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ABSTRACT 
~ •• ,.< •• . . \ 

Three gasifier coal ashes were used as reactant/sorbents 

in batch fluidized-beds to remove hydrogen sulfide from hot, 

made-up fuel gases. It is predominantly the iron oxide in the 

ash that reacts with and removes the hydrogen. sulfide; the 

sulfur reappears in ferrous sulfide. Sulfided ashes were 

regenerated by hot, fluidizing streams of oxygen in air; the 

sulfur is recovered as sulfur dioxide, exclusively. 

Ash sorption efficiency and sulfur capacity increase and 

stablize after several cycies of use. These two parameters 

vary directiy with the iron oxide coritent of the ash artd process 

temperature, but are independent of particle size in the range 

0.01 - 0.02 em .. A western Kentucky No. 9 ash containing 22 

weight percent iron as iron oxide sorbed 4.3 weight percent 

sulfur at 1200°F with an ash sorption efficiency of 0.83 at 

ten percent breakthrough. 

A glob~l, fluidized-bed, reaction rate model wa$ fitted 

to the data and it was conciuded that chemical kinetics is the 

controlling mechanism with a predicted activation energy of 

19,600 BTU/lb mol. 

Iron oxide reduction and the water-gas-shift reaction were 

two side reactions that occurred·du~ing desulfurization. 

The regeneration reaction occurred very rapidly in the 
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fluid-bed regime, and it is suspected that mass transfer is 

the controlling phenomenon. 
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SID-IMARY 

This research program h~s focused upon determining the. 
I 

I . • 
operating characteristic~ and the technical feasibility·~~ 

' ... 

two high temperature, coal-derived fuel gas 9esulfurizfltiot1. 

proces$es that both use gasifier coal ash as chemisorbent~. 

The first phase of the project dealt with a fixed..ibed- :. . . ~ . 
. . . 

process that uses tanden react:or;:; for desulfurizat5f·a11, -4nd · 

regenerat:ion u[ the sulfided ash. Durin~ t:egenera.tio~·,. ·lar~t?. 

exothermic heats can elevate the temperatu~e of fixed-peq~ . 

to unacceptaple levels unless dilute streams of oxygeP. a,r~.· . . . .. 
used. The sulfur is recovered as a mixture of sulfur.dio~ide 

and element~l sulfur. 

This report, "Hot Gas Desulfurization, Vol. 2: U~e ot' 

Gasifier Ash in a Fluid-Bed Process" documents the secoh.Ci. 

phase of this project conducted under the U.S. DOE Contract 

DE-ASOS-76ET05076 (fo·~:merly EY-76-SOS-5076). The Univ~r'si~y 

of Kentucky's Institute for Mining and Minerals Rese~fCP. . 

contributed financially and technically to thi~ project a,lso. 

The fl,.uid-bed proce~s also uses tand~;m reac~ors; hpwev~r, 

these are operated, exchanging regenerated and sulfiqe ~sh, 

in a continuo'us fashion. The ash beds are no deeper t:han 

necessary to bring about the desired gas sulfide remov~i within 

the contraints o~ acceptable heat removal and solids ~xchange. 

During regeneration in t:he fluid-bed mode, the problem of . 

temperature is not. severe; however, the sulfur is recovered 

xii 
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exclusively as sulfur dioxide at a concentration suitable for 

sulfuric acid manufacture or' direct reduction to sulfur. 

;,,. . 
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CHAPTER 1 

INTRODUCTION 

Coal has emerged as. a major energy source for the 

future as a result of the energy crisis ·brought ahout by '· · 

an acute shortage of crude·oil. Major efforts are cur-

.. _rently urtderway to produce liquid and· gaseous fuels from·<· 

. ·coal; however, the sulfur contained in coal presents a 

·$.erious technological challenge in view. of today:' s strin-

gent environmental regulations on sulfur emissions. 

The. production of synthes~s g~s and low-BT!J f~el 

gas for power generatioq both require. a substantia~ re­

~oval of the sulfur prese~t in coal. Synthesis gas hydro~ 

genation c~talysts are particularly susceptible to poi­

soning by sulfur, and for this reason the total sulfur 

content of this gas should not exceed 0.1 grain per 100 

cubic feet (Sand and Sc~idt (1950))~ The bulk of U.S. 

coals belong to the high sulfur class with up to 5% total 

sulfur present (Meyers (1977)). To consider an example 

of the magnitude of the sulfur emission problem at this 

high sulfur level for a plap.t producing about 400 million 

cubic feet of gas per day, the splfur to be removed 

would amount to about 200 tons per day. 

Two ways in which coal can be used to generate 

power. a.re (1) direct combustion and ( 2) gasification 

1 

t . ~' 



2 

prior to combustion. Following direct combustion, flue 

gases must be treated to remove sulfur dioxide. One 

drawback to this is that enormous quantities of gas must 

be treated, because of dilution by air in the combustion 

step. The removal of sulfur from such dilute streams is 

economic~lly prohibitive. The high cost of sulfur re­

moval assqciated with, the direct combustion process has 

le~ to re~ent :investigations on more effici~nt and less 

expensive overall power generation processes. GaRi.fi-
.' 

cation of coal prior to combustion offers one such alte~­

native; ~urrently, gasification and gas cleaning are being 

considered jointly. One of the techniques under inves~ 

tigation is the gasification of coal to produce low-Btu 

gas which can be utilized in. combined-cycle power pla.nts: 

Such a gas has a nominal heating value·of about 100-175 
' 

BTU/SCF. At gasifier exit conditions it contains. about 

10-20% more energy in the form of sensibl~ heat; a gas 

turbine system in the combined-cycle power plant can 

transform a portion of this energy into electricity. A . 

conceptual combined-cycle plant is shown in Fte1.1re. ·1. 1. : 

The sulfur compounds and alkali-metal compounds can cause 

severe corrosion of the gas ~urbine blades and therefore 

must b·e removed from the fuel gas stream. 

During gasification, sulfur in coal is transformed 
I 

to hyd~o~en sulfide, carbohyl sulfide, ~arbondisulfidei 
I 

etc. with H2s beirig the predominant species. ·These sul-

,· \:~ 

\ 
\· 
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with hot-gas: cleanup .(Stone & Webster (1974)":). 
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fur ·.gases a1ong with the low-BTU gas leave the gasifier 

at a temper.ature of ·over 1500°F. The traditional HjS re~ ~ 

moval· processes operafe below 2'S0°F necessitating ·the 

cc:>oiing; of:' the fuel· gas. The removal of H2S from' the 

coal gas: at. gasifier .exit temperature and pressure·· re-· 

sul ts in ·:an·. improved thermal efficiency of the combined- ·. · 

cycle plant.· Comparisons between high and low temperature· 

sulfur reinova·l processes in combined-cycle power· systems>~ . 

have revealed that hot processes promise a typ·ical· in- · · ·. 

crement in thermal efficiency of about· 4% ;. this increased 

efficiency will save about 20 tons/hr. of coal at 1000 MW 

capacity ·(Zabolotny (1976)). Capital requirements of 

the hot and cold processes have been estimated to be equal. 

The f.;:-.asi.bili.ty of recovering sulfur as a by-
; 

product of gas cleaning operations is andther important 
\ 

advantage of precombustion gas cleanup. ·sulfur is a very 

important industrial raw material. As the naturally oc­

curing elemental sulfur deposits become depleted, in the 

future, sulfur recovered from process streams such as 

fuel gases should become a very attractive by-product. 

While gasification technology has developed to the 

commercial ·scale, high-temperature desulfurization tech-

nology has lagged behind. This dissertation represents 

an effort to contribute to this urgently needed technology. 

In the present investigation, kinetic studies are 

performed on the process of high-temperature hydrogen 
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sulfide removal from low-BTU producer gas stz:eams .using · · .: 

gasi,fier· bottom ash as a sulfur acceptor. The.· :$tudies · .· .. 

are conducted in a la~oratory-scale fluidized.,-:bed" .. · The ·"-·'· 

specific o_bj e~tive is ~o elucidate the. effects of1 the : . .- .. :..-··. 

various- prpcess parameters on the desul.f1,1riza.~·ion: process.· 

and represent the data in the form of a global· re.ac·tion· -. 

r;ate mod_e,l which co.uld be directly used in a proc.ess de-· 

sign network. The scope of the research project·: ·is pre-

s~nte,d in. Chapter IA. :"' · 

. ,• 

' " ' . 



CHAPTER 1A 

SCOPE OF RESEARCH 

In this study, the reaction between ·coal ashes and 

a hot simulated low-BTU gas containing H2s are conducted 

in a fluidized bed reactor. Three coal ashes, nam_e.ly, 

(1) Western Kentucky #9, (2) Montana Rosebud and, (3) 

Elkhorn #3 are studied. The HzS absorbing capacity and 

sorption efficien~y are measured .. 

The Western Kentucky ash is investigated for the 
., 

following range of experimental conditions. 

Temp4arature 

Mean particle size 

Superficial linear 
velocity of fluid 

Ratio of actual to 
minimum fl~idizing 
velocity. u/umf 

Inlet ~2s concentration 

900 - 1400°F 

0.01065-0.01935 em 

312 - 607 em/min 

~.92 - 4.01 

1.0, 1.25, 1.4 vol. 4 

The effect of the proce~s variables on the capacity and 

efficiency are·analyzed. The findings ar~ incorporated 

into a global reaction rate model which expresses the 

global rate as ~ function of important p~ocess variables. 

The regimes of control are examined. The effect of the num­

ber of CY:~les (frequency of regeneration) on desulfurization 

6 
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behavior is also studied. Elkhorn #3 and Montana Rosebud 

ashes are studied for the following experimental condi-

tions. 

Temperature 

. ~,·Mean .. particle size 

Superficial linear 
velocity 

u/umf 

Inlet HzS concentration 

1000°F 

0.01935 em 

410 em/min 

2.12 

1.0 vol. % 

Sorption capacities and efficiencies are evaluated for 

these two ashes. 
. . 

Regeneration reaction is examined at oxygen con-

centrations of 3-5%. The secondary reactions of water-gas 

shift, COS formation etc. are also co~sidered. 

A computer program is developed using the pre-

dictive rate equation to predict the steady-state material 

and energy balances for a coupled, fluid-bed desulfuriza-

tion-regeneration reactor system. 



CHAPTER 2 

A LITERATURE REVIEW OF HIGH-TEMPERATURE 
HYDROGEN SULFIDE REMOVAL PROCESSES 

USING IRON OXIDE BASED SORBENTS 

2.1 General Discussion 

A high percentage of the sulfur present in coal is 

transformed to hydrogen sulfide during gasification. De­

pending on the nature of this raw material and the· gasifi­

cation process, coal gas typically contains about 0.3 to 

1.5% of H2S; also present is organic sulfur (up to 20-50 

· grains/100 SCF) in the form of carbon disulfide, thiophene, 

mercaptans and c·atbonyl sulfide (Bhatia ( 1971)) • The com­

posi,~ion of low-BTU gas is variable depending on the parti­

cular gasifier. A typical product gas stream frorii ari air­

blown fluid-bed gas producer ought to have composition . ' 

similar to that listed in Table 2~1. Due to their rela~ 

tively higher concentrations, H2S ~nd COS are the only 

sulfur bearing g~ses that war~ant concern in m~eting environ­

mental regulations and gas turbi,ne corrosion guidel.ines. 

Many of the hot gas treatm~nt systems currently under de-

velopment do not remove ammonia or hydrogen cyanide (;Mor­

.rison (1979)). If this results in NOx emissions in excess· 

of the EPA standarrl of 0.7 lb/106 BTU for coal-fired power 

plants; separate NOx treatment steps should be included. 

8 
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Table 2-1 

TYPICAL LOW-BTU GAS COMPOSITION 

component 
co 
c;o2 
H2 
H2S 

N2 
CH 4 
cs2 
cos 
c4H4s (thiophene) 

mercaptans. 
NH3 
HCN 

concentrat.ion 
mole % 

20 
17 

10 

1 

49 

3 

0.001 

0.03 
0.01 

0.003 
0.3 

20 ppb 
Many exhaustive general references are available on de­

sulfurization and gas purification: (Meyers (1977), Crynes. 

(1977), Kohl and Riesenfeld (1960). Ferguson (1975) presents 

an excellent review of hydrogen sulfide removal processes 

·with emphasis on low-temperature techniques.· Schrodt and, Hahn 

(1976) give a general review of high-temperat':lre H2S removal 

processes. Meyers and Edwards. (1978) make a detailed survey 

of processes for high-temperature, high-pressure gas purifi­

cation. Edwards (1979) analyzes H2S removal processes with 

particular reference to low-BTU coal gas and presents a 

brief section on high-temperature iron oxide processes~ Re­

cently~ Morrison ( 1979) presented a concise review of. the 

latest developments in hot gas cle·anup processes. The U.S. 

Bureau of Mines ( 1959) published ·a bibliography of proce·sses 

for removing H2S from industrial gases cove.ring the period of 
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1950-1957. 

2.2 -~igh-temperature H2S Removal Processes 

A high-temperature fuel-gas desulfurization process 

ideally sh9uld satisfy the following requirements:) 

a}· High capacity and reaction .rates for the .. 

·sorbent material. 

b) Favorable thermodynamic equilibrium and high 

&ulfur removal efficiency to meet EPA standards ... 

c) Operating temperature and pressure ranges · · · 

should be as close to gasifier.exit conditions 

-as possible. 

d) It should be easy to regenerate the spent 

sorbent; sulfur recovery in the form of ele­

mental sulfur is desirable. 

e) The sorbent material should be both mechanically 

and chemically stable so that only minimum 

replacement is needed. 

f) The desulfurization process itself should not' 

significantly change the heating value of the 

fuel gas. 

g) Operating cost, energy requirements and capital 

investment needed should be relatively low .. · ' 

No process has been developed that meets all of the ahove· 

desiredcharacteristics. Some potentially promising pro~ 

cesses which meet many. of the above requirements are well 

summarized by Morrison ( 1979) . Particula·rly noteworthy· 
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are the calcium and copper oxide based processes. Only 

the iron oxide ~ased processes will b~ 6onsidered.here. 

2.2~1~ Iron Oxide Based Processesi 

The reactivity of iron oxides and other metal 

oxides towards H2S has long been known. In. the rest of 

this chapter, the following processes based on iron 

oxide will be discussed: ( 1) · Appleby-Frodingham'· process, 

(2) ·United· States ·Bureau of Mines (USBM) process, (3) 

Babcock & Wilcox process and· (4) IMMR ash pr()cess. De­

tailed. review of chemistry, thermodynamics and chemical 

kinetics of the iron oxide process will be made·in 

Chapter 3. ·The emphasis of the remainder of this chapter 

will be-on the developmental findings of the four processes. 

All are based on the reaction of H2S with ~ron oxides to 

form- iron sulfides. Regeneration of the spent solid is· 

achieved by reacting the sulfides with air to produce 

so2 ina concentrated form, or with water vapor to produce 

elemental sulfur (Bhatia (1971)). 

2. 2 .1.: 1. AppTeby:..Frodingham Process: 

This is the earliest known high-temperature iron 

.oxiqe process that has been commercialized. Reeve (1958) 

describes the development that led to the instal1ation a~d 

testing of a large pilot plant. The initial tests were 

carried out in laboratory-scale fixed and fluidized bed 

reattqrs using -1~ mesh iron oxide p•rticles. These weie. 

perforn:ted at· the Appleby-Frodingham Steel Company a·c Scun-
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thrope, England in 1946. The process outlined from these 

tests was covered by British Patent Specification 719,056 

(1950). The desulf~rization reaction was· carried out~~ 

620-750°F and space velocit~es up to 3000. The reacti<;>n 

rate was ob~erved to increase with temperature. ~~- ~ 

space velocity of 3000, the H2s removal efficien~y ra~g~d 

from 71.0% at ~l7°F to 94.7% at 750°F. Sulfided oxide 

was regenerateq by roasting in.air at temperatures.up· t~ 

1470°F. Some reduction in the rate of desulfurization· 

reaction was noted after regeneration, but not to any 

significant extent. 

