  from t h e  

combust ion chamber,  f i r e  t u b e s ,  and t o p  o f  t h e  hea t  exchanger .  

The ana1ys.i  s of t h e s e  samples  a r e  used i n  t h e  c a l c u l a t i o n  o f  

combust ion e f f i c i e n c y .  

( i )  Moi s t u r e  : 

A sample from e a c h  s e c t i o n  of t h e  f u r n a c e  i s  ana lyzed  f o r  

p e r c e n t  m o i s t u r e  a s  f o l l o w s :  A 0.2000 gram sample i s  p l a c e d  i n  

a  p o r c e l a i n  c r u c i b l e  and d r i e d  a t  1 1 0 ~ ~  f o r  one hour i n t e r v a l s  

u n t i l  c o n s t a n t  we igh t  i s  o b t a i n e d .  From t h e  l o s s  of  mass t h e  

p e r c e n t  m o i s t u r e  i s  c a l c u l a t e d .  The p e r c e n t  m o i s t u r e  i s  u sed  i n  

t h e  n e x t  two p r o c e d u r e s .  

( i i )  Carbon: 

To f i g u r e  t h e  p e r c e n t  carbon r e t a i n e d  i n  e a c h  sample,  

a  d r y  a s h i n g  method i s u t i l i z e d .  A 0.-2 000 gram sample i s  p l a c e d  

i n  a  p l a t i n u m  v e s s e l  and i s  f u s e d  a t  7 0 0 ~ - 8 0 0 ~ ~  f o r  t e n  minute  

i n t e r v a l s  u n t i l  c o n s t a n t  weight  i s  r e a c h e d .  A t  t h i s  t ime a l l  ca rbon  



p r e s e n t  s h o u l d  be t o t a l l y  a s n e d .  P e r c e n t  a s h  and  2 o i s t u r e  c o n t e n t s  

a r e  s u b t r a c t e d  f rom 1 0 0 %  t o  g i v e  p e r c e n t  c a r b o n  i n  t h e  a s h .  T h i s  

p e r c e n t  c a r b o n  i s  t h e  u s e d  i n  combus t i on  e f f i c i e n c y  c a l c u l a t i o n s .  

( i i i )  Metals : 

The a s h  i s  t e s t e d  f o r  c e r t a i n .  n e t a l l i c  e l e m e n t s  

by a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .  Samples  a r e  p r e p a r e d  f o r  

a n a l y s i s  by f u s i n g  a  0 . 2  gram sample  w i t h  1 . 4  gram o f  (LiB02)  

i n  a  g r a p h i t e  c r u c i b l e  a t  1 0 0 0 ~ ~  f o r  one  h o u r .  ' The bead  which  i s  

formed i s  d i s s o l v e d  i n  50 m l  o f  5  p e r c e n t  n i t r i c  a c i d .  T h i s  

s o l u t i o n  i s  d i l u t e d  t o  250 m l  i n  a  volumetric f l a s h .  These  

s amp le s  a r e  a n a l y z e d  f o r  t h e  f o l l o w i n g  i o n s :  F e ,  Ca, K, Mg and 

Na. The p e r c e n t  o f  e a c h  i o n  i s  c a l c u l a t e d .  

C .  COMBUSTION EFFICIENCY 

T h e . c o m b u s t i o n  e f f i c i e n c y  i s  d e t e r m i n e d  u s i n g  t h e  

p e r c e n t  unburned  c a r b o n  i n  t h e  a s h ,  both. t ha t  which was deposited i n  the 

f u r n a c e  and  t h e  amount which  was e m i t t e d  a s  f l y  a s h ,  and t h e  

p e r c e n t  c a r b o n  i n  t h e  f u e l .  The . a s s u m p t i o n  i s  made, t h a t  b e c a u s e  

of  t h e  e x c e s s  a i r  p r e s e n t , t h e  p e r c e n t a g e  o f  c a r b o n  monoxide and 

h y d r o c a r b o n s  i n '  t h e  s t a c k  g a s  are n e g l i g i b l e .  , 

D .  RE-CALIBRATION OF PLATINIUM RESISTANCE TEMPERATURE DETECTORS 

We have  found  t h a t  i n  o r d e r  t o  o b t a i n  an  a c c u r a c y  o f  
. . 

b e t t e r  th .an a  t e n t h  o f  a  d e g r e e  c e l e s i u s ,  t h e  i n t e r n a l  r e s i s t a n c e  

o f  o u r  m e a s u r i n g  s y s t e m  must  be  t a k e n  i n t o  a c c o u n t .  T h i s  was 

a c c o m p l i s h e d  a s  f o l l o w s :  

( i )  Four  o f  t h e  p l a t i n u m  r e s i s t a n c e  t e m p e r a t u r e  d e t e c t o r s  

(P t -RTD's )  were  c a l i b r a t e d  by immersing t h e  p l a t i n u m  the rmomete r s  



i n  a  c o n t i n u o u s l y  s t i r r e d  w a t e r  b a t h  whose t e m p e r a t u r e  was i n c r e a s e d  

a t  t h e  approximate  r a t e  0. lo p e r  minute  i n  t h e  r ange  between 1 5 ' ~  

and 7 5 ' ~ .  A s e t  o f  c a l i b r a t e d  g l a s s / m e r c u r y  thermometers  w i t h  0.1'  

d i v i s i o n  was used  a s  a  r e f e r e n c e .  A t  one d e g r e e  i n t e r v a l s  on t h e  

mercury  thermometer  t h e  Wang c a l c u l a t o r  measur ing  sys tem was used  

t o  r e c o r d  t h e  r e s i s t a n c e  o f  t h e  thermometers  (RT) and c a l c u l a t e  

t h e  t e m p e r a t u r e s .  For  a b b r e v i a t e d  li s t i n g s  s e e  Tab le  IIA f o r  

r e s i s t a n c e  measurements and T a b l e  IB f o r  t e m p e r a t u r e  r e s u 1 , t s .  

( i i )  B o i l i n g  p o i n t s  ( 1  00. O'C) and c r u s h e d  i c e  p o i n t s  (0 .  1°c) 

were a l s o  de te rmined .  

( i i i )  To c o n v e r t  RT t o  t e m p e r a t u r e  t h e  Wang was  programmed 

t o  u s e  t h e  C a l l e n d a r  e q u a t i o n  

T = A - B  

where A = 3398.98,  B = 131.  017, and C = 773. 038. These v a l u e s  were 

based  on t h e  assumpt ion  t h a t  t h e s e  Pt-RTD1s conformed t o  t h e  

s t a n d a r d  American cu rve  where R o  i s  100. 00 o h s  and '  R l  O O  i s .  138.50,  
. . 

ohms. 

( i v )  The d a t a  seem t o  i n d i c a t e  t h a t  a d d i t i a n a l  r e s i s t a n c e  i s '  

added t o  e a c h  P t - R T D '  s r e a d i n g  by  t h e  measurement sys tem.  'l'he 

a c t u a l  amount depends  on t h e  channe l  u s e d .  See Table  I I A  w-here t h e  

e x p e r i m e n t a l l y  de te rmined  r e s i s t a n c e s  can  be compared t o  t h e  r e s i s t a n c e  

c a l c u l a t e d  from a  modi f i ed  ( s e e  Note v) C a l l e n d a r  e q u a t i o n .  - 
(v)  Upon f u r t h e r  a n a l y s i s  i t  appea red  t h a t  t h e  Pt-RTD1s were 

n o t  o f  a  t y p e  t h a t  fo l lowed  t h e  s t a n d a r d  American c u r v e  b u t  were o f  

a  t y p e  where R O . i s  100.  00 ohms b u t  R I O O  i s  139.11 .ohms.  (A t y p e  

l i k e  t h i s  i s  a v a i l a b l e  from Minco a s  t y p e  P t  11-100. )  I f  t h i s  i s  s o  

the c o n s t a n t s ,  B and C of t h e  C a l l e n d a r  e q u a t i o n ,  shou ld  t . h e r e f o r e  

be changed t o  1 3 0  866 and 7 7 4 . 5 8 9 .  T h i s  i s  s t i l l  b e i n g  i n v e s t i g a t e d ,  



( v i )  A f t e r  c a l c u l a t i n g .  t h e  t e m p e r a t u r e s  u s i n g  t h e  C a l l e n d a r  

e q u a t i o n  below t h e  r e s u l t s  were g r e a t l y  improved a s  shown by 

comparing Tab le  IA t o  IB. 