The results were ~onfirmed in a larger reactor · 

(6 inch diameter) before the installation of a pilQt ·plape. 

in 1956. The plant was capable o_f treating 2. 5 million· . 

cu. ft. of coke-oven gas containing about 600 grains·of. 

H2S per 100 cu. ft. o.f gas per day and was designed: as.~ 

steady state fluidized system with continuous circul~t~ort 

of the oxide between desulfurizer and regenerator. Sul ... 

fided oxide was regenerated at 1100-1500°F by air, th¢ 

sulfur being removed as so2 plus some so3 ; the exothermic. 

heat of reaction was sufficient to maint~in the regenera­

tion bed at these temperatures. The desulfurizer was 

maintained at about 700°F. Cold coke oven gas was pre~. 

heated to about 480°F by heat exchange with the hot desul-
. . . 

furized gas. No external heat input was necessary.for 

the whole process; and the process was self-sustaining 
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once properly adjusted. 

It:·was noticed that the effect of increasing the 

desul~urizer bed· depth was less than l'inear.· Ul"timately, 

the bedwas divided into two shallow beds which ·resulted 

in H2s··removal efficiencies of 95 to 99%. While Reeve 

does no·t· attempt to explain the nonlinear effect of bed 

height'in his paper, it could have been due to the growth' 

of bubble-size along the reactor length. Th~ effect of 

particle-size on the process was not evaluated; only con­

stant-size particles of -16+100 mesh were used. ·oxide re­

placement of 1 lb. per 5000 cu. ft. of gas treated were 

found necessary due to slow breakdown of particles. Both 

laboratdry·and pilot plant runs indicated that iron oxide 

acted as· a catalyst towards the decomposition of organic 

sulfur in the gas to H2S which was then absorbed by the 

hot oxide.· It was concluded that the process was capable 

of removing 99% of the hydrogen sulfide together with 

90% of all organic sulfur compounds other than thiophen~ 

of which 20% would be removed. The pilot plant did not 

include ·a 'facility to convert the sulfur dioxide in the 

reg~nerator exit gas into sulfuric acid. 

Based on the overall success of the Frodingham 

pilot plant o.peration, a commercial size plant was in-

stalled at Exeter, England having a capacity of 32 million 

cu. ft. daily of crude coke-oven gas (Bureau and Olden 

1967). A dry contact type sulfuri·c acid unit was included 
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in the scheme. The plant was designed to achieve bench-

.scale efficiency reported above, in a two-bed absorber 

with the final equivalent production of 98% sulfuric acid. 

Removal ·of hydrogen sulfide was substantially better than 

the design value, often reaching 99.9%. Removal of or-

ganic sulfur was found to be more temperature sensitive 

than that of hydrogen sulfide removal. When desulfurizer 

was maintained above 750 6 F, removal of thiophene and 

other organic sulfur exceeded the design figure$, !t was 
. . 

found that the plant was self-supporting in heat require-

ments even-when the crude gas H2S concentration was much 

below '350 grains per 100 cu. ft. Operation of the desul­

furizer at temperatures below 570°F was avoided as this 

caused the formation of elemental sulfur. The sulfur 

dioxide concentration in the regenerator exit gas was 

only about 5%, but the sulfuric acid plar1L up~rated well 

at these levels. Oxide loss was greater than that from the 

pilot study and amounted to about twice the loss predicted. 

Although the plant met all the technical design ob­

jectives, economic ~easons caused its closure in 1965. 

During this period a new technology of producing clean 

gas at far less cost was introduced using light distil­

lates as the fuel. Also the Frodingham process suffered 

economically due to the fact that the anticipated revenue 

from the sale of sulfuric acid did not materialize. 

Nevertheless, it established the feasibility of a hot iron 
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oxide process for temperatures up to 750°F. However, 

current approaching gasification technology will demand 
' ' 

viable H2S removal processes capable of operating at 

temperatures well over 1000°F. 

2.2.1.2. Babcock-Wilcox Process: 
.. 

Bhada and Sage (1970) and Kertamus (1973) have 

described the laboratory and pilot scale testing. of this ... 

process. Initially, sintered iron powder packed in a 

reactor, and plain carbon steel were used as the reactant 

materials. The iron was first oxidized in a stream of 

air to generate a layer of iron oxide. This oxide sur­

face was then used to remove. the hydrogen sulfide present 

in a synthetic gas stream containing. 1% H2S, 12% CO, 8% 

co2 , 1% CH4 and the balance N2 . At the end of the desul­

furization cycle, the sulfided iron layer was once again 

regenerated with air. The exit stream H2S concentration 

during desulfurization, and the so2 concentration during 

re~eneration were continuously analyzed. Later, more 

laboratory-scale tests were done using 1/8 inch carbon 

steel pellets as the reactants. Water vapor and hydrogen 

were also included in the synthetic gas for these tests. 

Larger-scale experiments were performed in a pilot plant 

reactor designed with iron grids. 

Initial iaboratory tests were performed at temper­

atures of 825-1600°F and gas velocities of 7 to 20 ips. 

The large-scale system was operated at temperatures in 
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'excess of· 1200°F to. avoid fouling by carbon deposits; ca~.­

bon deposition was. rioticed in the bench-sc~le runs. It 

was inferred from these tests that diffusive transport 

·would be the controlling design parameter since rates of 

regeneration and des~lfurization were both found to be 

··rapid. The later tests with steel pellets were more exten­

sive in nature. H2S removal efficiency was found ... to 

increase ·with temperature, with 9.~% r~t 675°F to greatsr 

·than 98% at 1200°F .. ·Sulfur removal capacities were also ,. . 

found to ·increase with temperature; at space velocities 

·of 2000-2500 per hour. the capacities were: 3.5 scf H2s .... 

'per 100 sq. ft. of surface area at 675°F and 13.8 at 1200.°F. 

· It was observed during the steel pellet runs that desulfur­

ization below 1000°F caused an initial concentration spike 

of SO?; after this spike, the so~ concentration dropped 
~ L . . .. 

to a low value which remained until breakthrough. 

Kertamus suggested that low temperature regeneration 
I 

(< 1000°F) caused some formation of Feso4 in the splid 

which then reacted with H2S during desulfurization to 

form so2 initially. 

Based on these results Babcock & Wilcox designed 

a large-scale "regenerative desulfurizer" using steel 

plates. Further development efforts have not been re-

ported. 

2.2.1.3. U.S. Bureau of Mines Process: 

The USBM conducted laboratory testing of 48 dif-
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.. ferent materials to evaluate their performance for removal 

· ·· .. _.·of H2S from hot simulated producer gas. These tests were 

.,.discussed by Abel et al. (1974), Lewis et al. (1973), and 

Shu+tz and Berber (1970). Initially these solids were 

.tested,at temperatures up to 1500°F using a simulated 

... p+oducer gas (without steam, tar vapor or dust) of the 

.following composition: 50.5% N2 , 26.0% CO, 17.0% H2 , 

. ~-· 0% co 2 and 1. 5% H-2S. The sorbents were packed in a st.ain­

less steel tubular reactor. Desulfurization was stopped 

-when the H2S concentration in· the exit gas reached about 

0.15%. The sorbent was then regenerated at 1000~1500°F 

. in a stream of air. Amopg th~ various materials tried were: 

Fe2o3 , fly-ash, red and brown mud, fly ash-red ~ud, 

_pumice-Fe 2o3 , ~ly ash-Fe2o3 , fly ash-metal oxides (other 

.:;.. than Fe2o3)·, and gasifier bottom ash. All except the 

bottom ash were used in the form of sintered pellets. 

Based on the absorption cap~city, durability, and ease 

of regeneration, the mat~rial found to be the best was 

sintered pellets ~f 75 percent fly ash-25 percent Fe2o3 . · 

Further tests were performed w~th this sorbent to deter­

mine the effects of. sorbent composition, temperature, and 

steam, tar and dust concentrations in producer gas on 

H2s removal .. The use of fly ash-Fe 2o3 sorbent for pro~ 

ducer gas desulfurization was awarded a U.S. patent (Shultz 

et al. (1971)). 

The selected fly ash-Fe2o3 pellets were formed by 
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extrusion of a thick water paste "of- the firie-size" ingre­

dients and sintering at· furnace temperature of 1900°-

20000F for 10 to 15 minutes. The approximate ·composition 

of this material was 36% Fe2o3 , 35% silica, 18% alumina, 

arid small-percentages of calcium, magnesium, s.o~ium, pot-.'· 

tassium and titanium. They suggested that all oxides ex-·, · 

cept iron oxide were inactive materials .and did not contri­

bute to the desulfurization process.· Pellets of .\ irn::h 

diameter and ~ to ~ inch length were tested through 175 · 

regeneration cycles using simulated producer gas and bed 

temperatures of 1000°, 1250° and 1500° F with a. space 

veolocity of 1000 ~er hr. 

Average sorption capacities during-the 175 cycle 

runs. were lower than those for the newly sintered- sorbent·s .. 

The decrease was more pronounced at 1500°F than at 1000° 

and 1250°F. This finding was attributed to a decrease in 

the pore volume of the sorbent during the first 30 

sbrption-regeneration cytles. 

Addition of· steam was found .to reduce the capacity 

of the sorbent; a 7 percent addition reduced the capacity 

by 25 percent at 1500°F. Ruris made with tar vapor and 

dust showed some carbon deposition on the pellets from 

cracking of tar vapors; also considerable accumulation 

of dust was noticed. It was however concluded that tar 

and dust present in producer gas did not significantly· 

affect the sorption capacity or the general performance 
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of the pr·ocess. 

The sorbent removed over 95% of the H2S:for ex-

tended:.periods ·at ·temperatures of 1100-1300°F and· gas 

space velocities of 500-1000 p~r hr. Sorption capaciti~s 

(including H2S absorbed by the wall of the reactor)' ranged· 

from 4 grams of .sulfur at. 1100°F to over 6 grams of_ sulfur· 

per 100 grams of sorbent at 1300°F in producer gas con-

taining 10 percent steam and about 1 pound of tar and ~ 

pound of dust per 1000 scf. Up to 86 percent utilization· 

of sorbent theoretical· capacity was obtained. Water gas· 

shift reaction CO+H20 = co2+H2 was found to be·catalyzed 

by the sorbent, resulting in a reduction of 'the dry base 

heating value of the. fuel gas due to dilution by co2 . 

Increased temperature favored higher car.bon monoxide con~· 

centration at :equilibrium.. The regeneration reaction 

rate did not increase when the bed temperature was in-

creased above 1000°-l200°F. At an air spac-e velocity of 

1000 per. hr. and bed temperatures of 1000°.! to 1500°F ,· 

so2. concentrations o-f regenerator exit gas were between 

6 and 10 percent before oxygen breakthrough; ~egener-

ation in pure oxygen gave an. ~ffluent of 100 percent so2 . 

It was recommended that ·temperatures over 1500°F be avoided 

to prevent fusion of the sorbent pellets. Some elemental 

sulfur formation during the regeneration reaction was 

noticed.· At 1500°F some fo~ation of CH4· (not present 

in· influent gas) was found during desulfurization. Spec-

. ,·. 
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trographic analysis of desulfurization reaction products 

revealed the formation of troilite (FeS); stoichiometric 

calculations indicated an empirical composition of 

Fes1 _3 . ·It was suggested that the products of reaction 

were ferric sulfide (Fe 2s 3) and pyrite (FeSz) (Shultz and 

Berber (1970)). No attempt was made to define the stoi­

chiometry precisely. Oldaker et al. (1975a) had later 

suggested that the empirical composition was Fes1 _5 with 

FeS and FeS2 being the sulfides. 
·_' 

In addition to the laboratory-scale tests described 

above, larger-scale tests were performed using a 6-inch­

diameter, 4-foot-high stainless steel reactor (Oldaker 

et al. (1975a)). Actual producer gas from an experimental' 

stirreu, fixed-bed, air-blown gasifier (of 3.5 feet dia­

meter) was· used for these studies. The gas producer and 

the desulfurizer were couplP.(i, The desulfurizcr was 

loaded wlLl1 73 pounds of 3/16-inch-diameter sorbents. 

The complete system was maintained above 1000°F to pre­

vent tar condensation. A· gas space velocity of 1900 per 

hr. was maintained. Carbon deposition increased the 

prc:lsure drop from 1.5 psig initially to 8 psig at the 

end of the runs. This material 'tvas removed during the 

regeneratio~ reaction with air. 

Four 15-hour sorption runs were conducted at 

1100°F; the runs removed 90 to 94 percent of the inlet·H2s 

which was abouc 0.5 percent. The H2S removal efficiencies 
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were calculated by averaging the H2s outlet concentra-. 

tions up to a value of 50 grains/100 scf. Prior to break­

through, the exit H2S concent~ation was steady at about 
. \"" 

25 grains/100 scf. Tars and particulates did not ad-

versely affect the process. Maintaining the regeneration 

bed temperature below 1500°F, the temperature limit to 

avoid particle fusion, was a major problem; regeneration 
... ~· .. 

air flow had to be kept very low to protect the sorbent. 

Oldaker et al. (1975b and 1975c) and Farrior et al. 

(1976) have described the next stage of USBM tests to im-

prove the crushing strength, sorption capacity, sorption 

efficiency and fusion temperature of the sorbent. Fly 

ash supported sorbertt, as described above impo~ed a tem­

perature limitation of 1500°F. This upper lim~t._was in~ 

creased to about 1750°F by the use of silica as the sup-

porting material; the silica supported sorbent also allowed 

higher iron oxide additions (45%) without the.pro~lems of 

reduced crushing strength as exhibited by the fly ash­

Fe2o3 pellets when total Fe2o3 exceeded 37 percent. The 

higher iron oxide content increased the H2S sorption 

capacity of the silica based sorbents. 

Air Products and Chemicals, Inc. (APCI) was a­

warded a contract by the U.S. Energy Research and Devel~ 

opment Administration (currently Department ·of En~l='gy) to 

extend the research on the USBM process. The APCI work 

included sorbent development and kinetic studies. Joshi 
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and Leuenberger (1977) have described in detail the re­

sults of the studies conducted by APCI. ~ost process · 

studies were done in packed beds with 42% iron oxide in 

fly as~ sorbent. The range of the process variables" · 

studied for desulfurization runs were: Temperature 600°F 

to 1400°F, pressure 20 to 400 psig, Space velocity 1300 

to 3600, hydrogen sulfide concentration 0.6 to 1.2%, 

sorbent pellet diameter 1/M and 1/4 inch, and. iron ·oxide 

content of sorbent 8 to' 63%. Sulfided sorbent was· regen­

erated at 1000°F and· 1200°F, 20 psig and·l50 psig pressures, 

700, 1300 and 6500 per hr. space velocities. Air concen­

trations of 15 and 20% (rest being ·steam) were used to 

regenerate the sorbent. For regenera~ion studies, only 

the 21% and 42% iron oxide pellets·we+e used. 

Simul~ted producer gas (free of tar and particu- · 

lates) of the following nominal composition was used for 

the desulfurization studies:: 48.6% N2 , 20.5% CO,. 14.9% 

H2 , 6.5% co2 , 1.9% CH4 , 0.6% HzS and 7.0% H20. Dynamic 

desulfurization and regeneration were analyzed by plot­

ting percent H2s breakthrough vs. sorption efficiency. 

Sorption efficiency wac defined as the ra~io of sorber 

onstream time for actual operation to sorber onstream 

time for per~ect sorption. The definition of perfect 

sorption-isd~s.cus.sed in more ·detail in Chapter 6, Section 

6.2.1. The slope and breakthrough poipt obtained from.tl)e 

above curve are influenced by the rate of reaction; the 
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sorption efficiency is therefore an indication of .rate of 

reaction. The qualitative conclusions from the APCI kinetic 

studies are summarized below; the quantitative results are 

outlined in Chapte~ 3. 