T  = 3398.96 - 130.866J  774.589 - (RT c o r r e c t e d )  

( E )  INITIAL TESTS ON LABORATORY BOI'LER 

A t o t a l  o f  t e n  combust ion tests3.  were done on t h e  

l a b o r a t o r y  b o i l e r  f u r n a c e .  These r e s u l t s  a r e  p r e s e n t e d  i n  

t a b l e s  I11 and IV. The purpose  o f  t h e s e  t e s t s  were twofo ld :  

a) '  To o b t a i n  b a s e l i n e  d a t a  on t h e  the rma l  and combustion 

e f f i c i e n c y  check ing  o u t  t h e  MGA m u l t i p l e  g a s  a n a l y s i s  and 

d a t a  a n a l y s i  s  p r o c e d u r e s .  

b)  Ob ta in  some i n i t i a l  d a t a  on washing soda a s  a  

p o s s i . h l e  SO, a b s o r b e n t .  The a p p a r e n t  advantage  o f  washing 

soda o v e r  soda a s h  i s  i t s  i n c r e a s e d  s o l u b i l i t y  i n  w a t e r .  

S ince  i t  i s  a l s o  an a l k a l i n e  based  compound, i t  should  be  an 

e f f i c i e n t  S'O, a b s o r b e n t  . 
( i )  B a s e l i n e  lt6 O i l  T e s t s :  

Though o u r  350 HP b o i l e r  t e s t  program w i l l  main ly  u s e  # 4  

o i l  we a l s o  p l a n  some lt6 o i l  r u n s .  I n ' a d d i t i o n ,  i n  r e l a t i o n  

t o  o u r  p r e v i o u s  DOE c o n t r a c t  some #6 o i l  r u n s  were c a l l e d  f o r ,  

s i n c e  we were i n t e r e s t e d  i n  per formance  e v a l u a t i o n  of  o u r  

r e d e s i g n e d  b u r n e r  f o r  t h e  #6 o i l .  We a l s o  p r e s e n t  on t a b l e  

I11  a  #4  o i l  run  done b e f o r e  t h e  a r r i v a l  o f  t h e  MGA. The 

heavy o i l  r u n s  a r e  a l s o  i m p o r t a n t  i n  check ing  o u t  t h e  p e r -  

formance of  t h e  MGA e s p e c i a l l y  SO, s i n c e  t h e  s u l f u r  c o n t e n t  

( ' ~ 0 . 8 8 % )  i s  what we would hope t o  o b t a i n  a f t e r  runn ing  COW w i t h  

3 ~ u e l  a n a l y s i s  i s  l i s t e d  i n  appendix  D 



30% c o a l  w i t h  SOx a b s o r b e n t .  I t  i s  i m p o r t a n t  t o  check t h e  MGA 

i n  t h i s  range  a g a i n s t  a  s u l f u r  b a l a n c e  s i n c e  P e r k i n  Elmer does  

n o t  g u a r a n t e e  t h e  system below 500 ppm SOx, a l t h o u g h  good r e s u l t s  

have been seen  i n  lower r anges  a t  PETC. Before  t h e  MGA i s  

used  i t  1 s  c a l i b r a t e d  w i t h  s t a n d a r d  c a l i b r a t i o n  g a s e s  i n  t h e  

r ange  of  i n t e r e s t .  A l l  c a l i b r a t i o n s  i n d i c a t e  t h a t  t h e  MGA can 

a c c u r a t e l y  measure SOx w e l l  below 5 0 0  ppm. From Table  PI1 we 

see  t h a t  SOx measurements  were c l o s e  t o  t h e  e x p e c t e d  r e s u l t s  

u s i n g  a  s u l f u r  ba lance ' .  I SO, MGA - SO, T h  I a r e  w i t h i n  6 0 ppm 

i n  a l l  c a s e s  and a r e  a c t u a l l y  i d e n t i c a l  f o r  t e s t  31-53.  A 

sample c a l c u l a t i o n  o f  SOx T h  i s  d e s c r i b e d  i n  appendix  A .  

T h i s  i s  c e r t a i n l y  adequa te  and shou ld  even improve f o r  t h e  more 

s t a b l e  combust ion 'system of t h e  350 HP b o i l e r .  Thermal 

e f f i c i e n c i e s  were good (%7 0%) ' i n d i c a t i n g  adequa te  combust ion w i t h  

o u r  b u r n e r .  For  a l l  t e ' s t s ,  t a b l e  I 1 1  and t a b l e  IV we e s t i m a t e  
% 

w a l l  l o s s  a s  - 1 0 % .  D e t a i l e d  c a l c u l a t i o n s  a r e  p r e s e n t l y  b e i n g  

per formed t o  f i n d  a  more a c c u r a t e  d e t e r m i n a t i o n  of  w a l l  l o s s  
- 

and a  check f o r  h e a t  b a l a n c e .  

( i i )  Coal (TVA) - O i l  (#6) S l u r r y  T e s t s :  

The purpose  of  t h e s e  COM t e s t s  (31-61 ,31-72)  was t o  ex tend  

t h e  r e s u l t s  under  ( i )  w i t h  t h e  a d d i t i o n  of  c o a l  f o r  t h e  same 

r e a s o n s .  I n  a d d i t i o n ,  t h e  i n c r e a s e d  p a r t i c l e  l o a d i n g  p rov ided  

a  mechanism f o r  check ing  our  a s h  a n a l y s i s  p rocedure  and 

c a l c u l a t i n g  combust ion e f f i c i e n c y .  The data i s  presented i n  t a b l e  

1 V .  These two t e s t s  (31 -61 ,  31-72 ) were a l s o  ana lyzed  f o r  

c e r t a i n  m e t a l l i c  e l e m e n t s ,  t h e  r e s u l t s  a r z  s;i>~'I i n  appendix  C .  

T h i s  i n i t i a l  g r i n d  o f - . c o a l  was r e l a t i v e l y  c o u r s e  ( ~ 5  0% t h r u  

2 00 mesh) . However, we had run  i n t o  extreme equipment d e l a y s  

i n  o b t a i n i n g  t h e  l a r g e r  s i e v e  s h a k e r  and f e l t  t h a t  i t  would s t i l i  



be i n f o r m a t i v e  t o  p e r f o r m  t h e  combus t i on  t e s t s  b o t h  ' to  check  

SOx and combus t i on  e f f i c i e n c y  w i t h  t h e  c o a r s e  c o a l .  The u s e  o f  

# 6  o i l  was h e l p f u l  i n  improv ing  s t a b i l i t y  f o r  t h e  c o a r s e  c o a l  

g r i n d .  Combustion e f f i c i e n c y  was 9 8 . 2 %  i n d i c a t i n g  good 

c a r b o n  b u r n o u t .  ( t a b l e  I V )  Approx ima te ly  h a l f  t h e  p a r t i -  

c u l a t e s  a t  t h e  t o p  o f  t h e  h e a t  e x c h a n g e r  and i n  t h e  s t a c k  

a r e  c a r b o n .  T h i s  w o i ~ l d  r e d u c e  o u r  p a r t i c u l a t e s  by a b o u t  1 5 %  

s i n c e  t h i s  r e p r e s e n t s  a b o u t  30% o f  a l l  a s h  c o l l e c t e d  f rom t h e  

f i r e  box ,  f i r e  t u b e s ,  t o p  o f  t h e  h e a t  e x c h a n g e r  and s t a c k .  