Desulfurization: 

Change of linear velocity from 1.2 fps to 2.3 fps 

was found to result in increased bed efficiency. However, 

at constant linear· veloci.ty, increase in space velocity 

decreased the efficiency. It was postulated that the 

reaction wave would display a constant pattern after 

formation. . Sorption efficiency was fo~nd to improve rapidly 

with temperature in the range 600°-900°F; the improvement 

was less rapid up to 1200°F; identical ~fficiencies were 

· obtained at 1200 and 1400°F. Sorbent performance appeared 

to be better. a.t lower H2S. concentration level; however the 

effect was considered small. Reduction of sorbent pellet 

diameter from~ inch to 1/8 inch improved the sorption ef­

ficiency by 5-10 percent; this effect was even more pro­

nounced at higher pressures. No significant difference 

in performance was noticed between silica supported and 

fl¥ ash supported sorbents. Performance curves-for sor­

bents prepared wit'h more than 42% added iron oxide .indi­

cated a decrea~e in performance; it was suggested that this 

effect was due to the change.in controlling mechanism 

caused by the decrease in porosity.of th~_sorbent. A 

sulfur capacity of· 0.37 grams of sulfur per gram of iron 
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oxide at f200°F indicated an empirical sulfided product 

of Fe0 . 9s close to that of pyrrhotite. An increase in 

pressure was, irt general, found to improve sorbent per­

formance the effect being considerably greater ori a low 

performance sorbent. The authors have cautioned that 

these conclusions were based on sulfidation of fresh 

sorbent; effect of number of cycles of regeneration on 

sorbent performance was not evaluated. 

Regener~tion: 

Many regeneration schemes were evaluated with 

overall process economy in mind and steam-air mixture 

was selected for the experimental studie·s; a 85% steam-

15% air mixture was used in the expe-rimental studies. Due 

to water vapor· condensation proble111s·~ a dry gas analysis 

W~S performed using gas chromatography to obtain oxygen 

breakthrough curves. Adiabatic gas temperature rises of 

400 to 500°F were predicted but observed val~es were 

lowe~. During regeneration, 80-95% of the absorbed sul­

fur was removed. Wet tests on re.generated sorbent showed 

that residual sulfur might be present as sulfate or some 

compound other than sulfide; however, X--r:-~y diffraction 

analyses did not reveal any significant sulfate. Ele­

mental sulfur, so3 and so2 were the sulfur products of 

reaction; high elemental sulfur formation, 20 to 30%, oc­

cured in the initial periods of regeneration. it was 

pointed out that, since elemental sulfur formation was ob-
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served on sorbents sulfided in reducing atmospheres during 

desu1furization as well as sorbents s~lfided in inert 

atmospheres·,· the sulfur forming phenomenon. did not seem 

to depend on sorbent history.· Figure 2.1 gives the " 1 

regenerator effluent concentration of so2 , so3 and S as 

a function of time on stream. Very high space velociti~s 

(6500 per hr.) were found to significantly r~duce the 

fraction of elemental sulfur formed. Carbon deposition . 

on the sorbent during desulfurization was found to be 

small (0.7% by weight) when there was water vapor present. 

Significant deposition of carbon (12% by weight) occured 

in the absence of water vapor. 

Increased iron sulfide content in the su1fided 

sor6ent increased the regenerati6n efficiency for 

oxygen breakthrough. Increase of space velocity from 

200 to 1300 per hr. decreased the efficiency at 10% 

oxygen breakthrough from 1.0 to 0.88; and perfect sorp­

tion time decreased from 11.69 hrs. to 6.9 hrs. As pre-

·viously discussed this amounts to a decrease in the.ob­

served rate due to increased space velocity. Increase 

in pressure increased the efficiency at 1.0% breakthrough 

slightly and seemed to give higher observed rates but the 

extent of regeneration percent removal of absorbed sulfur 

decreased significantly. When the bed temperature was 

increased from 1000·to 1200°F (with ~-inch-diameter 

peilets) , regeneration efficiency iricrea·sed significantly .. 
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Increasing velocity at a constant space velocity increased 

the regeneration efficiency slightly; this effect was 

more pronounced for. desulfurization. As in the ·case of 

desulfurization;.l/8-inch-diameter pellets displayed much 

higher efficiencies as compared with the ~-inch pellet. 

Two runs were conducted at different oxygen concentra­

tions, namely 2.9% and 3.9%. Efficiency of regeneration 

increased slightly with increase in oxygen con~en.tration; 

however, the adiabatic temperature rise·was 258°F for 

3.9% oxygen and 320°F for 2.9% oxygen. This was ex­

plained as being due to the greater extent of the endo­

thermic-elemental sulfur forming reactio.n (So3+s2)·at 

higher oxygen concentrations. 

APCI also measured the change in physical character­

istics of the sorbent pellet from fresh to sulfided to 
... 

regenera~ed. Pellet true density increased by about 3 to 

5% a:,fter sulfiding but decreased back to fresh sorbent 

value after regeneration. Crushing strengths of sulfided 

and regenerated sorbent pellets were 300 to 400 percent 

higher than those of fresh sorbent. Surface area of the 

sorbent decreased slightly after sulfiding but increased 

· after regeneration.. Total pore volume of the fresh 

sorbent decreased by about 34% aeter sulfiding; and in­

creased slightly on regeneration. Pell~ts were also 

analyzed·for X-ray diffraction patterns. These results 

will be discussed in Chapter 3. 
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2.2.1.4. Coal Ash Process: 

The early stages of development of this process were 

done at the Institute for Mines and Minerals Research 

(IMMR), University of Kentucky and is refer~ed to in 

literature citings as the IMMR process. The process uti~ 

lizes coal gasifier-bottom ash as the sorbent material 

for H~S. Results of these initial investigations were 
£.. 

reporte~ by Schrodt (1975b) and Schrodt and Hahn.(1976). 

Based on the favorable results of these investigations, 
' 

the second phase of process studies, supported by· the U~S~ 

Department of Energy, was started late in 1976. This. 

dissertation work forms part of this study. Coal ash. was 

one of the several solid sorbents considered by the U.S. 

Bureau of Mines during the initial evaluation of sorbents 

for the USBM proce$S (Abel et al. (1974)). However, the 

material was not investigated further; the reason for 

this action was not discussed. Hamrin and Maa (1975).; 

during their investigations on the nst? of bottom-ash to 

prevent coal agglomeration, also noticed the abi~ity pf 

the ash to absorb hydrogen sulfide. One of t.he earll:est 

referenc~s to the u~P. of coal ash al:i a high-~etnperature 

H2S acceptor was in a U.S. Patent to desulfurize synthesis 

gas, assigned to Jahnig et al. (1950). The process d~$­

cribed in this patent used coal ash with 10-40% carbon 

(referred to in the patent as spent char) to desulfurize 

synthesis gas at temperatures of 400 to 1000°F. About 
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2. 5 to 5 volumes of air per volume of ·equivalent H2s to 

·be treated were added. It was claimed that the oxygen 

admitted.into the desulfurizer (in the form of air) 

oxidized the hydrogen sulfide to free sulfur which de­

posited on the carbon· in the spent char. Although it was 

claimed in the patent that the ferrous constituents in 

the ash aided the sulfur removal, no desulfurization 

chemical reactions pertaining to the process were discussed. 

The mineral matter present in coal is non-com~ 

bustible in nature and ends up as ash when coal is gasi­

fied. Coal contains typically 10-20 percent ash forming 

material. The ash itself contains 5-35 percent iron 

oxides. It is this iron oxide that is mainly responsible 

for the reactivity of coal ash towards hydrogen sulfide. 

;-.•, Actual chemical analyses of ashes used in this work from 

four u~s. coals are listed in Appendix A. The ashes 

contain, besides i-ron oxide, silica (about 50%) as the 

major constituent, about 20% of alumina, about 5% of 

calcium oxide and smaller quantities of other oxides. 

Initial feasibility studies of the coal ash process 

were conducted using Western Kentucky No. 9 ash packed 

in a 304 S.S. reactor of 2 inch diameter and 48 inch 

length. These fixed-bed experiments.were described in 

detail by Hilton (1974). Experiments were carried out 

using synthesized producer gas (without water vapor and 

tars) at temperatures of 700-1450°F, pressures of 80 to 
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150·psi, space velocities of 800-~000 per hr. and· inlet 

hydrogen sulfide concentrations of 0.5 to 1.5%. Hydro-. 

gen sulfide breakthrough curves were obtained for the 

range of variables mentioned above. H2S removal of 

greater than.99% were obtained. A strong influence of 

the. operating· variables on ash capacity was noticed. 

Incre~sed space velocities increased the ~urption capacity .. 

but decreased the efficienc.y. . Increasing the temperature,· 

pre~sure and hydrogen sultide conceneration increa~~u .. 
' 

the observed ~sh capacity. Water-gas shift reaction w~.s · . , 

found to reach equilibrium concentrations. Methane de­

composition resulting in .carbon deposition occured above 

800°F in the ~bsence of w~ter vapor in th~ preheater 

section. However; no carbon deposition.was observed on 

the sorbent itself. An increase in methane composition 

was noticed, supporting similar observations madil by. Shult~ 

and Berbe~ (1970) while wo~king on the USBM process. 

The hot ash proc~ss was later tried in a fltiidized bed 

and found to work satisfactorily (DeBoer (1975)). It 

must be mentioned that sorption capacities reported in 

these two initial studies include H2s absorbed by the.ash 

and stainless steel reactor walls themselves. 

Efforts were focused during the second phase of 

the process development studies, on obtaining quantitative. 

reaction rate data. Effects <;>f process variables on ash 

capacity and efficiency were investigated. The kinetic 
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rate expressions developed will be outlined in·chapter·3. 

Experiments were conducted in quartz reactor tUbes· of in­

side diameter 35.0 m.m (1.38 inch). Schrodt (1976 and 

1977b) has described the experimental setup iri detail. 

Four different ashes--Western' Kentucky No. 9, ·Kentucky 

Elkhorn. No. 3, Montana Rosebud and Virginia Sprint--were· ·. · 

ev~luated in the fixe~-bed mode. Three different sizes~~ 

Tyler mesh 20/35, 10/20 and 4/8--of ash particles were ·· 

tested~ ·At the start of the desulfurization tests, rapid ... 

reduction of iron oxide took place as ~videnced by de­

creases in the levels of the reducing gases CO and.H2 
and increases in the· co2 and H20.levels. Carbon oxy- · 

sulfide was formed by the reaction of CO with·H2S, but 

was apparently removed by the ash along with t·he·:input 

H2S. Surprisingly, the capacity artd efficiency of ·the 

ash were found to increase with the number of regener­

ations up to about io cycles. This effect is ··in apparent· 

contradiction to the USBM findings (Abel et al. 1974). 

This was discussed in Section 2.2.1.3. The USBM ·effect 

wa.s explained to be due to the reduction· of pore volume of 

the sorbent, while in the case of the ash, progressive 

·wigratiort of iron towards the surface took place. This 

fact was verified by EDAX electron scans on the ash par~ 

ticles. With ten cycles, the irort concentration near 

the particle surface increa·sed from 18.6 to 73.7% w/w 

and appeared to be concentrated in a layer of thickness 
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20-50 microns. These facts and the experimentally ob­

served effects of operating variables on the hot ash 

process were discussed in detail by Schrodt (1977b, 1977~>)· .. 

The process variables effects on desulfurization are sum~-­

rnarized in the following paragraph. 

Presence of water vapor in the synthesized low-

BTU gas did not significantly change the efficiency or · · · 

a::.h capacity. llowcvcrt precence of wa.tilr vapor c.ansPn fl ... 

measurable H2S concentration in the reactor effluent gas . · 

prior to breakthrough, while none was detected in the 

absence of influent water vapor. Temperature .effects 

were evaluated at 800, 1000, 1200 and 1400°F. Increase 

of ·temperature increased both the capacity and the effi­

ciency markedly; ash performance was v.ery poor at 800°F. 

Increase of ash particle-~ize generally decreased the 

capacity artd efficiency. A slight increase uf a::;h capaci·ty 

was noticed at a space velocity of 2000 per hr. as com­

pared with those obtained at 3000 and 4000 per hr. The 

ash bed effectively removed t:a·.dwn-oxysulfide from the 

gas either directly or indirectly. A run conducted with 

0.73% H2S, 0.175% COS and 2.7% H2o in the influent gas re­

sulted in no measurable COS or H2S in the effluent gas 

prior to breakthrough. The presence of COS did not affect 

the ash capacity. Carbon-oxysulfide was found to react 

with H2 and/or 1-1 20 to form H2s which resulted in higher 

than input concentration of H2S.in the effluent gas, after 
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s~turation of. the ash bed. Effect of H2S inlet conc~n­

tration was s~udied at concentrations of 0.47%, 0.95% 

.··and 1. 68%., all at a space velocity of 2000 per hr. , 1000°F 

~Rd 2% inlet .. w.ater vapor content. The 1. 68% H2S ·run 

~ · · · .g~ve slJghtly higher ash capac;ity. The breakthrough curve 

I···' 

.fo.r the 0. 4.7%. run appeared steeper than the· other two. 

.. It was concluded that the effect of H2S concentration on 

ash capacity was not great. ~fuen the carbon forming 

g~,s.es CO, co2 and CH4 were excluded from the influent gas 

m~~ture a lower ash capacity resulted· (see Morrison (1979) 

and Schrodt :<1977b)). Four different asl1~s were te~ted 

that had ir.on. oxide concentrations of approxf:.mat~ly ·s to 

24% by weight; results show that the ash capacity in-. . 

c~eases with increasi~g iron oxide concentration~ Fig~~e 

2.2 illustrates the increase of capacity due t6 iron 

oxide concen~.ration with temperature as the parameter. 

Th~ Western Kentucky No. 9 a~h exhibited a greater capa­

city and a greater (66%~ utilization of its iron content 

at 1400°F as compared to 22% for Virginia ash at the same 

. te~perature.. Addition of carbon-disulfide to the inlet 

gas showed an effect very similar to th~t of cos~-cs2 

was not noticeable in the effluent stream prior to-break­

thro~gh. However, unlike COS, cs 2 was not detected in 

the effluent gas ev~n after bre~kthro~gh; thi~ was ex­

plained by the fact that the equilibrium concentration of 

cs 2 , .according to the reaction COS+H2s -- cs2+H2o, would 

.··., 
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be below the detection level of the gas chromatograph. 

Also, no significant effect of cs2 on ash capacity, ef­

ficiency or reaction rate was found. Since the Inconel 

600 metal reactor used to test pressure effects reacted 

with the H2s in the fuel gas, the qnly conclusion 

that could be reached was that pressure increases had a 

positive effect on the capacity of the ash. Test runs 

with the empty metal reactor showed that the sorption 

capacity of the metal wall increased with the number of 

regenerations iri the same fashion as the ash, reaching a 

constant value after 8 to 10 cycles. The secondary ef­

fects of metal corrosion by H2S, carbon deposition, water­

gas shift reaction, and tar vapors were studied by Evans 

(1978) and summarized by Schrodt (1978). The theoretical 

and quantitative findings from these studies will be des­

cribed in Chapter 3. The carbon deposition measured was 

quite small with only 2 to 7% of the theoretically pre-
. ···. 

dieted values. Since measured/predicted val,ues increased 

with tempe~ature while thermodynamics predicted an op­

posite effe6t, it was concluded that rate factors con­

trolled the amount of.carbon deposited. Iron oxide, 

cementite ·and irop sulfides, the iron compounds present 

in gasifier environment, were not found to catalyze the 

decomposition of CO. No adverse effect due to carbon de­

position on the performance of the ash was observed. 