We s e e  t h a t  t h e  p r e d i c t e d  a s h  i s  c l o s e  t o  t h a t  a c t u a l l y  c o l l e c t e d ,  

t h e  m a j o r i t y  o f  which, comes f rom t h e  c o a l  a s h .  The b u r n  

a s s u m p t i o n  i n  t h e  combus t i on  e f f i c i e n c y  c a l c u l a t i o n s  was t h e  

CO and HC a r e  n e g l i g i b l e ,  which has shown t.0 b e  t h e  c a s e  i n  o u r  

p r e v i o u s  work w i t h  t h e  g a s  c h r o m a t o g r a p h .  Thermal e f f i c i e n c i e s  

were  a  few p e r c e n t  l o w e r ,  however i t  would be d i f f i c u l t  t o  

e x t r . a p o l a t e  t h i s  f rom t h e  l a b o r a t o r y  s c a l e  t o  t h e  350 HP a t  t h i s  

t i m e  . ( SOx MGA - SOx T h l  was a g a i n  w i t h i n  60 ppm. 

( i i i )  COW Emuls ion  T e s t s :  

T h r e e  t e s t s  i n  t h e  c a t e g o r y  a r e  d e s c r i b e d  i n  t a b l e  I V .  

T e s t  35-16  examined a  m i x t u r e  o f  w e i g h t  p r o p o r t i o n  40 gms TV4 

c o a l  ( 5 0 %  % 200 m e s h ) ,  40 gms # 6  o i l  and 10  gms H20. T h i s  t e s t  

was done f o r  t h e  same r e a s o n  d e s c r i b e d  p r e v i o u s l y .  A t  t h a t  

t i m e  we d i d  n o t  have t h e  l a r g e  s i e v e  s h a k e r .  The #6  o i l  was 

a g a i n  u s e d  b o t h  a s  a  f o l l o w  up on t h e  $ 6  CON t e s t s  and a l s o  

due t o  t h e  f a c t  t h a t  s t a b i l i t y  was improved w i t h  c o a r s e  c o a l  

by t h e  u s e  o f  # 6  o i l .  Thermal e f f i c i e n c i e s  were  a b o u t  t h e  same 

a s  t h e  30- 70 COP4 s l u r r y .  I SO, HGA - 0  ~ h  l i i  w i t h i n  2 ppm f o r  



t h i s  t e s t  r u n .  T o t a l  p a r t i c u l a t e  e m i s s i o n s  i n  t h i s  t e s t  were 

7.54 lb /106 Btu .  The expec ted  v a l u e  from t h e  c o a l  a s h  i s  

5.49 lb /106 B t u .  T h i s  would imply  a  combust ion e f f i c i e n c y  

a p p r o x i m a t e l y  9 5 % .  I t  would seem t h a t  even though c o a r s e  c o a l  

was burned  t h e  SO, e m i s s i o n s  were r e l a t i v e l y  u n a f f e c t e d  by 

t h e  s i z e  d i s t r i b u t i o n  and v e r y  c l o s e  t o  t h a t  expec ted  under  

c o n d i t i o n s  of  comple te  combust ion.  

T e s t  35 - 2 4  i n v o l v e d  COW w i t h  f i n e  ground coal (71)% thr1.1 

200 mesh) and a heavy i t 4  o i l .  The s i e v e  s i z e  of t h i s  c o a l  

i s  g i v e n  i n  appendix  B .  The c o a l  was made up a f t e r  the new 

s i e v e  s h a k e r  a r r i v e d .  Though t h e  new s i e v e  s h a k e r  i s  much 

l a r g e r  and more e f f i c i e n t  t h a n  o u r  o r i g i n a l  one i t  s t i l l  

t a k e s  one week t o  g r i n d  and p r e p a r e  s u f f i c i e n t  f i n e  ground 

c o a l  t o  per form a combust ion t e s t .  The s i e v e  d i s t r i b u t i o n  was 

p r e p a r e d  t o  d u p l i c a t e  an i n d u s t r i a l  g r i n d  s i m i l a r  t o  what we 

r e c e i v e d  on a  s i m i l i a r  g rade  c o a l  from Reynolds M e t a l s  and 

S o u t h e r n  I l l i n o i s  U n i v e r s i t y .  A s  s een  f r o m  Tab le  I V  t h e  the rma l  

e f f i c i e n c y  was somewhat h i g h e r  than  t . h e  p r e v i a u s  c o a r s e  c o a l  

COW t e s t  35-29, ISOX M G A -  SOx Th I was o n l y  a  few ppm. There  

was a somewhat b e t t e r  carbon burnou t  w i t h  t h i s  m i x t u r e .  The l a s t  

t e s t ,  35-29 ,  i s  a  combust ion t e s t  w i t h  5 0 %  s t o i c h i o m e t r i c  washing 

soda .  We e x p e r i e n c e d  g r e a t  d i f f i c u l t i e s  i n  bu rn ing  thi s  m i x t u r e  

w i t h  s a t i s f a c t o r y  f lame s t a b i l i t y .  Because o f  t h i s ,  SOx v a r i e d  from 

300 ppm t o  600  ppm w i t h  an  ave rage  of 450 ppm. This r e p r e s e n t s  a t  

l e a s t  a  25% r e d u c t i o n  i n  SOx w i t h  p o s s i b l y  more s i n c e  poor  c o n b u s t i o n  

can  r educe  the .  a b s o r p t i o n  by t h e  a l k a l i n e .  We a r e  p r e s e n t l y  

a n a l y z i n g  t h e  washing soda m i x t u r e  t o  d e l i n e a t e  t h e  problems w i t h  

washing soda .  



TABLE I 

Temp. Temp. c a l c .  f r o m  new e q u a t i o n  O r i g i n a l  Temp. r e s u l t s  
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N O . 4  
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61.. .76. 

66 . , 92 .  

71.. 9 5. 

.76..,99 

' 102 . ,10  
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6.0.4.5. . 

65.,5.3. 
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1.0,0.,68. 

N O .  3 
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1 4 . 9 4  
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29.. 93. 
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4 4 . 9 6  . 
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- 
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NO, 2 

0 . 2 0  

1 4 , 9 2  

1 9  , 9 3  

2 4 . 9 5  

29 . 9 3  

3 4 . 9 7  

39 .. 8 6  

4 4 . 9 4  

5 0,.02. 

5 4 . 8 6 .  

6 0, 01. 

6 5 , E  

7 0 , l S  

7 5 ,  09 

10.0.  1 3  

g l a s s  
+.herma 

O.l0c 

1 5  

2 0 
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3 0 
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4 0 
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5 0 

5 5 

6 0 

6 5 

7 0 

7 5 

1 0 0  

N O .  4 

0 , 1 7  

1 4 . 9 2  
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24..9.? 

2.9 .,. 9.1. 

34  .,. 9.7 

3.9 , .96 

4.5 .,. 01 

.49.,.9 7 

. 54 ,91 .  

59  . 9 8 .  

6 5  ... 0.4 

- 
- 

1.0.0..,23. 

NO 1 

0 . 1 2 ' ~  

1 4 . 8 7  

1 9  . 9 3  

2 . 4 , 9 0  

29 .9. 

3 4 , 9 4  

39,9:1 

4 4 , 9 6  

5 0; 02 

54. .88 

5 9 . 9 8  

6 5 , 1 1  

7 0 , 1 3  

7 5 . 1 5  

1 0 0 ,  2.0 
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TABLE I11 

T e s t  Number 

F u e l  

S t a c k  t e m p  OC 

H20% 

N 2 %  

n2t  
COZ% 

SO2 MGA ppm 

SO2 T h .  ppm 

NO, PPm 
E x c e s s  a i r  % 

T h e r m a l  e f f .  % 

S t a c k  l o s s  
( d r y )  % 

Water s t a c k  
l o s s  % 

T o t a l  s t a c k  
l o s s  % 

S o o t  
l b / 1 0 6  B t u  

3 1 - 3 6  

No.6 o i l  

- 2 3 1 . 2  

7 . 9 3  

7 7 . 4  . 