·Carbon depo's-ition from, cracking of tars was found t~:>':.,be 
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significant (for ex~ple 0~1 gram of carbon/gram of tar 

injected at 1300°F) and increased with temperature; how-. 

ever,· sulfidation tests· indicated that this carbon did 

not affect the ash sulfur capacity. . Some residual sul-:.. . .. 

fur (up to 0.8% by weight) was still present in the re­

generated ash samples during these tests. The investi­

gation on the water-gas shift reaction revealed that this 

r.eaction proceeded to a significant extent approaching 

equilibrium composition. The reaction was found to be 

catalyzed by th~ minerals present in ash and highly temper-
I 

ature dependent. The metal corrosion studies revealed 

that metals with low nickel content and traces of aluminum 

and silicon showed good corrosion resistance. 

Regeneration: 

Regeneration studies with air were carried out on 

Western Kentucky·No. 9 ash of 10/20 Tyler mesh particle 

size. Experiments were carried out at 800, 1000 and 

1200°F with inlet air space velocities of 50, 90 and 

134 per hour~ High oxygen utilization efficiencies (0.8 

to Q.95 measured at 15% breakthrough) were obtained. 

Reaction rate was found to be ver:y rapid.· Increases in 

temperature and air inlet velocities were found to improve 

efficiency. Maximum adiabatic temperature rises of the 

regeneration beci did not exceed 200°F. Typically 60 to 

85% of the sulfur was recovered as so2 , 10 to 20% as pure 

elemental sulfur and the balance remained on the ash in 
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an unidentified form. It was suggested that the elemental 

sulfur formed during ·the early stages·of regeneration in 

the downstream section of the bed by the reaction of so2 
· with FeS in the bed. Low gas velocities were said to favor 

high elemental sulfur formation. 



CHAPTER 3 

REVIEW OF CHEMISTRY, THERMODYNAMICS AND KINETICS 
OF THE COAL ~SH PROCESS 

3.1 General Considerations 

It ~as long been known that many metal oxides can 

react with hydrogen sulfide at elevated temperatures. 

Westmoreland and Harrison (1976) made a systematic thermo­

dynamic screening of several metal oxides, using the 

method of free energy minimization, to evaluate their po­

tential for desulfurization and. to define the range within 

which the sorbent oxides would be effective. They iden­

t"ified oxides of Fe, Zn, Mo, Mn, V, Ca, Sr, Ba, Co, Cu, 

and W as showing thermodynamic feasibility for high­

temperature desulfurization of low-B.TU ga~. The authors 

examined the gasification mixtures reported·by various 

workers and concluded that their +esults would be appli­

cable to a broad range of low-BTU gas compositions. 
' ' . 

Equilibri~ fractiqnal desulfurization for the various 

metal oxides at different temperatures (633°K to 1773°K) 

and 20 at~ospheres pressure are reported in their work 

·in the form of graphs which are reproduced }1ere as Figures 

3.1(a) and 3.1(b). The authors have also presented a 
'··, . 

table that predicts the stable solid phases for tpe dif-

ferent oxides as a function of temper~ture. A recent 

38 
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800 
TEMPERATU,E, •c 

3.1(a) 

TEMPI!ItA:TUitl, .•e 

3.l(b) 

1200 

Figures 3.1(a) and 3.1(b) Desulfurization poten~ial 
of c~ndidate solids 

(from Westmoreland and Harrison (1976)). 
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paper by Attar (1978) gives an exhaustive review of the 

chemistry,· thermodynamics and kinetics of reactions of sui­

fur in_coal-gas reactions. Though this paper does not 

directly deal with the iron ox~de desulfurization reactions, 

it provides an excellent overview of the many sulfur­

related reactions associated with coal pyrofysis atl-d gasi­

fication. The rest of this chapter will be devoted to 

discussion of the iron oxide sorberit. 

3. 2 Chemistry and Thermodynamics of Iron Oxide Processes·· 

3.2.1. Iron Oxide Reduction: 

DUring the course of the regeneration reaction, 

the sulfided iron oxide is oxidized to the stable form 

Fe2o3. w~ich is then recycled to the desulf~rizer fo~ 

further service. The strong reduc~ng atmosphere present 

in low-~TU gas-desulfurizers ·makes several reduction r~­

actions possible, one of them be'ing the reduction of iron 

oxide. Iron oxide may bP. reduced by bot.h hydroge.n and 
·- ~ . ., 

carbon-monoxide that forin part_of the low BTU gas. These 

reaction-s may be represented as follows: 

3Fe2o3+H2 = 2Fe3o4+Hzb 

Fe3o 4+H2 = 3FeO+H20 

FeO+Hz = Fe+HzO 

J'Fe203+Co = 2Fe30 4 +C02 
Fe3o4 +CO = 3fe0+co2_ 

FeO+CO = Fe+C0 2 

. (3.l) 

(3 .• 2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

These reactions have been studied irt great detail due to 
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their importanc·e in the iron ~nd steel industry and exten­

sive thermodynamic and kinetic data are available. Re-

duction rates of Fe2o3 .are generally known to be much 

higher than desulfurization rates and, therefore, it ap­

pears that iron oxide reduction precedes the H2S removal 

reaction. The. hydrogen sulfide in the fuel gas would then 

·react.with. the reduced iron oxide .which may be Fe3o4 , 

FeO or Fe. The degree of reduction of Fe2o3 is dictated 

by .the t~mperature and, CO/C02 and H2/H2o ratios. These 

equilibriums are shown in Figures 3.2(a) and 3.2(b). 

It should also be noted ·that phase transformation of Fe2o3 

from alpha form to beta occurs at 953°K and from beta to 

gamma at 1053°K. Figures 3.2(a) and 3.2(b) may be used to 

predict the· d-ifferent solid phases that may exist during 

the iron oxide reduction step. For example, for the reac-

tion ~Fe3o4+CO = 3/4Fe+C02 to proceed at 1000°F leaging 

to the formation of elemental iron, Figure 3.2(a) shows 

that the ratio CO/C02 should be greater than 1.0. Figure 

3.2(b) shows that for elemental iron formation by the 

reaction ~Fe3o 4+H2 = 3/4Fe+H20 at 1000°F, the H2/H20 

ratio. should be greater than 4.0. Figure 3.2(a) also 

includes the equilibrium compositions for the carbon 

.deposition reaction, 2CO = C+C02 which will be discussed 

later. Westmoreland and Harrison (1976) conclude from 

their thermodynamic studies (mentioned in Section 3.1) that 

iron oxide is a suitable desulfurizing material at tempe·ra~ 
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tures up to 973°K (1292°F). Beyond this temperature, the 
' Fe3o4 phase starts· transforming to (in low BTU gas atmos-

pheres) FeO which results in a rapid decrease in fract~onal 

desulfurization. This decrease, an examination of Fig~re 

3.1(a) reveals, becomes very large at about 1088°K (1500°F); 
'I 

therefore, a temperature of 1500°F may represent the.uppe~ 

limit for iron oxide based processes imposed by thermo~ 

dynamic equilibL:lUiU considerations. Th~ ~~udies u£ W~s~~ . . ~ - ~ .. 

moreland and Harrison reported above also predict the. 

stable phase of Fe3c at temperatures. 1073°K-1225°K an~ -~ 1• 

the formation of elemental iron above 1225°K. The 6G·o, 

f1Ho and equilibrium constants for some of the re'actions of 

interest in this chapter are listed in Table 3.1. Equi-

librium constants for the iron formation reactions are 

also included in Figure 3.4 . 

3.2.2. Desulfurization: 

-· 

During dcsulfuri:zat.ion, the oxides of iron may 

react with the hydrogen sulfide in the low-BTU gas to form 

solid sulfides according to the f~llowing chemical 

reactions: 

Fe203+2H2S+H2 = 2FeS+3H20 (3.7) 

Fe2o3+4H2s = 2FeS2+3H20+H2 <3.8> 

-Fe30 4 +H2+3H2S = 3FeS+4HzO (3.9) 

Fe3o4+H2S = FeS2+2FeO+H20 ·(3.10) 

Fe0+H2S = FeS+H2o (3.11) 

Fe0+2H2S = FeS 2+H20+Hz (3.12) 



, ·. .'a 
Reaction 

Temperature, °K 
-.6H, kcal 
-.6G 0

, kcal 
K 

Reaction a 

Temperature, °K 
-.6 H, kcal 
-.6G 0

, kcal 
K 

Reaction a 

Temperature, °K 
-.6H, kcal 
-.6 G0

, kcal 
K 

Reaction a 

Temperature, °K 
-.6 H, kcal 
-.6 G0

, kcal 
K 

Reaction a 

Temperature, °K 
-.6 H, kcal 
-1::. G0

, kcal 
K 
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Table 3.1 

THERMODYNAMIC PARAMETERS 
FOR IRON"· OXIDE PROCESSES 

650 
1.258 
14.649 5 
8.43x10 

800 
0.602 
17.830 
7.43xlo5 

9.50 . 
1.454 
21.009 4 
6.81x10 

1100 
2.723 
23.994 
5.86x104 

+ 2H2S + H2 Fe2o3 
650 
9.930 
24.260 ·8 1.43x10 

= 2FeS + 3H20 

Fe2o3 + 

650 
41.327 
24.942 9 
2.78x10 

800 
11.239 
27.435 7 
3.13xl0 

4H2S = 2FeS2 

800 
42.156 
21.121 5 
5.89x10 

950 1100 
12.742 13.683 
30.337 6 33.036 6 
9.54x10 3.66x10 

+ 3H20 + H2 

950 1100 
42.376* 44.224 
17.069 3 12.848 2 
8.45x10 3.57x10 

4FeS + 702 = Fe2o3 + 4S02 

950 
589.720 
457.548 

650 8UG · 
593.650 591.888 
500.028 478.594 

10100 10100 10~00 

4FeS2 + 

650 
792.742 
743.942 

10100 

1102 = 2Fe2o3 + 8S02 

800 950 
791.009 788.675 
732.847 722.149 

10100 10100 

1100 
588.629 
436.776 
6.1x1086 

1100 
787.213 
711.763 
10100 

*This number should correctly be 43.376. 



Reactiona 

Temperature, °K 
-t.H, kcal 
-t.G 0

, kcal 
K 

Reaction a 

Temperature, °K 
-t.H, kcal 
-t.G 0

, kcal 
i< 

R t
. b eac 1on 

Temperature, °K 
-t.G 0

, kcal 
K 

Reactionb 

Temperature, °K _ 
-t.G 0 , kcal · 
K 

Reactionb 

Temperature, °K 
-AG 0 kcal ' . 
K 

Temperature, °K 
-:-t.H, kcal 
-t.G 0

, kcal 
- . b Reactl_on_ 

Temperature, °K 
•t.H, kcal 
-t.G 0

, kcal 
K 
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Table 3_.1 continued 

6FeS + 4SOz ~ ZFe3o4 + 5S2 

650 BOO 950 1100 . 
-3Z.743 -36.333 -38.739 -38.915 
-37".80Z -38.58Z -38.757- .-38.731 
1.94x1o-13Z.88xlo- 11 1.2lx10_g· 2.01x1o- 8 

3FeSz + ZSOz =.Fe3o 4 + 4s 2 
650 800 
-126.813 -1Z6.586 
-61.55Z -46.30Z 
2.00x1o- 212.21x1o-13 

FeS + HzS = F~Sz + Hz 

500 645 
4.Z 0.0 
68.2 1 

CO + HzS 

500 
-0.301 

= cos + Hz 

800 
-5.41 

4.8xlo- 2 j. 3xl0c-Z 

C02 + H2S = cos + H,O 
L. 

500 800 
-7.91 -7.70 
3.5xlO"'h 7.9xl0 ·3 

950 
-129.836 
-30.746 
8.43xlu-8 

1000 
-7 . .5 
0.023 

1000 
-6.84-
3.2xl0 .... 2 

1000 
-7.57 
2.2x1o"' 2 

2FeS·+ so2 = FcO + 1.ss2 

1000 
-35.0 
-22.5 

3FeS + 50 2 =. Fe3o4 + 3S02 
1000 
406 
350 

1100 - ' -
-130. OTl 
-15.079 
1.01x10-J 

"' ... 

1200 
-8.19 
3.2xio-Z 

l200 
-7.45 
4.4x10 -2 



Reactionb 

Temperature 
-6H, kcal 
:-~G 0 ~ kcal 
·K . . 

Reactionb 

Temperature, °K 
-6H, kcal 

··-6G 0
, kca!' 

K 

Reactionb 

Temperature, °K 
-6H, kcal 
-6G 0

, kcal 
K 
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Table 3.1 continued 

3FeS + 202 ~ Fe3o4 + 3/2S2 
1000 
150 
120 

3Fe0 + 2so2 = Fe3o4 + 1/2S2 
500 100 1500 

0.0 -21.4 -34.5 

1/3F~ 2o 3 + so2 + 11202 = 

500 1000 12b0 

14.0 3.2 -9.4 

a - from Schrodt and Hahn (1976) 

b -·from Case (1978) 

+ so3 
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Fe+H2S = FeS+H2 (3.13) 

Fe+2H2S = FeS2+2H2 (3.14) 

FeS+H2S = FeS2+H2 (3.15) 

Equations 3.7 and 3;8 represent the overall desulfurization . . . 
reactions and may be obtained by combining the iron oxi~~ 

reduction reactions (equations 3.1 to 3.6) with the 

equations 3. 9 to 3.14 appropriately. Eq:uilibrium const.B;n.ts 

fui: the overall dcoulfuri:tation r~Rr.t.i.ons are reported. by . 

Hilton (1974), Schrodt (1975b) and Schrodt and Hahn (19.7.6). 

Data from these sources· are used to plot l'~igure 3. 3 giv.irtg. 

equilibrium constants for reaceions 3. 7 anu 3 .. 8 as a fune-:­

tion of temperature. It may be.noted from this figure 

that the equilibrium constants are large in the temperature 

range of interest (700-1100°K), indicating favorable de­

sulfurization. For many low-BTU gas compositions, the 

product to reactant ratios for re~ctions 3.7 and 3.8 are 

such that the ferric disulfide formation i~ not favored. 

The equilibrium constants for the desulfuri~ation reac­

tions are large enough to ·allow removal of HzS consistently 

below th~ EPA standa~ds of approximately 0.001 mole frac­

tion for temperatures of up to 1200°K. Since there is no 

net change ip moles of the gaseous species in reactions 

3.7 to 3.15, total pressure will not affect equilibrium 

compositions. De.sulfurization reactions are mildly 

exothermic with a -6H 0 value of about 8 kcal/mole H2s. 
A discussion on the stability regions of different 
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Figure 3.3 Desulfurization equilibrium constant. 
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iron sulfides is appropriate at this.point. Only two iron 

sulfides· ·are known to exist in a stable form at tempera­

tures above 57.3°K, based on thermodynamic studies on.iron- .. 

sulfur system. They are:pyrrhotite and pyrite. Pyrrhotite 

is a nonstochiometric compound with varying degrees ·of 

iron de·ficiencies represented by Fe1_xs with x values of · · 

0 to 0. 34 (Has.s and Khalafalla ( 197 4)). The iron defi-

ciency is caused by vacancies in the lattice. Pyrrhotite 

is similar in this respect to wustite (Fe1_x0). Stoi-

chiometric FeS with x=O, is known as troilite. Pyrite 

(cubic) is one of the two crystalline forms of iron di-

sulfide, the other being ·the orthorhombic form called 

marcasite. Hass and Khalafalla (1974) found that at tern-·:· 

peratures higher than about 573°K pyrite decomposed to 

pyrrhotite. Inspection of the equilibrium constants re-

ported for equation 3.15 irt Table 3.1 shows that above 

630°K, the.decomposition of FeS? is favored. Maa et al. 