4 . 7 2  
1 0 . 9  

4 7 1  

4 1 2  

206 

3 1 . 0  

6 9 . 7  

8 . 3 6  

6 . 7 2  

1 5 . 1  

3 1 - 4 0  3 1 - 4 7  

No.6 o i l  N o . 6  o i l  

2 3 1 . 6  2 3 5 . 1  ' 

8 . 0 8  7 . 5 8  

7 7 . 4  7 8 . 2  

4 . 7 3  3 . 6 0  

1 0 . 8  1 1 . 7  

4 7 9  3 5 6  

4 1 5  4 1  2  

3 1 -  5 3  

No.6 o i l  

2 2 2 . 6  

5 . 7 6  

7 9 . 2  

5 . 0 0  

1 1 . 0  

4 1 0  

4 1 0  

2 2 - 6 1  

No.4 o i l  

1 6 0  
- - 

8 2 . 2  

7 . 0 7  

1 0 . 7  
- - 
- - 



TABLE IV 

TVA COARSE COAL 
NO. 6  OIL 

TVA COAL N0.4  OIL 
COARSE FINE FINE WITH 5 0 %  - - 

STOICHIOMETRIC 
WASHING SODA 

TEST # 3 1 - 6 1  31 -  72  3 5 - 1 6  (COW) 3 5 - 2 4  (COW) 3 5 - 2 9  (cow)  
FUEL 3 0 - 7 0  r e / o )  3 0 - 7 0  C / O  4 0 - 4 0 - 1 0  4 0 - 4 0 - 1 0  4 0 - 4 0 - 1 0  

S t a c k  t e m p .  O.C 2 2 7 . 7  2 2 4 . 0  2 0 5 . 8  1 8 2 . 5  1 7 8 . 5  

H,O% 7 . 2 8  6 . 8 2  6 . 5 6  4 . 6 6  6 . 6 6  " 

N 2  % 7 . 7 3  7 7 . 7  7 7 . 6  7 9 . 4  7 7 . 3  

0 2 %  4 . 8 4  4 . 4 2  4 . 6 6  6 . 3 2  6 . 2 1  

C 0 2 %  1 1 . 6  1 1 . 9  1 2 . 1  1 0 . 7  1 0 . 8  

SO2 MGA ppm 7 2 9  7  4  0  8 6 2  5  5  3 4 5 8  

SO2 T h .  ppm 6 7 4  6  8  8  8 6 0  5 4 3  - - 
NOx ppm 2.0 4 1 8 4  11 1 1 5 4  1 1 4  

E x c e s s  a i r  % 3 0 . 2  2 7 . 4  2 8 . 5  4 5 . 1  4 4 . 4  

T h e r m a l  e f f .  % 6 5 . 1  6 3 . 3  6 4 . 5  6 9 . 4  6 6 . 2  

C o m b u s t i o n  e f f .  % 9 8 . 2  9 8 . 0  %9 5  %9 7  - - 
I n l e t   temp.'^ 1 9 . 5  1 7 . 4  1 7 . 9  ' 1 8 . 0  1 8 . 2  

O u t l e t  t e m p .  OC 7 9 . 9  7 3 . 2  6 6 . 2  6 5 . 3  6 3 . 4  

X a t e r  f l o w  l / m  5 . 1 8  5 . 1 7  5 . 2 0  4 . 9 7  4 . 9 3  
S t a c k  l o s s  ( d r y )  % 7 . 8 1  7 . 5 3  1 0 . 1  7 . 7 6  - - 
W a t e r  s t a c k  l o s s  % 6 . 3 3  6 . 3 2  6.52 6 . 6 0  - - 
T o t a l  s t a c k  l o s s  5 1 3 . 1  1 3 . 8  16.6 1 4 . 4  - - 
S o o t  lb / lO" tu  0 . 7 3  0 . 2 5  1 . 3 2  0 . 8 8  - - 
T o t a l  a s h  d e p o s i t s  
l b / 1 0 6  B t u  3 . 0 9  3 . 1 9  7 . 5 4  

T o t a l  a s h  p r e d i c t e d  
l b / 1 0 6  B t u  3 . 1 0  3 . 1 0  5 . 4 9  



APPENDIX A  

SAMPLE SO, CALCULATION 

E x a m p l e  o f  SO2 e x p e c t e d  f o r  3 0 %  e x c e s s  a i r  

C o n t e n t  o f  f u e l  i s :  

- C a r b o n  - 0 . 8 7 8 0  

H y d r o g e n  = 0 . 1 2 0 2  

S u l f u r  - - 0 . 0 0 4 8  

F i n d  r a t i n  o f  a t .nms :  

C a r b o n  - - 9 , 8 7 8 ? / 1 2  = 0 . 0 7 3 1 7  

H y d r o g e n  = ' 0 . 1 2 Q 2 / 1  = 0 . 1 2 0 2  

S u l f u r  - - 0 . 0 0 4 8 / 3 2  = 0 . ' 0 0 0 1 5  

And m o l e  r a t i o :  

C a r b o n  - - 0 . 7 3 1 7 / 0 . 7 3 1 7  = 1 

H y d r o g e n  = 0 . 1 2 0 2 / 0 . 7 3 1 7  = 1 . 6 4 3  

S u l f u r  - - 0 . 0 0 0 1 5 / 0 . 7 3 1 7  = 0 . 0 0 2 0 5  

The equation i s :  
C1H1.6b + ( 1 ' 0 . 3 )  X ( 1 + 1 . 6 4 / 4  + 0 . 0 0 2 0 5 )  a 2  

+ ( 1 + 0 . 3 )  x ( 1 + 1 . 6 4 / 4  + 0 . 0 0 2 0 5 )  x ( 7 9 / 2 1 )  N 2  

+ 0 . 0 0 2 0 5  S  

+ 0 . 5 0 2 0 5  S  

w h e r e  9 . 3  i s  clue t o  3 0 %  excess  a i r .  T h e  t o t a l  n u m b e r  o f  m o l e s  

o f  g a s  i s  t h e n : ,  

m o l e s  o f  g a s  = 1 + 1 . 6 4 / 2  + 0 . 3  x ( 1 + 1 . 6 4 / ' 4  + .  0 . 0 0 2 0 5 )  

+ ( 1 ~ 0 . 3 )  x ( 1 + 1 . 6 4 / 4  + 0 . 0 0 2 0 5 )  x ( 7 9 / 2 1 )  

+ 0 . 0 0 2 0 5  = 9 . 1 5  m o l e s  

SO, e x p e c t e d  i n  p a r t s  p e r  m i l l i o n  i s :  
L 

SO2 i n  ppm = ( 0 . 0 0 2 0 5 /  9 . 1 5 )  x l o 6  = 2 2 4 p p m  



APPENDIX B 
SIEVE-ANALYSIS FOR TVA COAL. FOR TESTS. 3 5 - 2 4  AND 3 5 - 2 9  

Composition o f  c o a l  made f r o m  TVA c o a l  P = p e r c e n t  o f  c o a l  between 
t h e  l i m i t s  s p e c i f i e d :  



APPENDIX C - 
ASH ANALYSIS 

TVA COARSE COAL NO. 6 OIL 

TEST # 
FUEL 

Top Sample (grams) 131.2 
Mg % 0.15 
FC "t n .  99 
Ca% 1.3x10-' 

Inside Sample (grams) 365.3 
Mg% 0.12 
Fe% 5.32 
Ca% 0.08 
Na% 0.59 
K% 2.43 

Outside Sample (grams) 5.1 
Mg % 0.15 
Fe% 3.8 

5.2 x 1 0 -  
3 Ca% 

Na% 0.55 
K% 1.75 

80.6 gr. 
0.14 
4.35 
Minimal 
0.5 
2.11 

286.6 
0.13 
2.6 
Minimal 
0.05 
1.30 



Carbon "c 

Hydrogen % 

Sulfur % 

Ash % 

APPENDIX D 

FUEL ANALYSIS 

TVA Coal # 6  Oil # 4  Oil 
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FOREWORD 