(1975) have reported that pyritic sulfur was completely 

transformed to ferrous sulfide at about 873°K under hydro-<-· 

gen and at 1013°K under nitrogen. Similar ·observations 

were reported by Ganguly and Banerjee (1973f while 

studying recovery of elemental suifur from pyrite by 

reaction with hydrogen and carbon monoxide. Attar (1978) 

also reported that the reduction of F'eS 2 by Hz to FeS and 

HzS was favorable above 760°K. The empirical formula of 

Fes1 . 5 reported from the preliminary work on the USBM 
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process (Ab~l (1974)) discussed previo.usly in S.ection:. . 

2. 2. 3. 3 , -was later found to overestimate the amount. of.· · 

sulfur absorbed by iron (Case (1.978)) due .to the inclusion 

of corrosion products; revisions ind:icated no sulfide .of 

higher order ·than Fes1 . 1 . Schrodt (1977b.) made a thermo­

dynamic analysis using .free ·energy minimization computer 

code; he .also constructed Fe-S-0 diagrams for. comparing 

the computer p·redictions. These studies indicated that 

for standard low-BTU -gas compositions in the t.emperature· . 

range 810°-l033°K, the solid sulfided reaction· product 

was ferrous sulfide. . ·This conclusion was strengthened 

by X-ray .·studies· on ash particles. Based on the facts ·dis­

cussed in this section it may be concluded that iron sul~ 

fide (pyrrhotite) iS· the pr~mary solid sulfur product of 

interest for desulfurization studies of low-BTU gas. Due 

to the lack of reliable thermodynamic data on nonstochio~ 

metric FeS, it is customary to use the data for. troilite. 

Wustite and pyrrhotite are represented in .this chapter by 

FeO and FeS respectively. 

3.2.2.1. Secondary Reactions During Desulfurization: 

Because of the presence of various· gases in the 

low-BTU producer gas, several. secondary. ~eactions may 

take place during de.sulfurization. Some of·. the important 

ones .are listed below. 

.CO+H2o = co2+H2 
(3.16) 

(Writer~gas shift reaction) 

.. · .... 



2CO = C+COz 
(Boudouard reaction) 

CH4 ·.= C+2Hz 
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(Me~hane decomposition reaction) 

. CO+H2S = COS+Hz 

· COz+H2S = COS+H20 

RSH+Hz = RH+H2·s 
(Mercaptans) 

c4H4S+4H2 = c4H10+H2S 

(Thiophene) 

· cs2+4H2 = CH4+2H2S 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3. 22) 

(3.23) 

Hydrolysis of .the organic sulfur compounds in presence of 

water vapor may also be taking place .according to the 

following reactions: 

CSz+2H20 = C02+2H2S 

COS+H20 ; co2+H2S 

(3.24) 

<3.25> 

The free energy change, heat of reaction and equi­

librium constants for some of these reactions are listed 

in Table 3.1. The first three reactions are undesirable 

since they tend to reduce the heating value of the fuel 

gas. Equilibrium constants for these reactions are .shown 

in a graphical furm in Figure 3.4, where it may be: noted 

that reaction 3.16 is feasible in the temperature range of 

interest to the hot ash desulfurization process; the re­

action is known to be catalyzed by iron and oxides of iron 

as discussed in Chapter 2. The reaction velocity has been 

found to be suffici~nt to allow attainment of equilibrium. 
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Reactions 3.17 and 3.18 may also be analyzed relative·to 

Figure 3.4. Reaction-3.17 is favored by a decrease in· tem­

peratur~ while 3 .18 is- favored by an increase. As pointed 

out in Chapter 2, the reaction velocities of 'these two·· 

reactions appear to be small; ¢quilibrium predictions of 

the amount of carbon deposited are not observed in practice. 

Reactions 3.19 to 3.24 are of-great int~r~st to the 

desulfu~ization process,as the inability to control th~ 

emission of -organic sulfur may make the process unsuitable. 

Bhatia (1971) studied the catalytic promotion of these reac­

tions to hydrogen sulfide and the subsequent removal of· 

the H2S using iron oxide containing "Lwanasse". It was· 

mentioned in Chapter 2 that the iron oxide -sorbents·were 

found to remove these organic sulfur compounds satisfac­

torily. Metal oxides are known to catalyze the organic'· 

sulfur reactions. 

3.2.3. Regeneration Reactions: 

Regeneration of spent sorbent may be accomplished 

by roast~ng. the sulfide with oxygen. Some of the ~eactions 

of interest to the regeneration step are listed below. 

4FeS+70 2 Fc20 3+4S0 2 (~.26) .. 

4FeS 2+ll02 = 2Fe 2o3+8so 2 (3.27) 

6FeS+4S0 2 = 2Fe3o4+ss 2 (3.28) 

3FeS+202 = Fe3o 4+3/2S 2 (3.~9) 

3FeS+502 = Fe304+3S0 2 (3.30) 

2FeS+S02 = 2Fe0+1.ss 2 (3.31) 
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The standard free energies, enthalpies and equilibr;um 

.. consta~ts .for some of. the r~generation reactions a~e· in­

c~uded in Table 3.1. It is to be noted that_ all .the·.re­

generation reac.tions are highly exothermic al)d sensitive 

to total pressure .. A phase diagram for iron·oxides and 

sulfur with respect to oxygen prepared by Case (1978) is 

given in Figure 3.5. This phase ~iagram may be used to 

determine the resulting solid phases during regeneration. 

Figure . .J. 5 indicates that oxygen-starved regeneration will 

.produce Fe3o4 an~ s2 at proper cond~tions. Reaction 3.26 

proceeds to completion (due to the large equilibrium con­

stants) in excess air. It may be noted from the phase 

qiagr~ that s2 vapor cannot coexist with Fe2o3 . Oxygen­

limite4.regeneration results in the reaction of FeS with 

so2 according to .reaction 3. 28. Accord~ng to the thermo­

dynamic investigations of Case (1978), the maximum possible 

s2 rield is 15-20% regardless of temperature; the s2 yield 

.i,ncreases from 4.7% of .the total sulfur gases at 1000°K to 

a value of 10% at 1200°K. Obviously, the production of 

elemental sulfur is desirable. Regeneration with steam. 

reported by Ganguly and Banerjee (1973) deserves consi- .· 

deration. ·They reacted pyrite with steam to produce ele­

mental sulfur at temper~t~res of 1173-1373°K.· It was .. 

suggested that FeS2 converted to ·FeS with further release 

qf· sulfur from the latter. The unfavorable equilibrium 

restrictions were overcome by maintaining a high mole ratio 
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of· steam to sulfur vapor. In· this process, the yields of 

elemental sulfur and sulfur evolved as hydrogen sulfide 

and sulfur dioxide ·were, respectively 84.5 artd 13.7% of 

total sulfur at 1273°K. The calcine contained ferrous 

oxide, ferroferric oxide, silica and 1.3% sulfur. 

Since it was established in Section 3.2.2 that 

pyrrhotite is .the only sulfide phase of interest during· 

desulf~rization, regeneration of Fes2 is not considered 

here. 

3.3 Review of Kinetic Studies 

3~"3.1. Desulfurization: 

In spite of the fact that iron oxide has been·used 

for H2S_ purification since 1849, no quantitative kinetic 

d~ta. has been repor~ed for. the higl:l.;,.temperature reac·tion 

of H2S with iron oxides prior to 1970. Westmoreland et 

al. (1977) reported comparative kinetics of high-temp~+­

ature reaction between H2S and oxides of Mn, Ca, Zn and 

V over the range 573-107.3°K. ·All reactions were found to 
.·.·, ,.., . . . '• . 'I' 

be first order with respect to H2S and obeyed the .. Arrhenius 

equation. The relative magnitude of reaction rates deter­

mined was MnO>CaO ~ Zn0>V2o3 . Activation energies of 

5690-8834 cal/mole were found. 

Brandon (1973) evaluated the kinetics of the de-

su1furization reaction for irop oxide. 

data according to the rate expre,sion: 

He correlated his 

R = -k C · 85c s v A . .,S 

wh~re CA and·Cs refer to the H2S and iron oxide concen~ 
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.trations respectively .. The following values of kv were 

reported. 

Temperature 
(oC) 

623 
673 
723 

773 

kv 
moles H2s 

liter-min 

25.4 
50.7 
77 . .7 
55.0 

.• 

It is to be noted that the units of kv are not consistent 

with the rate expression used; no explanation is found in 

the work for this apparent discrepancy. Brandon explained 

the decrease of the rate constant as due to structural 

changes within the solid. No activation energy was re­

ported. Since the activation energy is independent of 

the units used for the rate constant, a value may be ob­

tained for the r~nge 62J-723nK as follows: 

ln 25.4 
77.7 = E 

- R { 1 
6TI 

1 } 
"lTT" 

Therefore, E = 9972 cal/mole. 

Unfortunately, Brandon studied the reaction in the absence 

of CO.and H2 , the reducing gases normally present in low­

BTU producer gas; hydrogen ~ulfide in nitrogen streams 

were used for the studies. The effect of the absence of 

reducing gases on Fe2o3-H2S kinetics is not known. 

Gavrilova (1972) studied the H2S removal reaction 

with iron oxide containing ore using thermogravimetri~ ap-
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paratus. Dry fuel gas streams with about 0.42-1.0%·H2S 

were reacted with iron oxide particles of 0.5 to 1.o·mm. 

diameter. No depen~ence of reaction rate with linear velo­

city was found in the temperature range 628-783°K and 

linear velocities around 3.4 m/sec. Reaction was found 

to be first order with respect to H2S concentration when 

the concentration was varied from 0.3 to 1.0%. at 773°K. 

The kinetic data were correlated using the following ex-

· pressions 
n y = K

0
t for 628-783°K 

y = K1t for 873-1073°K 

where·y is the thickness of the sulfided layer·in mm., t 

the ·time·and K
0

, K1 :th~ rate constants. An activation 

energy of 11,800 cal/mole was obtained for the temperature 

'!; ·range 628-783°K. In the higher temperature range of 

873-1073°K, the activation energy was 1800 cal/mole .in-

dicating external mass tran·sfer control. The linear 

velocity was 0.53 m/sec for the higher temperature range 

experiments. 

The APCI packed bed data ((Joshi and Leuenberger 

(1977)) previously discussed in Section 2.2.3.3 was cor­

related to obtain kinetic expressions useful for scaleup. ,. 

The regi~e of control was found to change from kinetic 

to diffusional as the solid was cqnverted. A semi-empiri-. 

cal model was proposed to predict the breakth~6ugh curves. 
'I 

The fqllowing rate parameter~ were obtained. 
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Activation energy, E = 7771 cal/ g mole 

Arrhenius frequency factor, A = 4.52 x 107 

cm3 

~ ··. 

The rate equation proposed was, 

where. ·.· ,· 

-RA = rate of consumption of H s, 3 ((g mole) I ... 
fcm pellet) (min)), ... 

= sorbent Fe2o3 concentration (g moles/ 
cm3 solid) 

I 

f - gas molar uensity ( g mole/cm3) 

y = H2S mole fraction in gas phase of porous 
pellet 

T = temperature ( °K) 

R """ gas· cuuslant cal/(g mole-°K) 

.. ' . ~, 

••• "o,. 

Schrodt ( 1978) developed kinetic models based on:.· 

the packed bed studies using coal ash reported in S~cttop! 

2.2.3.4. As tn the case of the APCI studies it was. found: 

t:hat the regime of control shifted from kinetic to pore···· 

diffusion as the solid converted. The solid conve-rsion at 

which thi.s change occured was determined to be app~oximately 

0.8. For the kinetic regime, the following kinetic fac-

tors were evaluated: 

Activation energy, E = 2740 cal/g mole 
6 Arrhenius frequency factor, A= 6.74x10 

cm.3/g mol-min 
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The rate equation is the same as the one given previously 

for APCI 'study. Pore diffusivities were obserVed to be of 
. -1 -2 2 

magn~tude 10 to 10 em /hr. 

Hasatani and Wen (1977) studied the reactivity of 

iron oxide sorbents (pelletized composition of 45 wt% 

Fe2o3 and 55% silica) in a hot·simulated low-BTU gas con­

taining H2S at temperatures between 873~1173°K using a. 

thermogravimetric analyzer. The iron oxide was first re~ 

duced in separate reduction runs by reacting with H2 and 

CO; the reduced sorbent was then sulfided in a low-BTU 

gas stream. A limited number of runs were also conducted 

involving simultaneous reduction-sulfurizatio~ and direct 

reaction of H2S with iron oxide in the absence of reducing 

gases. Iron oxide reduction experiments revealed that 

(1) a spongy metal iron formed as a result of reduction; 

(2) intrinsic chemical reaction rate controlled reduction 

rate of pellets smaller than 0.2 mm (activation energy of· 

1·2. 3 · kcal/mole) ; ( 3) diffusion became increasingly impor­

tant as particle size.increased beyond 0.2mm. Sulfuriza­

.tion results revealed that (1) the reaction was first or-

der with respect to H2S; (2) the sulfurization rate ex­

hibited the same trends as seen for reduction; (3) the 

activation energy was 2.65 kcal/mole. It was suggested 

that sulfurization and iron oxide reduction occured si-

multaneously during the first period of the reaction. It 

was found that a spongy metal iron formed as a result of 
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the redu.ction~reaction was found to be more reactive-with 

HzS than· fron -oxide itself. The· chemical composition of · .-. , 

the final sulfurized iron oxide at equilibrium was deter­

mined to·. be close to Fes1 ~ 1 . The presence of water· vapor 

was fo.und to .have no effect on the sulfurization rate. .The 

direct ··sulfurization of ·-iron oxide pellets with (HzS+Nz) · 

gas containing· no reducing gases appeared slower in com- . _,,. 

pe.ri.son with the situat:i:on when .reducing- gases wP.rP. prP.Rent .· 

It was also concluded that the·wei'ght change curve of-the· 

simultaneous r-eduction-sulfuriz"ation reactions could :be ... -- . 

derived by simply adding the two .curves obtained fro~- that ·.· · 

of the separate ·reduction and sulfurization. Unfortunat~ly.,-. 

Hasatani· & Wen seem to have drawn this cpnclusion from tests. 

conducted at over 1100°K. Recalling here· ·the work of Gav­

rilova (1972) that was discussed earlier, it is interesting·.· 

to note that he reported· activation energies of 11800cal/ :: 

mole for the temperature range .628-783°K and 1800 cal/ 

mole for the range 873-10_73°K. .On the other hand, HasatanL. 

and Wen conducted all their studies above a temperature 

of. 873°}(. Since Gavrilova report.ed that mass transfer waq; _ _.. 

controlling in the range 873-1D73°K, it raises the question 

whether Hasatani and Wen were not entirely in the tr~nspor~ 

controlled regime. 

Korobeinichev (1967) studi-ed the mechanism of the. 

reactions of H2S and COS with Fe 2o3 taking place during 

the removal of sulfur compounds from fuel gases using the 
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calorimetric method. The solid, iron· oxide containing·. 

material was ·either bauxite or pure Fe2o3 . At 423-623°:K 

the only .solid reaction products of the interaction be·tween 

Fe2o3 and· H2s were FeS and Fes2 . The reaction. ·.rate and the 

product composition were found to depend ori the degree·: of 

solid phas·e conversion. With the increase of conversi-on, 

the ratio between H2 :and H2q. in the reaction products·. 

first increased and then decreased. The reaction was 

found ~o ·take place at temperatures above 593°K only. In 

the presence of H2S,.the reaction between COS and bauxite 

was strongly accelerated; this was not.the case in the· 

reaction of COS with pure Fe2o3 . The reaction of COS 

with· bauxite .in the presence ·of H2S was found to be zero 

order.in COS and first order in H2S. The mechanism was 

exp.lained as follows: a slow reaction l/3Fe2o3+H 2s = 

l/3FeS2+1/3FeS+H20 and a fast reaction·catalyzed by the 

Al 2o3 in the bauxite, c'OS+H2o = H2s+co 2 , which regen­

era·ted the H2S. In Chapter .2, it was· mentioned while dis­

cussing the Appleby-Frodingham process .that Reeve (1958) 

suggested that iron oxide catalyzed the conversion of or­

ganic sulfur to H~S; however, the work of Korobeinichev .... 