T h i s  r e p o r t  summarizes  t e c h n i c a l  p r o g r e s s  a c c o m p l i s h e d  
d u r i n g  a 10 week p e r i o d  o f  a  one  y e a r  s t u d y  b e i n g  c o n d u c t e d  
f o r  t h e  Depar tment  o f  Energy  u n d e r  C o n t r a c t  No. DE-AC22- 
79PC10328. T h i s  c o n t r a c t  h a s  been  e x t e n d e d  t o  J a n u a r y  31 ,  
1 9 8 0 .  The work p e r i o d  was September  1, 1 9 7 9  t h r o u g h  November 
1 5 ,  1979 and was a c c o m p l i s h e d  under  t h e  d i r e c t i o n  o f  D r .  
J o h n  P .  Dooher ,  P r i n c i p a l  I n v e s t i g a t o r .  Mr. Roy K u r t z r o c k  
i s  t h e  t e c h n i c a l  r e p r e s e n t a t i v e  f o r  D O E .  

Dur ing  t h i s  t e n  week p e r i o d  Dr. Dooher worked f o r  
33% o f  h i s  t i m e  on t h e  p r o j e c t ,  Donald Wri.ght S O % ,  S t e v e n  
J a k a t t  3 3 $ ,  B a r b a r a  G i l m a r t i n  7 5 % ,  G i r o  Carbone 5 0 % ,  T e r e s a  
Xanabrock i  S O % ,  a  g r a d u a t e  a s s i s t a n t  SO%, and a  s t u d e n t  
a s s i s t a n t  5 0 % .  



ABSTFWCT 

T h i s  r e p o r t  r e p r e s e n t s  work a c c o m p l i s h e d  d u r i n g  a  
10 week p e r i o d  o f  t h i s  p r o j e c t  t o  d e m o n s t r a t e :  "COAL 
DESULFURIZATION DURIYG THE COMBUSTION OF COAL/OIL/WATER 
EMULSIONS: AN .ECONOMIC ALTERNATIVE CLEAN LIQUID FUEL". 

The r h e o l o g i c a l  and combus t ion  p r o p e r t i e s  o f  c o a l /  
w a t e r / o i l  m i x t u r e s  have  b e e n  i n v e s t i g a t e d .  I n a d d i t i o n  
t h e  u s e  o f  a l k a l i n e  a d d i t i v e s  t o  remove t h e  s u l f u r  o x i d e  
g a s e s  have  been  s C u d i e d .  R e s u l t s  on s t a b i l i t y  and pump- \ 

a b i l i t y  i n d i c a t e  t h a t  m i x t u r e s  o f  50% by w e i g h t  o f  c o a l  
and s t o ' i c h i o m e t r i c  concent ra . t . i .ons  o f  a l k a l i n e  a b s o r b e n t s  
a r e  pumpable .  I 

C o r r e l a t i o n  be tween v i s c o m e t e r  d a t a  and pumping d a t a  
f o l l o w s  a  p o w e r . l a w  b e h a v i o r  f o r  t h e s e  m i x t u r e s .  Thermal 
e f f i c i e n c i e s  a r e  a b o u t  t h e  same a s  f o r  p u r e  o i l .  Combus- 
t i o n  e f f i c i e n c i e s  a r e  apprsxj.ma.t.el.y 9 7 % .  I t  i s  p o s s i b l e  
t o  remove i n  a  s m a l l  s c a l e  combus t ion  from SO-SO% o f  t h e  
s u l f u r  d i o x i d e  g a s e s .  
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I .  OBJECTIVES 

A) OVERALL OBJECTIVES 

The o v e r a l l  o b j e c t i v e s  o f  t h i s  p r o g r a m - a r e  t o  d e v e l o p  

t h e  u s e  o f  c o a l / o i l / w a t e r  m i x t u r e s  (COW) t o  t h e  p o i n t  where 

s u l f u r  o x i d e s  (SOX) e m i s s i o n s  c a n  be c o n t r o l l e d  i n  a  wide 

r a n g e  o f  a p p l i c a t i o n s ,  s u c h  a s  i n d u s t r i a l  s c a l e  b o i l e r s ,  by 

s i m p l y  a d d i n g  a l k a l i n e  a b s o r b e n t s  t o  t h e  f u e l .  C o n t r o l  o f  

SOX from COW i s  n e c e s s a r y  i f  we a r e  t o  implement  t h i s  v e r y  

p r o m i s i n g  f u e l  a l t e r n a t i v e  t o  o i l .  

Secondary  o b j e c t i v e s  o f  t h i s  program a r e  t o  o b t a i n '  . . 

s u f f i c i e n t  d a t a  o n  a n  a c t u a l  i n d u s t r i a l  s c a l e  b o i l e r .  s y s t e m  

t o  p r o v e  o u t  t h e  t e c h n i c a l  E c a s i b i l i t y , o f  t h i s  p r o c c s s .  

The m a j o r  t h r u s t  i n  t h i s  work i s  t h e  removal  o f  SOX 

from s t a c k  e m i s s i o n s  o f  t h i s  l i q u i d  f u e l . .  

B) TECHNICAL OBJECT'IVES 

The p r o p o s e d  program i s  p l a n n e d  i n t o  Phase  I  and  Phase  

11. Phase  I  . w i l l  e x t e n d  o v e r  a  one  y e a r  p e r i o d .  Phase  I1 

which i s  t h e  second  y e a r  o p t i o n  i s  p l a n n e d  t o  f o l l o w  Phase  I  

and t o  be an  e x t e n s i o n  and d e t a i l e d  v e r i f i ' c a t i o n  o f  t h e  Phase  

I  program. 

PHASE I 

1. Determine  optimuni economic f u e l  c o m p o s i t i o n  i n  t e r m s  

o f  c o a l / o i l / w a t e r  and a l k a l i n e  a b s o r b e n t s  f o r  t h e  most  e f f i c i e n t  

removal  o f  s u i f u r  o x i d e s  d u r i n g  t h e  combus t ion  o f  c o a l / o i l / w a t e r  
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m i x t u r e s  i n  i n d u s t r i a l  s c a l e  b o i l e r s .  

2 .  De te rmine  e f f e c t  o f  SOX a b s o r b e n t s  on  b o i l e r  t h e r m a l  

e f f i c i e n c y .  

RESEARCH TO BE PERFOFWED BY CONTRACTOR 

( a )  The s c o p e  o f  work u n d e r  t h i s  c o n t r a c t  i s  u n c l a s s i f i e d  
and s h a l l  c o n s i s t  o f  d e v e l o p i n g  t h e  u s e  o f  c o a l / o i l /  
w a t e r  m i x t u r e s  (COW) t o  t h e  p o l n t  where  s u l f u r  o x i d e s  
(SO 1 e m i s s i o n s  c a n  b e  c o n t r o l l e d  i n  a wide r a n g e  o f  
a p p f i c a t i o n s .  Under Phase  I o f  t h e  program ( l a s t i n g  
one  y e a r )  t h e  C o n t r a c t o r  w i l l  d e t e r m i n e  optimum 
economic f u e l  c o m p o s i t i o n  i n  t e r m s  o f  c o n l / o i l / w a t e r  
and  a l k a l i n e  a b s o r b e n t s  f a r  t h e  most e f  f j  c i  ent.  r e m n v a l  
o f  s u l f u r  o x i d e s  d u r i n g  t h e  combus t ion  o f  c o a l / o i l /  
w a t e r  m i x t u r e s  i n  i n d u s t r i a l  s c a l e  b o i l e r s .  A l s o ,  t h e  
C o n t r a c t o r  w i l l  d e t e r m i n e  t h e  e f f e c t  o f  SOX a b s o r b e n t s  
on  b o i l e r  t h e r m a l  e f f i c i e n c y .  