(1967) discussed above contradicts this findirig. This 

apparent disagreement may be explained as follows: The 

catalytic effect observed by Reeve might have really been 

due to the oxides other than Fe 2o3 that were present in the 

iron ore he used. Also, Reeve did not make a systematic 
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3.3.2 Regeneration: 
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The kinetics of the roasting ·reaction of ferrous 

sulfide by air was studied by Niwa et al. (1957) by means·,· 

of the.spring balance and X-ray diffr~ction analysis over. 

the temperature range 773 to 973°K. .A..t. the initial 

stage of oxidation no evolution of so2. was found. This .wa:s 

interpreLeu a::; fullow:s: iron ion reacted with oxygen by, 

migrating from the interior of feS cry.s·tal to the surfac.e ... 

until the deficiency of iron attained ;;t· limiting value.·. .·:.· 

Above 600°C the rate .of oxidation did. ·not: ch~nge with· tem~ 

perature; gas· phase diffusion was folJ,nd to be the. rate-.,-.··. · 

determining factor. 

Shakhtahtinskii (1974) has reported the formal 

kinetics of the fluidized bed roasting·.of ferrous sulfide.· 

The reaction was carried out at 733-1093°K in air. At 

1093°K, 93% of the sulfur was removed in 60 sec. The 

roasting process was a first order reaction which was 

kinetic below 808°K, translational from 808-959°K, and .. 

diffusional above 959°K, with' activation energies respec:-. 

tively of 60.55, 14.99 and 3.2 \{c?l/m.nle. Kinetics of 

the oxidation of FeS were also reported by Calistru et 

al. (1965). Study of the reaction of water vapor with iron 

sulfide at high temperatures were reported by Montilo 

et al. (1975). 

Vanyukov (1973) used differential thermal analysis 

.• :.-
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to study the oxidation kinetics .of ferrous sulfide. De-. 

·fects in ferrous sulfide were found to markedly affect 

the.ir oxidation kinetics. As observed by Niwa ( 1957) , the 

-·oxidation. of FeS .and Fe0 . 83s was found to proceed with an.. 

·. -induction period (no so2 evolved) . , .'l'he effective acti­

·.vation energies found were 91 .1 kcal/mole for FeS and 

·4. 41 kcal/mole for Fe0 . 83s. 

Wen et al.· (1978) studied the reaction of S02 with 

. ··ferrous ·sulfide in a thermogravimetric analyzer. The 

:·initial rate of reaction was found. to be firs.t order with · 

·respect to the concentration of . sulfur dioxide in the 

gaseous phase. Apparent activation energy of 6660 cal/ 

.·.mole was. obtained~ It was felt that intraparticle dif- · 

fusion might play an important role in the rate control-

/. ling step. 

For the packed bed air regeneration of sulfided 

·.coal ash, Schrodt (1978) reported the following rate con-. 

stant: 
. 7 

k = l.lOxlO exp(~799/RT} 

:The units are the same as for desulftirization. 

Joshi and Leuenberger (1977) report the following 

rate parameters for the regeneration reaction with air 

and steam obtained from the APCI studies: 

k = 4.33xl08exp(-15542/RT} 

· .. units being the same as for the desulfurization rate con­

·stant. For regeneration, oxygen should be used instead of 

HzS while defining concentrations. 



. CHAPTER 4 

EQUIPMENT AND OPERATING PROCEDURES 

4.1 ·nes~ription of Experimental Setup 

Figure 4.1 is a sketch of the equipment and Figure 

4. 2 is a picture of the experimental setup·. 

~ure gaReR frnm ~ylind~rs were used to obtain the 

simulated low . .;:.~aTu gas used for the experiments. Each gas 

cylinder was equipped with ·a pressure regulator in order· 

to obtain. ste.ady gas flows. Pr.ior to mixing, the gases 

passed through individual ~otameters. The mixed low-BTU 

gas passed through a calibrated rotameter ( 5) before en­

tering the reactor. This rotameter (with Matheson 602 

tube) was used to monitor the· actual volumetric gas flow 

into the reactor. Calibration curve for this rotameter 

is given in Appendix H. Where necessary, the gas lines 

were heat-traced to keep the gas streams above the dew 

point of wat:er vapor. Water vapor could be added to the 

inlet reactor fluid stream using the.vapor generator 
-

shown in Figure 4.1. Nitrogen was bubbled through the 

heated water in the vapor generator to obtain ~ watei vapor-

saturated nitrogen stream. Water vapor concentration in 

nitrogen was regulated by controlling the energy input to 

the electrical heater that was installed inside.the vapor 

66 J 
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Figure 4.2 A picture of the experimental set up. 
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generator. For runs requiring no water vapor input, the 

vapor generator was bypassed using the by-pass valves. 

The nitrogen (nitrogen saturated with water vapor when 

water vapor was included in inlet stream) stream was 

mixed with the stream containing other gases (CH4 , H2 , 

co2 , CO, HzS) prior to entering rotameter-5. For regen­

eration, only air was mixed with nitrogen to obtain the 

desired oxygen concentration in the stream. Using the 

two-way valve (12) shown in Figure 4-1, either the reactor 

inlet or the exit gas streams could be sampled for the 

chromatographic analysis. 

Due to the relatively high reaction temperatures, 

quartz tube was selected for reactor construction. The 

inside diameter of the reactor tube was 20 mm (0.787 inch) 

while the length was about 102 em (40 inches). A porous 

quartz disc was fused inside the tube at approximately 22 

inches from one end. This disc served the dual purpose 

of a support for the aoh bed and a gas distributor. The 

portion below the quartz disc was filled with inert ceramic 

chips to preheat the gas stream to the reaction tempera­

ture. A thermowell made of quartz tube of ~" diameter 

(nominal) was installed as shown in Figure 4.3. The well 

was so placed that the bottom tip made contact with the 

fluidized ash bed without hindering the process of fluidi-

zation. The reactor assembly was placed inside a Lindberg 

Model 54251 single-zone tube furnace equipped with a Model 
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59344-S temperature controller. The furnace system of­

fered excellent temperature control, the deviation range 

being about ±3°F from the set point. The furnace tube­

cavity measured 2 inches i.d. by 31 inches long. Quartz 

wool was packed around the· reactor to seal the annular 

spacing between the reactor wall and the furnace ends; 

this was found to greatly reduce the heat loss from the 

system. Further, the ambient ends of the reactor tubes 

protruding outside the furnace were wrapped and heated 

with heating tapes to achieve a more uniform temperature 

profile along the reactor length. The ends of the reactor 

were sealed with high-tempe~ature rubber stoppers; the 

stoppers had holes to .insert the required tubes. ·some 

quartz wool was packed inside at the reactor ends as shown 

in Figure 4.3 to prev~nt solid particles from entering the 

gas-carrying tubes. 

The reactor inlet pressure and the pressure drop· 

across the reactor were measured by the water-filled mano..:. 

meters shown in Figure 4.1. A gas filter was provided on 

the GC purge line. to prevent solid particles from being 

carried over. The reactor effluent gases were bubbled 
' . '. ' . ' i 

through sodium .. hydroxi'de solution .b~fore, venting 'l.nto 'the 

\exhautt hood. \ . • \j · \ \ i \ \ . ; \.I , \ : · \ .\ 

\ The :!.sot.qermal~ty of the reac·tion ~one was! tested 

using a thermocouple inserted from the reactor tube·bottom 

extending to the bottom surface of the quar~~ support 
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plat:e. Comparison .of this temperature with the one ob­

tained from the thermocouple near the surface of the ash 

bed (explained earlier) showed that the temperature was 

uniform in the reaction zone. 

A Varian Model 3.700· gas chromatograph was used 

for gas composition analysis. The GC was control~ed by a 

Chromatographic Data System (Varian CDS-11+> that also 

processed the peak uata. A Llu:~L·wal conductivity detector 

was used for peak sensing. Two different chromatographic 

columns were used in series for separating the gas compo­

nents: A molecular sieve SA, 30/60 col~ and a Chromosorb 

107, 100/120 column. Both columns were made of 1/8 inch 

di~eter by 6 feet long stainless steel tube.· A sampling 

loop located inside the GC oven was used to inj e.ct gas 

samples; the sampling loop had an approximate gas volume 

of 200 microliters. Columns were swit~hed during the ana~ 

lysis by two automatic valves. The sampling and column­

switching valves responded to time-programmed COtiliDands from 

the CDS-111. Figure 4.4 shows the arrangemen~ of thes~ 

valves and the columns; Figure 4.5 giYes the analysis se­

q1.1ence. The position shown in FiglJ:re 4. 4 was the normal 

arrangement (before sample injection) of· the valves and 

the columns. 

The analysis is started at a temperature of 100°C. 

Position-! in Figure 4.5 indicates the sample injection. 

At this point, ~oth the columns are in series. As seen in 
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chromo sorb sieve 

Figure 4. 4 Arrangement of valves and column:·s. 
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SAMPLE 

l ~2 -1r--------. 
CHROMOSORB 10'7 MOLECULAR SIEVE ' 

POSITION-1 (Sample injection) 

® ~ CO,CH4,N2,o~,H2 
POSITION-2 

. ·. 

j jst',so2,cos,sz;,co2 .__ ________ _.I co,&i
4 

N
2
, 

02,H2 ' 
POSITION-J ( Chromosorb isolation) 

- ~ 

• ~ ...... ___ ___,~1..._.~ . : •. 
POSITION-4 (Molecular. si~ve · · J.so~a-~J.on J 

Pif;uro ~- .5 The analysif.' sequence'! 

.. t• 
\ 
I ·~. ·.... . . . 

I . 
' I I .. 

l 
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Position-2, the gases have been separated with their rela­

tive positions inside the columns as indicated. Th~ mole-

.:.·' cular- ~iieve column separates 'CO, CH4 , ·N2 , · o2 and. Hz while 

the "diromosorb 107 column sepa~ates H2o, soz, cos, H2s 

and co2 . Since molecular sieve is easily inactivated by 

the latter gases due to irreversible adsorption, care 

.. ., mus:t be exercised not to expose this column·· to these gases . 

A helium carrier gas flow rate of 30 ml/min·each is used 

for analysis and reference columns. The situation de­

picted by Position-2 happens at about 1.40 minutes after 

sample.injection. At this time, the Chromosorb column is 
. ' 

· isolated by valve switching as 'shown in Position-3 and 

the gases departed by.the·molecular sieve column are al­

lowed to elute. This position is maintained until carbon 

monoxide is eluted out. When this happens . (at 4. 60 mins.) 

.. the valves VZ and V3 are switched again to isolate the 

'· ·molecular sieve column as indicated in Position-4. The 

perature being 150°C. Water peak elutes at about 12 

minutes and the analysis is ended at 13.0 minutes. The 

setup returns to Position~! automatically for the next 

s~ple injection. Figure 4.6 shows the prog~amming o~ 

tl:le CDS-111. 

Internal no~alization was the ~nalysis method 

\ 

\ \ 
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S£CTION l 
I 1111 281 
2,$/N 2N ~ • ·r 

J 
.. 
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5 RR£J 50R 
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. ~ .. 
) .... , ~: 
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2 .08 2FB .09 
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7 1.50 4S .-,s .·, 

~ 4. 47 ZFB 4.48 
8 4.48 :!FIJ 4.CO 

10 4 .fM 8X~ .til4 
11 4.51 sn .00 
12 6.00 5T~ I. 68 . 13 · 6.00 2FB 6.85 
14 6.50 7PR 20 
15 G.OS 48 2.91J 
16 9.82 7PR 89 
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ff' ~A.~~ 4S :2.(19 
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.. 

9 lfUST· 0~ 
1 f.l IIRTR n 
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12 FRCT 10~ 
13 RLRH 81 

SFr.TT(II'I 4 
PK. TI/'1£ R/'IOUNT RU£.FRCT 

H2 I I. 43 .800009 77.69289 
9i 2 l. ?g ·, (l(jl(1(jiJ1(1 l, IH 1760 
Hz -; :2.0H ,(jl(ji(J~(1(1 1.000000 
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co 5 3 .. 33 .Ot'JOOOB . 821178 
.C02 6 4.97 . 008089 .635198 
H~ 7 6.85 .080088 . 688418 
coss 7.25 .BiJOB08 .642914 
S02 9 H1.·60 .000000 .468380 
Jl;t() 10 11.10 . 880988 1.304808 

S£CTIDN 6 
I VOL e 
2 CRL I 
3 SRifP I 
4 £SP 2 
5 R/0. 8 
8 DRFT 68 
7 T£HP 188 

Figure 4.6 CDS-111 Program. 
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employed. Response factors were calculated using standard 

gas mixtures relative to nitrogen·; the nitrogen response 

factor was arbitrarily chosen to ·be unity. Care was 

· exercised to obtain a posit~ve hydrogen peak. Hydrogen 

is a difficult gas to analyze chromatographically; at 

certain H2 concentrations negative and M shaped peaks may 

occur (Purcell and Ettre (1965)). 

4.2 ·Procedure 

Ash preparation: ·The original ash samples ob­

tained from gasification plants consisted of varying sizes 

with some lumps measuring as big as 3-4 inches. First, 
' 

the larger lumps were broken into smaller sizes (about .\") .· 

The latter were then broken down ~urther using a rotating­

plate crusher and sieved us~ng a Rotap siever into varying 

cuts. The fluidizing cha~acterist~cs of these cuts were 

studied. ·The results are discussed in Chapter 6. Based 

on these results, the choice of the proper ash particle 

sizes for reaction studies was made. The selected ash 

particles were prepared for react_ion studies by heating in 

a muffle furnace at 800°F for 24 hours. This was done to 

burn off the carbonaceous and volatile components that 

might be present in the coal ash. This ash was sieved 

again and the proper cut was weighed to obtain a static 

bed length of 1 to 2 inches. The weighed ash was then 

charged into the reactor and fluidized overnight at 1200°F 

with air. Desulfurization studies were conducted using 
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·, 

-
Experimf:mtal Procedure: 

The ox'idized ash bed· was '·continuously- purged using 
' . . 

a tiitroger{ stream while heating to reaction i:empera.ture. 

The exi·t. ·ga·s was analyzed using the GC to make' sure·· that 

all the· oxygen'\4as purged out of the reactor. The ·r'eactor· 

was then isolated by ·closing valve-9, valve-13 and changirig ,. 

the pOS1t:1on u·f \:he three-way -val\re-12 ~. With the .re~,'ctor · .. :: 

isolated, the 'gas flow· .for H2S adsorption reaction was st.iir'ted. 

The individual' <gas f1ows w~re set using ro·tameters 1 ·and 2~-· 

The total flow rate of the mixed gases was' set u~.lug rota-· · · 

meter- 5. The three-way-"vai ve-12 ·. admi.tted the· analysis stream 

to the GC. Valve-10 and Valve-7 were open during this 

period. The appropriate gas-line heating tapes were turned 

on. The simulated iow-BTU gas stream was continuously 

analyzed till the compositions and flow rate stabilized. 

Usually, this procedure took about three hours. Upon 

reaching stable conditions, the gas was admitted into the 

reactor by opening valves 13 and 9 and closing valves 8, 

7 and 10. The position.·of the three-way-va1ve-i2 was changed 

.so that the reaC-tor exit gas now passed through the GC 

sampling loop. Valve-13 was adjusted so that the desired 

flow rate of about 20 CC/minute was obtained through the 

GC sampling line. A stopwatch was used to follow the re-

action time. When the H2S adsorption reaction was over as 

indicated by the GC, the gas flow was stopped by closing 
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the gas lines at the gas cylinders. The reactor was purged 

free of low-BTU gas using nitrogen and was mo~itored by GC . 
. .. . . ' 

. When purging was complete the reactor was i~olated 

once _aga~~· Valves-7, 8, 10 and 12 were set _f.o.r i~l~~ .flow 

analysis. and air f~ow dilut~d with nitrogen w~s. st~~~ed. 