The e f f o r t ' u n d e r  Phase  I i s  composed o f  t h e  f o l l o w i n g  
t a s k s  : 

TASK 1. Equipment  o r d e r  and s e t  up :  The ma jo r  a r e a s  
o f  equipment needed f o r  d a t a  c o l l e c t i o n  and 
a n a l y s i s  w i l l  be o r d e r e d  and  i n t e g r a t e d .  

TASK 2 .  B o i l e r ,  c o a l  f e e d ,  and bag house  o r d e r  and 
i n s t a l l a t i o n s :  .The l a r g e  b o i l e r ,  c o a l  Iced 
s y s t e m  and bag house  s y s t e m  needed  f o r  t h i s  
work w i l l  be  o r d e r e d  and i n s t a l l e d .  

TASK 3 .  R h e o l o g i c a l  A n a l y s i s  : V a r i o u s  e m u l s i o n  
compos i t iv r l s  w i t h  added a l k a l i  a b s o r b e n t s  
w i l l  be t e s t e d  f o r  f l o w  p r o p e r t i e s  and  
s t z b i l i t y .  

T.GK 4 .  P a r a m e t r i c  s t u d i e s  o f  s u l f u r  o x i d e s  removal  
on l a b o r a t o r y  b o i l e r :  Smal l  s c a l e  l a b o r a t o r y  
s t u d i e s  w i l l  be done t o  e v a l u a t e  SOX removal  - - 
f o r  v a r i o u s  e m u l s i o n s .  

TASK 5 .  O~t i rnum s u l f u r  o x i d e s  r emova l .  f i x e d  e m u l s i o n  
c o m p o s i t i o n ,  v a r i a b l e  a l k a l i  a b s o r b e n t :  One 
c o n c e n t r a t i o n  o f  e m u l s i o n  w i t h  f o u r  a l k a l i  
a b s o r b e n t s  w i l l  be  . t e s t e d  f o r  SOX removal  on 
t h e  l a r g e  b o i l e r .  

T-ASK 6 .  0pti.mum s u l f u r  o x i d e s  removal  f o r  c o a l / o i l  
s l u r r y ,  v a r i a b l e  a l k a l i  a b s o r b e n t s :  Three  
a l k a l i  a b s o r b e n t s  w i l l  b e - t e s t e d  f o r  SOy 

i \ 

removal  i n  a  c o a l / # 4 . o i l  s l u r r y .  



TASK 7. Optimization of sulfur oxides removal 
efficiency with emulsion composition: The 
composition of coal/oil/water emulsion that 
will give the optimum sulfur removal efficiency 
will be determined. This will be done for two 
alkali absorbents, i.e., soda ash and limestone. 

(b) The scope of work shall include such other studies, 
investigations and services as may be mutually agreed 
upon. 

(c) The Principa.1 Investigator expects to devo.te the following 
approximate amount(s) of time to the contract work: 

33% or 4 month or calendar year 

I I I. PROGRESS SUMMARY - - .  

TASK 2. The boiler is in the process of being 
instrumented to give thermal efficiency 
and complete stack gas analysis. 

TASK .. .-- 3. The addition of SOX removal additives are 
found to have a tremendous effect on the . 

flow properties of COW. 

TASK 4. ~ombustidn'efficiencies for COW are found 
to be approximately 97%. It is possible to 
remove in a small scale combustion form.50- 
80% of the sulfur dioxide gases. 

TASK 5, 6, 7. 

Expected to start befo.re the end of November 

IV. PROGRESS DETAILS 

TASK 2. BOILER, COAL FEED AND BAGHOUSE 

The test program on a Cleaver Brooks 350 hp fire tube boiler 

will demonstrate the technical feasibility of the fuel additkve 

approach to controlling SOX emissions from COW combustion. 

To determine the effect of sulfur removal on the thermal 

efficiency the following procedure will be carried out. Fuel will 

be prepared with a Funken Mixer. Coal will be fed into the mixer 



from the coal storage tank. Oil flow will be measured with 

a Niagara positive displacement meter water or water-additive 

mixtures will be ineasured with turbine meters going into the 

mixer. The fuel flow to the boiler will be measured with a 

Micro Jlotion Coriolis flow meter. 

The boiler is in the process of being instrumented to give 

the thermal efficiency and complete stack gas analysis. In order 

to get accuracy of ? 1% i n t h e  thermal efficiency all important 

measurement will be done in duplicate. There are two platinum 

RTD's in both the inlet and outlet. w a t e r .  Two calibrated flow 

meters, a turbine meter and an. orifice plate, will be used to 

measure the feedwater flow rate. Gas analysis will be done with 

the Perkin-Elmer Multiple Gas Analyzer for 02, N2, H20, Ar, COZ, 

and SO A Hewlet Packard G.C. will be used for total hydrocarbons. 2 ' 

Particulate measurements will be made with a RAC Stack Sampler. 

The target of the work is to optimize the removal of SOx 

during actual operation of an industrial boiler-furnace without 

impairing thermal efficiency. The composition of COW emulsion 

that will give the best sulfur removal efficiency will be 

determined. This will be done for various alkali absorbents, 

such as, soda ash, limestone and potassium hydroxide. The effect 

of boiler load on sulfur removal efficiency will be determined 

by varying the load capacity from 50% to 100%. A11 tests will be 

for a duration of 4-6 hours. After the optimum emulsion composi- 

tion, molar ratio of alkali absorbents and boiler load are 

determined, combustion tests of longer duration (48-72 hours) will 

be performed in order to verify these optimum conditions. 



TASK 3. RHEOLOGICAL ANALYSIS 

Rheological Effects of SO x Removal Additives 

For this series of rheological and combustion tests 

(TASK 4 . ) ,  a 3.86% sulfur coal supplied to us by the TVA and 

ground to 74% less than 200 mesh and 52% less than 325 mesh (45 

microns) and a heavy I 4  oil (26 cp at 25'~) were used. The 

water and oil were emulsified ultrasonically and the coal stirred 

in. The samples were allowed to sit in a constant temperature 

bath until they reached 25.0'~. 

Soda ash (Na2C03), potassium hydroxide (KOH) , and 

different sizes of commercial grade limestone (CaC03) were added 

to various compositions of coal/oil/watk- emulsions to determine 

the effect of these sulfur ze111u-val additives on viscosity and 

pumpability. A ribbed rotor and stator were used in the Rotovisco 

toprevent sample slippage. Table I presents the viscosity of 

emulsions at 100 seconds-' without any additives. Table 11 is the 

viscosity of emulsions with water soluble additives and Table I11 

is the viscosity of emulsions with insol.uhle additives mixed in with 

coal. The amount of additive was calculated to be 100% 

stoichiometric based on the sulfur content of the coal. A definite 

physical separation occurred in the emulsions which "broke" 

the Rotovisco. 
- 

From these tables it can be seen that the addition of 

SO, removal additives has a tremendous effect on flow properties of 

COW. Past experience has shown that emulsions which separate under 

shear stress in the Rotovisco also separate and clog pumps, pipes 

and nozzles. Tests were previously conducted using the same coal 



i n  a  c o a r s e r  g r i n d ,  509 t h r o u g h  ? 0 0 ' m e s h ,  a n d  a  l i g h t e r  +4 o i l .  

I n  t h i s  c a s e  no e m u l s i o n s  w e r e  s t a b l e  u n d e r  s h e a r  when p r e p a r e d  

w i t h  l i m e s t o n e .  

B .  P e n d u l u m ' S e t t l i n q  S t u d i e s  

..4CES u s e s  a  p h y s i c a l  pendu lum s e t t l i n g  d e v i c e  t o  d e t e . r m i n e  

s h i f t s  i n  t h e  c e n t e r  o f  mass  upon s t a n d i n g  f o r  CO>I and C017. I n  

o r d e r  t o  g a i n  a n ' i n s i g h t  i n t o  w h a t  t h e s e  s h i f t s  a c t u a l l y  mean i n  

terms o f  s t o r a g e  r e q u i r e m e n t s ,  a  l a r g e  s e t t l i n g  co lumn h a s  b e e n  

c o n s t r u c t e d  f r o m  w h i c h  s a m p l e s  c a n  b e  w i t h d r a w n .  