The oxyge~ concentration was again_rilonitored by the GC. 

Wh~n th~. oxygen .concentrati_on and total-stre~ flo~ rate 

had stab;lized, the regeneration react~?~ was .-started and 

~oni~ore4 by following the .same proced~r~s a~_for adsorp­

tion. After the regeneration reaction was o~er, air flow 

through the ash b~d was maintained overnight .. 

Figure 4 .. 7. shows a. sample. chromatogr~: 
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CHAPTER 4A 

PRELIMINARY RESULTS 

A few desulfurization and regeneration runs were 

·carried out to· de.termine the nature of the bre~kthrough · .. 

·curves. Init{al runs were carried out at 900-1200°F. 

·.·,These ·preliminary r·esults were needed to· proc.eed with 

:mathematical modeling and data analysis·. A typical desul·- · 

:furization curve obtained for Western Kentucky ash is 

._.given in Figure 4A.l. The· regeneration curve is given by.: 

· · Figure 4A. 2. ·During desulfurization as seen in Figure 

4A.l, no· measurable HzS was noticed in the reactor effluent 

till the· time of breakthrough. The concentration then irt~· 

creased with' time and the bed was ultimately saturated. 

·.Some of the hydrogen·-sulfide was converted to carbonyl 

· sulfide. This is mo·re thoroughly discussed in Chapter. 6 ,- · 

s·ec·tion 6. 3. A strong temperature dep-endency was also 

noticed. 
,,. 

During regeneration of the spent ash bed··;·some 

oxygen was measured, prior to breakthrough, in the exit 

gas stream; this concentration remained constant till 

breakthrough occured. The breakthrough_curve was nearly 

vertical indicating extremely rapid reaction rates even at 

3% oxygen concentration. It was suspected then that the 

81 
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Figure 4A.2 Preliminary regeneration 
curves for t-1. Ky. No.9 Ash. 
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regeneration rates would probably be governed by mass 

transfer considerations. 

These and other results are discussed in details 

in Chapter 6 •: These preliminary results foi:m~d tqe basis 

for the mathematical models developed in Chapter 5. The. 

models were tested and continually refined as more data 

ware accumuiated. 
. . } ' 
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CHAPTER 5 

. THEORY OF GAS-SOLID REACTIONS 
'AND REACTION MODELING 'IN A FLUIDIZED-BED · 

.. ,.· ', .. 

5.1 General Considerations: 

The desulfurization and regeneration_reactio~s 
. .. - ~ . 

associated with the coal-ash iron oxide process are 

heterogeneous in nature since a solid is reacting with a 

gas. In this chapter, discussions will be centered on 

gas-solid reaction~ Models will be developed, based on 

phenomenological considerations, which may be used in the 

extraction of rate parameters from experimental data ob­

tained in a tr~nsient fluidized-bed. First, the theory 

for a single reactant solid particle will be developed in 

Section 5.2. The single-particle developments will then 

be incorporated in fluid-bed reactor models in Section 5.3 

so that .the reaction phenomena in the multipar~icle (fluid­

bed) system may be defined in terms of mathematical models. 

5.2 Single-particle·reactions: 

5.2.1 Nature of gas-solid reactions: 

Gas-solid reactions are of considerable importance 

to the chemical and metallurgical industries; gasification 

of coal, iron oxide reduction, halogenation of metals and 

metal and. metal oxides, production of cyanamide etc. are 

85 
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a few of the examples. Many of the features of heteroge­

neous catalysis also apply to gas-solid noncatalytic re~ 

actions. However, the latter is more complicated in the 

sense that the solid·reactant is actually consumed duriri.g 

the reaction; this results in a transient behavior that 

is inherently more difficult to treat. Physi,cal steps of 

heat and mass transfer are invariably as$QCiated with the 

process and proper care sho1.1ld be exercised.to·account 

for the effect of these steps on the overall reaction 

process. 

When boundary-layer and intra .. particle resistances 
I 

are small the overall ratelis controlled by surface reac-
1 

I ,I 

tion. In such a case it is possible, as for het:erogeneous 
\ 

catalysis, to postulate different me,chanisms bas~d on ad-
I 

sorption, dissociation, suriface reac'1tion and desorption to 
I 

: I I 
get an insight into the correct mechanism. Unfortu~ately, 

I . ' 
the complex and transient n~ture of ~oncatalytic'gas-solid 

I . ! . 
reactiqns renders ·this inv~$tigative process unsuitable 

for all but the most elementary examples. The nth-order 

rate equation; 

(5-1) 

has been found to describe satisfactorily the surface re­

action in many gas-solid reacting systems (Wen (1968)); 

nand mare the reaction orders·with.respect to·gas apd 

solid reactants respectively. The value of m depends on 

the structure of the solid and the distribution of the 
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solid~reactant in the solid and as such has no theoretical . ~ -~· - '. '. 

significance. The term wm accounts for the change in the 

reaction· rate as the solid is consumed. In cases where the . ~ .. 

. change in the.reaction surface area can be directly pre­

dicted as a. function of solid conve~sion, the.rate may be 

d~fined per unit surface area; the solid concentration 

term is not nee~~d in such a case. 

5.2.~ .. Single-particle Analysis: 

Models for unchanging particle size are developed 

in this section with reference to the irreversible reaction 

_,given by, 

A (g) + bB ( s) __. eE (g) + s S ( s) ( 5-2) 
. \ . \ ' 

. where bqth gaseous and s1,olid p~oduc~s are. formed. Porosity 

. · · ·· I · I I · 

of the Jolid is an illlpor:~ant vJ,riab~'e in ga~-sol\id rea\ction\s, 

:si:~ce it\ generally .d~cta~es the:\ mann~r in w~ich the rekctioh 
i ' I I I . ! I ': ! I I 
I I I ' ' I I 
' I • ' I takes pl~ce. Highly !porqus and non-porous re~ct~nt parti-

1 I I . ' I I 
I I ' I : ' i I II ,cl!es represent the twp extremes that'are E\!ncountered. In 

II I !' I ' \ I ' I . I ' I . I I . I 
\ll.e ca~se of: the no;n..:ppro'is reacyant •: . the prodl!J.ct layer•. 

formed allows diffusion of the gaseous reactants and pro­

ducts; and a core consi$ting of unreacted reactant is 

formed. On the other hand, when the solid is highly_po­

rous, the consumption of the solid reactant.is uniform 

throughout the particle·. Acc~rdingly, the analysis of gas­

solid reactions may be c~assified under two g~oups--porous 

and nonporous; this classification is used in the discussions 

that follow. i 
I . 

I 

I 
I 

\ 

\ 
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5.2.2.1 Nonporous particles: 

When the solid reactant does not permit the dif-

fusion of gaseous species, a reaction zone is formed be~ 

tween the product l.ayer (shell) and the reactant core. 

Many gas-solid reactions have been su'ccessfully: analy~ed 

based on the assumption that the reaction zone is very 

narrow so that the reaction may be assumed to take place 

at a sha~p int:erface ut:!tween t:hc reactant co:t.e a.nd tl1t: 

product shell. Figure 5.l(a) and 5.l(b) illustrate the 

concentration gradients that may exist based on this 

model. When the reaction·zone is very narrow, the con .. 

centrations of CAl and cA2 are about equal and may be 

represented by CAc' the gas concentration of reactant A 

at the surface of the unreacted· core; Figure 5.1 (b) 'il­

lustrates this for a spherical particle. This model· is 

generally referred to in the literature as·the unreacted-

core or shrinking-core model. The ~impler case of the 
- . \ 

unreacted-core model involving a. sharp interface between 

the core and the shell is examined below for a spherical 
.. 

particle. The theory is discussed by Smith (1970), 

Levenaplel ( 197?.) nnd Cal:' perry ( 1.976) among oth~rs. It is 

clear from Figure 5.1 that the concentration of gaseous 

reactant A in the reaction zone or at the reaction int~r-

fa~e (CAc) ·is different from the b~lk concentration CAb.· 

The actual value of CAc is determined by the transport 

resistances offered by the gas film and the product layer. 
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gas film 
product sh~ll 

/ · /reaction zone 

soli~ reactant 

CA2 

Figure S.l(a) Concentration profile for a 
not?-porous solid reactant with diffuse 

reaction zone. 

Wo ~Ab 
I C,.s 
I c .. I 
I 
I C,.c 

I 

Solid Reactant 

Figure S.l(b) Concentration p~ofile for a 
nonporous, spherical particle with 

narrol-7 r~actio11 zone ( f~om ~ven (1968)). 
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-It is useful to define the physical and chemical rates ex­

plicitly at this point while noting that the rate 'of chem­

ical reaction· is proportional to the surface area of the 

unreacted-core. 

Chemical reaction: 

Rate per particle (moles· A/time) for reaction (5-2), 

r 
. _ 1 rB _ dNA _ 1 dNB 

- A --r - ~~ - -h frr: 
!;J . - t. r. 

'' ' ·' 

(5-3) 

Here, the ass~ption is made that the reaction is first 

· order with respect to A. The literature review on kinetics 

of iron oxide process in Chapter 3 reveals that the reac­

tion order may b~ taken to be unity with respect to the 

gaseous reactants H2S during desulfurization, and o2 d~ring 

regeneration. Higher orders complicate the mathematics 

considerably. The unreacted-core radius is rc .. r 
I 

Boundary-layer 
1 
(gas film? di·ffusion: 

\Rate of mass tran13fer (moles A/time/particle)".~ ' I . I ' 

. dNA 
-dt. 

dNA,' 2, 
-~ = 4TrR km[CAh - CAs] " (5-4) 

where km is the·mass transfer coefficien~ and R the particle 

radiuu. 

Diffusion through product layer (shell): 

Rate of.diffusion (moles A/time/particle) 
dNA 2 dCA . 

- dt = 4nrc De<ar-> 
r=r 

c 

where De is the effective diffusivity of A through the 

(5-5) 

porous product layer; the gradient is evaluated at r = r~. 
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. .. Since t:he concentrations CAc and CAs cannot be mea-

sured in.general, it is expedient to express them in terms 

of· the measurable quantity CAb, the bulk concentration·. 

To do this one has to examine the. relation between the 

chemical and physical steps involved; the following in­

·dividual steps may be identified with reference to Figure 

5.1. 

1. Diffusion of gaseous reactant A thro~gh the 

boundary layer surrounding the particle . 

. 2. Intraparticle diffusion of A ·through the solid 

product layer.· 

3. Chemical reaction at the reac.tion inJerface· 

leading to the formation of the solid product·E 'and ga~eo'I-!S 

product F. 

4. Diffusion of .F through the produbt 
. I 

particle external sur'face. 

I 
I 

I 

l 
I 
I 

sh~ll 
I 

to the 

5. Diffusion of F through the gaseous boundary 

layer back into the bulk fluid stream. 

Since both the desulfurization and regeneration reactions 

are e.ssentially irreversible, steps 4 and 5 need not be 

considered (Levenspiel (1972)). If the rate of advance­

ment of the reaction interface is assumed slow in relation 

to fluid diffusion inside th' paritcle, the steps 1 to 3 

may be considered to occur ~n series and in a pseudo-

steady manner. Bischoff (1963) analyzed the validity of 

this assumption and came ~o the conclusion that the 

pseudo-steady-state assumption was reasonabl~ if the 

I 
I 
I 
I 
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density of the gas in the pores of the. product layer ~s 

small with resp~ct to the density.of the solid reactant B. 

This is true in the case of the ~ron oxide proces~. As~ 

suming pseud~-steady state to pr~vail o~e may proceed to 

eliminate the immeasurable quantities and express the 

reaction rate in terms of measu·rables. 

: .,!, • 

converted shell 

Figure 5.2 Mass balance for non-porous particle~ 

Making a mass balance for reactant A on a thin shell in.the 

product layer as shown in Fi~ure 5.2 above with the a~sump~ 

tions of pseudo-steady state gives (Smith (1972)), 

d 2 ~A ar (r Dear> ;: 0 (5-6) 
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With the poundary conditions 

CA = ·cAb at r = R· 

CA = CAc at r = rc :. '. 

·• 
integratton of' ·(5-6) tWice with respe·ct to r gives 

R . 
C C (C C )(~- 1> A- As= As·- .Ac ~-.----

rc 
<a -1> 

Differentiation of (5-7) gives_, 

r=r c 

(5-7) 

(5-8) 

Since the applicability of.the pseudo-steady-state assump­

tion allows on.e· t~ consider the three steps represented by 

equations (5-3) to (5-5) t.o occur in series, they may be 

equated to each other to eliminate the unobservables CAs 

and CA~· First, the derivative in equation (5-5) is re­

placed by the identity on the right-hand side ·of equation 

(5-8). Equating equation (5-5) to (5-3) after this oper-

at ion results in 

CAc = 
CAs 
rc k r (5-9) s c 1 + (1-R) -D-

e 

which expresses CAc in terms of CAs. CAs in turn may now 

be expressed in terms of CAb. by using (5-9), (5-4) and 

(5-3). ·The result is 

. (5-10) 
1 
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Substitution·:of this in equation (5-9) give·s · . 

. ·. ·,· , 

CA = CAb c. (5-11) 

It is convenient to define the following dimensionless ·· 

quantities at this time. 

Da.• Damkohler number • k R s· 

Bi c. Biot nUmber 

-r>; 
• k R m -n; 

Substituting equation (5-11) in equation ·c5-3) and expressing 

the result in terms of the dimensionless groups just defined 

gives:· 

(5-12) 

where k
0 

is the overall rate constant. 

ko = 

r2 
c .. k 

___, L• 

R""' .... 

r r D. r 
c __£, + -1!. c 1 + Da(1 - R) R Bi -:--2-

R. 

or 

1 +Da 1 
Kg Bi ~ (5-13). 
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In this form, eac.h of the terms on the right-hand sid~ re~. · 

presents respectively, the fractional resi.stance of in­

terfacial reaction, pore diffusion and ·ext·ernal ·mas·s trans~· 

fer. The radius of the unreacted core r c i.s related· to 

the solid concentration W and solid conversion Xe as 

follows. 

Dimensionless solid concentration, 
w 

X= W. 
0 

(5-14) 

Conversion of solid, X
0 

:'= 1 - X ( 5-15) 

The single-particle reaction rate model developed above 

will be applied to the fluid-bed 'reactor model in Section 

s·.-3.2. 

5.2.2.2 Porous Particles 

When the solid is porous, the reaction may be 

considered to occur in a pseudo-~omogeneous fashion through­

out the particle. This. conce~t. is ·extensively employ~d in 

heterogeneous catalysis. Detaiied discussions of the po­

rous pellet models are presented by Richter and Hoffman 

(1977), and Wen (1968) .. When the rate equation (5-l) is 

employed , analytical solution is possible only· for n = 1 

arid m = 0; numerical solution should be resorted to in 
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other cases. The treatment o'f ·non-catalytic .gas-solid 

reactions is more complicated than gas r.eactions over hete­

rogeneous catalysts, since a product layer with no reactive 

solid develops after ·a certain time as the .solid .is con-. 

·sumed. The reaction ·fs said to have reached the. second· 

. stage when this happens. Concentration· profiles ·.for the· 

·two stages are given ·in Figures 5.3(a)· and 5.3{b). The wo-rk 

of Kichter and Koffman (1977), and Wen (1968) referred .eo.- . 

.. ·above were based on. the assumption that., on a macroscopic . 

scale, the reactant was distributed throughout the solid i·n 

a homogeneous fashion. 