I t  was f o u n d  t h a t  v i s c o s i t y  i s  v e r y  s e n s i s t i v e  t o  c h a n g e s  

i n  c o a l  c o n c e n t r a t i o n  i n  c o a l / o i l  s l u r r i e s ,  s o  i t  i s  a good i n d i c a t o r  

o f  t h e  amount  o f  s e t t l i n g .  F o r  t h i s  t e s t ,  a  5 0 %  c o a l  i n  he.avy # 3  

o i l  s l u r r y  was p r e p a r e d  a n d  p l a c e d  i n  t h e  s e t t l i n g  c o l u m n ,  R o t o v i s c o ,  

a n d  t h e  pendu lum t u b e .  D a t a  was t a k e n  i m m e d i a t e l y  upon  p r e p a r a t i o n ,  

a f t e r  o n e  h o u r ,  two h o u r s ,  4 . 7 5  h.oi.!rs a n d  o n e  d a y .  A f t e r  o n e  c lay,  

t h e  s l u r r y  was d i f f i c u l t  t o  remove  f r n m  t h +  c o l u m n ,  a n d  broicc 3.e. . .  

h i g h  s h e a r  r a t e s  i n  t h e  R o t o v i s c o .  I n  F i g u r e  1 ,  t h e  p e r c e n t a g e  

s h i f t  i n  v i s c o s i t y  a t  6 6  s e c o n d s  - 1  1 s  . p l o t t e d  a ~ a i n s t  t h e  ~ e r -  

c e n t a g e  s h i f t  o f  t h e  c e n t e r  o f  m a s s .  I n  o n e  d a y  t h e  v i s c ~ s i t v  

w e n t  f r o m  550 c p  t o  5700 c? w h i l e  t h e  c e n t e r  o f  n a s s  s h i f t e d  

0 . 2 4  c m o u t  o f  a  t o t a l  l e n g t h  o f  1 7  cm. T e s t . s  a r e  l s r e s e n t l y  

b e i n g  c o n d u c t e d  on  a  s l o w e r  s e t t l i n g  s l u r r y  s o  t h a t  d a t a  c a n  b e  

c o l l e c t e d  o v e r  a  l o n g e r  p e r i o d  o f  t i m e .  

TASK 1. ?:4RI~IETRIC STUDIES OF SOy REIIOVAL OX LABORATORY 
BOILER 

4 .  I n s t r u m e n t a t i o n s  

Our l a b o r a t o r y  b o i l e r  i s  i n s t r u i n e n t e d  w i t h  p l a t i n u m  



r e s i s t a n c e  t h e r m o m e t e r s ,  t h ~ e r m o c o u p l e s ,  f l o w  m e t e r s  and g a s  

a n a l y s i s  equ ipmen t .  We have u p d a t e d  t h e  i n s t r u m e n t a t i o n  o f  o u r  

l a b o r a t o r y  b o i l e r  by i n t e r f a c i n g  o u r  Wang c a l c u a l a t o r  w i t h  t h e  

MGA 1200 Mul t - ip le  Gas A n a l y z e r  f rom P e r k i n - ~ l m e r .  The o u t p u t  

v o l t a g e s  from t h e  MGA a r e  f e d  i n t o  t h e  Wang. The c o n c e n t r a t i o n s  

o f  H20, N 2 ,  0 2 ,  A r ,  C02 and SO2 a r e  p r i n t e d  a p p r o x i m a t e l y  e v e r y  

m i n u t e .  These  v a l u e s  a r e  ave raged  and  p r i n t e d  a f t e r  e v e r y  f u e l  

l o a d .  The p e r c e n t  o f  e x c e s s  a i r  i s  t h e n  c a l c u l a t e d  by t h e  Wang 

u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

L 

Excess  a i r  ( % )  = l O O X  
2 1  N 2  - o 2  - 
7 9  

B .  Combustion E f f i c i e n c y  C a l c u l a t i o n  

The combus t ion  e f f i c i e n c y  i s  d e t e r m i n e d  u s i n g  t h e  p e r c e n t  

o f  unburned  c a r b o n  i n  t h e  a s h ,  b o t h  t h a t  which was d e p o s i t e d  i n  

t h e  f u r n a c e  and  t h e  amount which e m i t t e d  a s  f l y  a s h ,  and t h e  

pe . r cen t  c a r b o n  i n  t h e  f u e l .  The a s s u m p t i o n  i s  made, t h a t  b e c a u s e  

o f  t h e  e x c e s s  a i r  l e v e l s  u s e d ,  t h e  c o n c e n t r a t i o n s  o f  c a r b o n  

monoxide and  h y d r o c a r b o n s  i n  t h e  s t a c k  g a s  a r e  n e g l i g i b l e .  

Combusiton e f f i c i e n c i e s  a r e  found t o  be  a p p r o x i m a t e l y  9 7 %  f o r  

t h e . v a r i o u s  m i x t u r e s  o f  COW.  ,Combus t ion  e f f i c i e n c i e s  f o r  v a r i o u s  

t e s t s  a r e  l i s t e d  i n  T a b l e  I V .  

C .  Thermal E f f i c i e n c y  C a l c u l a t i o n  

B e f o r e  e a c h  t e s t  t h e  h e a t  c o n t e n t  o f  t h e  f u e l  i s  e n t e r e d  

i n t o  t h e  Wang C a l c u l a t o r .  The w e i g h t  o f  t h e  f u e l  i s  e n t e r e d  



m a n u a l l y  a f t e r  e v e r y  f u e l  l o a d  b u r n .  Thermal  e f f i c i e n c y  i s  

d e t e r m i n e d  i n  two ways.  The f i r s t  i s  c a l c u l a t e d  by u s i n g  t h e  

s p e c i f i c  h e a t  o f  w a t e r ,  t h e  t e m p e r a t u r e  d i f f e r e n c e  o f  t h e  i n l e t  

and o u t l e t  w a t e r ,  and  t h e  r a t e  o f  w a t e r  f l o w .  The t h e r m a l  

e f f i c i e n c y  i s  t h e n  computed a s :  

Thermal e f f .  = Sw W f  A T / H ~  Af (2 )  

where  Sw = s p e c i f i c  h e a t  o f  w a t e r  

Wf  = t o t a l  w a t e r  f l o w  

Hf = h e a t  c o n t e n t  o f  t h e  f u e l  

Af  = w e i g h t  o f  a  b a t c h  o f  f u e l  

and  

AT = Tout - Tin ( 3 )  

where  = a v e r a g e  o u t l e t  t e m p e r a t u r e  o v e r  t h e  
Tout  f u e l  l o a d  

T i n  = a v e r a g e  i n l e t  t e m p e r a t u r e  o v e r  t h e  
f u e l  l o a d  

In  t h e  secvrld method,  t h e  e n e r g y  s t o r e d  i n  t h e  h e a t  e x -  

c h a n g e r  i s  added t o  t h e  AT - w a t e r  f l o w  p r o d u c t .  T h i s  s t o r e d  

e n e r g y  i s  c a l c u l a t e d  by ass.uming a  l i n e a r  t e m p e r a t u r e  g r a d i e n t  

i n  t h e  h e a t  e x c h a n g e r .  Once t h e  two r e s u l t s  a r e  a p p r o x i m a t e l y  ' 

e q u a l  ( f  I % ) ,  t h e  s y s t e m  i s  c o n s i d e r e d  t o  be i n  t h e r m a l  

e q u i l i b r i u m  and t h e  e f f i c i e n c y  c a l c u l a t e d  by E q u a t i o n  2 i s  used 

i n  t h e  a v e r a g e  t h e r m a l  e f f i c i e n c y .  

SO Removal -x 

The r e s u l t s  p r e s e n t e d i n  T a b l e  IV show SO2 removal  i n  a  

l a b o r a t o r y  s c a l e  b o i l e r ;  The s i e v e  d i s t r i b u t i o n ,  s u l f u r  c o n t e n t  

o f  t h e  c o a l ,  and  p e r c e n t  s t o i c h i o m e t r i c  o f  SO2 removal  a d d i t i v e s  

a r e  t h e  same a s  t h a t  f o r  t h e  r h e o l o g i c a l  t e s t s  i n  TASK 3 ,  w i t h  
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t h e  e x c e p t i o n  o f  t e s t  n o .  4 .  For  t e s t  n o .  4  a  lower  s u l f u r  c o a l  

( 2 . 1 5 % )  was u s e d  and  t h e  s i z e  d i s t r i b u t i o n  was a  s t a n d a r d  

i n d u s t r i a l  g r i n d .  

T e s t  no .  1 and 2 a r e  w i t h  f 4  o i l .  The p u r p o s e  o f  p r e s e n t -  

i n g  #4 o i l  t e s t s  i s  t w o f o l d :  ( i )  To o b t a i n  b a s e l i n e  d a t a  on 

t h e r m a l  and combus t ion  e f f i c i e n c y  and  ( i i )  t o  check  o u t  t h e  M G A .  

I t  i s  i m p o r t a n t  t o  check  SO2 measured  by t h e  M G A ,  SO2 M G A ,  a g a i n s t  

t h e o r e t i c a l  SO2 c a l c u l a t e d ,  SO2 TH,  s i n c e  P e r k i n - E l m e r  d o e s  n o t  

g u a r a n t e e  t h e  s y s t e m  below 500 ppm SO2, a l t h o u g h  good r e s u l t s  

have  been  s e e n  i n  t h e  lower  r a n g e s  a t  PETC. B e f o r e  t h e  MGA i s  

u s e d ,  i t  i s  c a l i b r a t e d  w i t h  s t a n d a r d  c a l i b r a t i o n  g a s e s  i n  t h e  

r a n g e  o f  i n t e r e s t .  A l l  c a l i b r a t i o n s  i n d i c a t e  t h a t  t h e  MGA c a n  

a c c u r a t e l y  measure  SO2 w e l l  below 500 ppm. For  t e s t s  n o . 1  and  

2 we s e e  t h a t  SO2 MGA i s  c l o s e  t o  t h e  e x p e c t e d  SO2 TH 

T e s t  n o .  3  i s  a  40 -40-10  COW m i x t u r e  (40 gms TVA c o a l ,  - 
40 gms #4  o i l  and 10 gms w a t e r ) .  For  t e s t  n o .  3 t h e r e  were no 

a d d i t i v e s  f o r  t h e  removal  o f  SO,. The i m p o r t a n c e  o f  t h i s  t e s t  

i s  t h a t  one  c a n  compare i t  a g a i n s t  t e s t s  w i t h  SO, a b s o r b e n t s ,  

and  check  f o r  a  s u l f u r  ba lance . .  

T e s t  n o .  4  i s  a  49-40-10  mixtu-re o f  COW w i t h  Na2COj For  

t e s t  no .  4  SO2 was c a l c u l a t e d  t o  be  481 ppm and t h e  SO2 measured  

by t h e  MGA was 239 ppm, c o r r e s p o n d i n g  t o  a  5 0 %  r e d u c t i o n  i n  SO2. 

For  t e s t  n o .  5 ,  40 -10-15  COW w i t h  Na2COj, t h e  SO2 r e d u c t i o n  was 

5 5 % .  

T e s t  n o .  6 and 7  a r e  a  40 -40-5  and a  40 -44-5  m i x t u r e ,  e a c h  

w i t h  K O H .  T e s t  no G'shows a  8 4 %  r e d u c t i o n  i n  SO and t e s t  n o .  7 2 

shows a  7 2 %  r e d u c t i o n .  



The l a s t  t e s t ,  n o .  8 i s  a  4 0 - 4 0 - 5  m i x t u r e  w i t h  CaCa3. The 

SO2 r e d u c t i o n  f o r  t h i s  t e s t  was found t o  be  3 9 % .  
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(' 3 % )  



VISCOSITY OF EMULSIONS WTTI-I WATER SOL-JBLE ADDI'TIVES 

g ra~ l l s  
c o a l  

grams 
o i l  

grams 
w a t e r  

grams v l o o  
addi. t i v e s  c e n t i p o i s e  

( ?  32) 

socla a s h  ik 

5 . l g  
somila a s h  

b r o k e  I 

- 1 +' 
295 s e c .  N 

I 

5 .  l g .  
s o d a  a s h  

5 .4g  1092  
p o t a s s i u m  
11ydr3xide 

5 .  l g  11.11 
p o t a s s i u m  
h y d r o x i d e  

5 . 4 g  b r o k -  
p o t a s s i u n l  377 s e c  
h y d r o x i d e  

5.4g b r o k s  
p o t a s s i u l n  328 s e c  
h y d r o x i d e  

* 5 . 1  grams o f  MaZCO3 c a n n o t  3 e  d i s s o l v e d  i n  5 o r  1 0  grams o f  w a t e r .  



V I S C O S I T Y  O F  E M U L S I O N S  WITH I N S O L U B L E  A D D I T I V E S  - M I X E D  IN WITH COAL 

grams  
c o a l  

g r a m s  
o i l  

g rams  
w a t e r  

g rams  r l l o o  
a d d i t i v e s  c e n t i p o i s e  

(+  3 % )  

4 . 8 g  1 3 5 6  
l imes t o n e  
p<4.5p 

4 . 8 g  
limes t o n e  
v451.1 

4 . .  8g 
1 inles t o n e  
~'451.1 

b r o k e  
361  s e c  

4 . 8 g  
l i m e s  t o n e  
p <  4 51.1 

u n s t a b l e  
e m u l s i o n  

4 . 8 g  
l i m e s  t o n e  
v531.1 

4 . 8 g  
1 i ~ n e s  t o n e  
1' ' 5  3  11 

b r o k e  
505 sec 

4 . 8 g  
l i m e s  t o n e  
~ < 5 3 ~  

b r o k e  
659  s e c  

4.81: 
l i n l e s  t o n e  
pC531.1 

b r o k e  - I  
230 sec  



grarns 
c o a l  

g r a ~ I I  5 

o i l . .  

4 0 

TABLE I11 

(Con t inued)  

grams 
w a t e r  

grams 
a d d i t i v e s  

4.3g 
l i n ~ e s  t o n e  
pc751.1 

4.Bg 
l i m e s  t o n e  
1?' 7 5 \J 

4 . 8 g  
l i n l e s  t o n e  
~'751.1 

4 . 8 g  
l i m e s t o n e  
v751.1 

r l l 0 0  

c e n t i p o i s e  
(+  3 % )  

b r o k ~  
581 s e c  

u n s t a b l e  
e inuls ion  

u n s t a b l e  
e a ~ u l s  i o n  



TABLE I V  

TEST RESULTS ON LABORATORY B O I L E R  

T e s t  No. 1 2  3 4  5 

F u e l  f f 4  o i l  f t4 o i l  4 0 - 4 0 - 1 0  4 0 - 4 0 - 1 0  4 0 - 4 0 - 1 5  

A d d i t i v e  - - - - - -  - - - - - -  - - - - - - - -  Na2C03 Na2C03 

Co~nbus  t i .on 
e f f i c i e n c y  % 9 9 . 5  9 9 . 7  9 4 . 2  9 7 . 8  9 8 . 4  

Thermal. 
e f f i c i e n c y  % 6 6 . 8  6 7 . 6  6 1 . 9  6 1 . 9  6 8 . 3  

% Ileduc t i o n  
i n  SO2 - - - -  - - - -  - - - - -  
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