In recent years, models for p·orous. reactants have· 

·been developed that· take into consideration ·the .fact that 

the solid reactant may· be di.stributed as grains in the 

solid. These models are generally known as grain models 

and extensive discussion of them may be found in Szeke1y-

et al. ( 1976) . Figure 5. 4 is a schematic rep:cesentation 

of the grain model •. Unfortunately, the grain model re­

quires prior knowledge of ~he gr.;1in parameters--grain size, 

size distribution, shape factor, etc. Since these addi- · 

tional parameters are included; care must be exercised in 

the application of the grain models to multiparticle sys­

tems where scatter of the experimental data is inherently 

greater than for single particle studies. It must be 

pointed out here that the present study is made in a flu­

idized-bed, where the actual gas-solid contacting pattern 
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Solid Reactant 

Figure 5.3(~) Schematic diagrar11 of concentration profile 
in the first stage- (from Wen. (1968). 

VI/ -------------o 

w --------

Ash Solid Reactant 

Figure 5.3(b) Schematic diagram of 
conc~ntration profile in the 

second stage (from Wen (1968)). 
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ntragrain diffusion 

lntrapollot dif!utio" 

Figure 5.4 Schematic r~pre~e~tation 
of the· grain model 

(Sohn and· Szekely (1972)). 
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is complex and not easily defined. Also, it must be em­

phasized that, the main objective of this research project 

is to evaluate the apparent (not intrinsic) kinetics use­

ful for scaleup. The use of complicated gas-solid reaction 

models for the present case, therefore, is not justified. 

Only the pseudo-homogeneous model with no intraparticle 

concentration gradient will be tested among porous-solid 

models. 

5.3 Gas-solid reactions in fluidized-beds 

5.3.1 General considerations: 

Fluid-beds are generally used to carry out hetero­

geneous reactions where there is a need to move the solids 

through the reaction vessel in a continuous fashion, and/ 

or where high· heat transfer rates ar.e. involved. The re­

generation reaction of sulfided 1ron oxide is highly exo­

thermic with a heat of reaction of. about 150 kcal per 

g mole of FeS at normai regeneration temperatures. The 

temperature control requirements in the regeneration step 

make the continuous fluid-bed desulfurization-regeneration 

scheme a very practical choice. 

Fluidization in gas-fluidized beds is termed 

"aggregative" since a significant portion of the fluidizing 

gas tends to travel through the bed in the form O·f bubbles. 

This behavior results in nonideal fluid-solid contacting 

patterns. The gas bubbles travel through the bed with a 

higher velocity than t:he gas in the emulsion phas.e. Be-

•••• '"· - , • .;, .~ •l,.i....._ - ,-, .... o..:.-...;.~. 
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cause of poor contact between the gas and the solid in the 

bubbles, the overall rate of reaction in a· fluid-bed is . 

usually less than that observed in a packed-bed. The in-

herently complex fluid flow patterns that prevail in 

fluid-beds complicate the design and scale,up of fluidized'-· 

bed.chemical reactors. In recent years, uiodels have been 

proposed that ·attempt to account for the nonideal contact-: 

ing p~ttcrn oo that the fluidized- reactor may be designe,d -: 

from intrinsic kinetic data obtained from other types of 

reaction systems. Although these models have contributed 

significantly to the knowledge of the ~luid-bed phenomena~ 

they are not yet reliable enough to warrant their use in 

practical design. The accepted practice is to study the. 

reaction first in a small-scale (2-4 ems. diameter) reactor, 

and then scale-up in two stages (Jordan 1968). 

The usual purpose of laboratory investigations of 

chemical kin~tics in a fluidized-bed is to deduce kinetic 

parameters that may be directly used in the design of a 

larger-scale fluid-bed reactor. Intrinsic reaction rate. 

measurements are seldom performed in fluid-beds due to the 

complex flow regimes exfsting in these deviceR. Tt ~houln 

be recalled here that the main obiective of this studv is 

to evaluate the kinetic parameters useful for nrocess 

design. Therefore, a detailed review and analysis of the 

models that account for the nonideal flow re~imes nresent in 

fluid-beds are not made. Yates (1975) gives an excellent 
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review of many existing fluidized-bed models which assume 

the bed to be a two-phase system consisting· of a dense:· 

emulsion or interstitial phase, and a lean or bubble 

phase. After analyzing the various models available; 

Yates concludes that no one model is currently able to. 

predict accurately the performance of a large-scale fluid~ 

ized-bed reactor. Kunii and Levenspiel (1969) have pre­

sented a-detailed analysis of fluid-bed models based on 

bubble dYnamics. Detailed treatment of the fluid­

mechanical aspects of fluidized~beds ~ay be found in Leva· 

(1959), Othmer (1-956) Zf;mz and ·othmer (1960) and Zabrodsky 

(1966). These are not discussed here since ·they are ir­

relevent ·to the p'rincipal thrust of this work .. 

5.3.2 Re~ctor Models 

5.3.2.1 Pseudo-homogeneous Model: 

The following assumptions are made. 

1. Particle offers no diffusional resistance; the 

reactant diffuses to all the reaction sites readily. 

This is equivalent to saying that no intraparticle 

concentration gradient exists. 

2. Isothermal conditions prevail. 

3. Reaction is first order with respect. to the 

reacting gas. The validity of this assumption was 

considered in Section 5.2.2.1. 

4. Superficial linear velocity in the reactor re­

mains unchanged during the course of the reaction. 
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This is generally valid when the reactant gas con­

centrations are small. This is the case during 

desulfurization. 

5. The solids in the reactor are perfectly mixed. 

This ·assumption is very W:i.dely used in the treat­

ment of batch fluidized-beds. 

6. Axial dispersion is ne9li9ible. 

7. Pa.rticle:S a.J.:e :spl!t!J.:i~..:al; :sL.L.U~..:LuLCil awl IJlly­

sical properties of the solid do not change during 

conve~sion of the solid. 

8. It is assumed that the gas is in plug flow. 

Assumption of a spec~fic flow regime is necessary 

in order to evalu~te apparent rate constants. Many research­

ers have assumed plug flow for gas especially for treatment 

of dQ~Q obtQincd in small-diameter reactors (Jordan (1960)). 

Jordan, after analyzirig the results of Gilliland et al. ·(1953) 

·and other workers, concludes that fluid-beds with.L/D (length 

to diameter) ratios greater than 1-2 are likely to approach 

plug flow behavior. Investigators have generally used the as­

sumption of perfect mixing for the gas phase only when the beds 

were very shallow. When the reaction is very fast, the axial 

concentration profile cannot be neglected: perfect gas phase 

mixing would not be a reasonable assumption for such cases espe­

cially when the bed is not·shallow. 
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·The pseudo-homogeneous model ·is developed with 

refe·rence to the stoichiometry indicated by equation 

(5-2) and the rate equation (5-l). As explained earlier, 

the order with respect ·to the gaseous reactant is assumed 

to be unity (n = 1). The rate of reaction is a function 

of both the position in the reactor (z) and the time (t); 

however, due to the assumption (5) of perfect solid mixing, 

solid ·concent,ration is considered uniform throughout the 

reactor and time dependent only·. 

Rate per 

Rate per 

particl~ = -rA (g ~ole A consumed/time) 
. . -rA 
gram of ash = -RA = 4 3 =-rAgN (5-lSa) 

'jfR Pp 

According to the pseudo-homogeneous model., 

-RA = k CA· wiD . v . s 

or -rA = <~~R3Pp>~vcAswm 

(5-16) 

(5~17) 

also, -rA = 4~R2km<GAb - CAs) (5-4) 

Equating equations (5-17) ~nd (5-4) gives the unknown con­

.centration CAs in terms of the known bulk concentration CAb· 

(1 + 

Using eq~~tions (5-16) and (5-18), 

R k ~~Ab 
- A = v -------~~------

wink (1 + Rpo · v) 
3 -~ 

(5-18) 

(5-19) 
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If one considers.making a mass balance for A over the smali 

element 6z shown irt Figure 5.5 below and follows the usual 

procedure of letting this element tend to zero, (Smith, 

(1970)), then 

a cAb 
u az 

subject to the 

at t ;;;; 

at t~o 

a cAb 
+E --·-· at 

conditions 

0 and O,.::z.::,L 

and z ~ 0 , 

at t+large and O<z<L 

~ 

6Z 

tz 
Iff/ I'// f, 

= 0 

CAb = 0 

C.Ab ::: CAo 

0Ab == CAo , 

t 
1·-~-

r 
L 

- -- 1 •./.'./..LLf ff 

Fig1.1re 5. 5 Reactor ~ass bal:u1ce. 

(5-.2Q)·. 

When the time for the conversion of the so~id reactant is 

large in relation to the gas residence time in th~ reacto.r, 

the process as a whole may be assumed t:o occur in a ps'.H?.'do­

steady .... state manner. In this case, the transient term in 

equation ( 5-20) . may be dropped. This is a very cmmnonly 

adopted practice in the treatment of multiparticle gas­

solid reaction systems. Two of the many specific referenc;es 
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:t;hat may be Gited are, Natesan and Philbroqk ( 1970) ·, and 

Dp~aJs:wB;my .~t. al. , (19'59) . The.se wo~k~rs used i;luidize.d-, 

beds in their studies. The transient term in equation 

(5- 20) may also be .. dropped for many gas-solid reactions 

carried out in packed-beds (Gldaspow et al. (1975)) as 

justified by Ozawa (1969). 

The pseudo-steady,mass balance for A, for the 

fluidized-bed then becomes~ 

dCAb 
u CfZ + -(-RA) PB = 0 

Substitution of equation (5~~9) in (5-21) gives, 

dCAb + 
u o:z 

kvCAbPBwtil 

RP vfil k _:___p_ v 
1+~·r 

m 

= 0 

(5-21) 

(5-22) 

Equation (5~22) may be solved for a specified value of W 

to express CAb as a £tinction of z. ·The time dependency is 

obtained_ by a macroscopic balance on the particles in the 

reactor la~er. 

It is advant.Rgeous at this point to introduce some 

dimensionless variables. A dimensionless time variable 

is defined as the r~tio of the cumulative moles of A passed 

through the reactor at time t; to the total moles of A 

needed to saturate the· bed. In terms· of measurable . 

variables, 

T -
~tCAo 

(1...;e:)LM P. 
0 p 

(5-23) 
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Other 

QC 
dl' = ~ dt MoQ 

variables are, 
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(5-23a) 

y = dimensionless gas phase concentration of A 

.cAb 
. l 

= CA6 

X = dimensionless concentration of B in the solid 

w = 
~0 

z = dimensionless rea~tor position 

= z 
'L 

These dimensionless variables are now introduced into 

equation (5-22). Thus, 

-dY _ az--

.Defining; 

K 
m 

xm 

u = --...,.....----
Lk W.wCl-E:)O v u . p 

Substituting these in equation (5-2·4) gives 

-dY = dZ 

with boundary conditions, 

at 1' = o; z ~ 0' 

at 1' = 0, z ~ 0' 

X • 1 

y = 0 

(5-24) 

( 5- ?_5) 

(5-26) 

(5-27) 
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at T ~ 0, z = 0' y = 1 

'It' ·should be noted that Kk is the kineti.c .parameter and 

K the mass transfe·r parameter. 
m . ~ . ./ 

For consta~t X, equation ( 5-27) may be :integrated to 

get the steady-state. gas phase conc~ntration profile as follows. . . . 

z 
f dZ 

- fy dY _ 

1 0 

(5-28) 

Macroscopic mass balance for the solids in the 

reactor: 

Since the solids are assumed to be in a perfectly mixed 

state, the solid concentration W (or X) is a function of 

time only as pointed out earlier; therefore, a macroscopic 

mass balance for the whole reactor may be made for a small 

time interval ~t during which the concentration profiie in 

the reactor is assumed to be unchanging. 

Moles of B consumed during ~t -~NB = -~(qXW0 ) 

= -qW0~x 

Input of A into the reactor during ~t = QCA0 ~t 

Output of A from the reactor during ~t = 

yl ·QCA ~t 
Z=l 0 

Moles A consum~d = -6NA = QCAo~~[l-Y lz=1] 

Using equation (5-28) in the expression above, 

(5-29) 

(5.29a) 



-6N = 
.A 

Since ~NA = 1/b~NB, 

-~NA =-1/b~NB. 

Therefore, 

1 ···.-·qW ~ • .b 0 . 

Rearranging, 
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= -

~X bQCAo Xm 
~t = -~ [ 1 - EXP (- ) ] 

qWo KmXm+Kk 

<!5.:.30) . ·. '· 

( 5. 3.0a) 

. .,· ... , 

Noting that·W
0 

= bM
0

, 1,1sing dimensionless time as def:l,p:ed 

in equation (5-23) and letting ~t tend to zero we hav~· 'the 

following expression. 

Equation (5-32) expresses t:he change .of solid concentration 
·', . ' 

of reactant B with time .. Equations (5 .. 20) and (5-32) a+e 

together numerically solved using Fourth Order Runge­

Kutta procedure. The ~omputer program for this is listed 

in Appendix E as Model 1. The result is discussed in 

Chapter 6. 

5.3.2.2 Unreacted-core models: 

Reactor gas phase mass balance given by equation 

(5-20) applies here also. Reaction rate per particle ac-



109 

cording to this model was developed in Section 5.2.2.1 

and is given by equation--(5-12). 

41Tr ... 2k CAb ..... s 2 
r r r 

D (1 c) c + Da c 
a - T R Bi R2 

(5-12) 
: ~· . 1 + 

·, 

(5-1 Sa) 

... 
Using equations (5·-t2) and (5-15a)· in equation (5-21) and 

rc 
putting P = 1r one obtains, 

dCAb 47Trc 2k5gNpB CAb 
u dz + ----~~~----------wz = 0 

(1+Da(1-P)P+ ~~ P ) 
(5-33) 

Transformation of ~quatiori (5-33) by using previously de-

fined dimensionless variables giyes, 

-dY = __ _.;Y;.:;·P_2 ____ _ 
dz 

Ku(1+Da(1-P)P+~iP2 ) 
_ Ru 

where Ku- 3Lk (l-E) 
s 

<S-34> 

Equation (5-34) may be integrated to give the instantaneous 

reactor concentration profile. The result is 

(5;..35) 

Macroscopic reactor mass balance for the solids is given by 

equating equations (5-29), (5-29a) and (5-30a) developed 

earlier. Therefore, . 

( 5- 3la) 
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Substituting equation· (5-35) in (5-31a) and 

rearranging, 

-~X bQCAo P2 
~ t = q H o [1 - EXP. ( - Ku I ) ] (5-36) 

where I = [l+Da(l-P)P+ ~~P 2 ] 
Taki6~ limj~s as ~t + 0, equation (5-36) becomes, 

dX : . . bQCA0 pZ 
-at=- --w , [EXP(- IK )-1] 

t q 0 u 
(5-37)" 

Use of dimensionless time defined by equation (5-23) in 

the above equation gives, 

dX - p2 
d-r - EXP [- K [l+Da(l-P)P+~p2J] -.l 

u Bi 
(5-38) 

Equations (5-35) and (5-38) may be solved together· to ob-

tain the breakthrough curve. A Fourth Order Ru.nge-Kutta 

proccdur& is 11~=:P.d for numerical solution. The computer 

program is listed in Appendix E. Results are discussed 

in chapter 6. 

The model equations (5-34). (5-35) and (5-38) 

~oy be greatly simplified.~or the speci•l cases of surface 

reaction or product-layer diffusion controlling the over~ 

all rate process. 

Chemical reaction controlling: 

In this case external mass transfer resistance is 

negligible. Also, the diffusion resistance through the 

product layer is small. Therefore Da~o and Da + 0 Bi 
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Then equations ( 5-:-34), ( s-35) and ( 5:-38) reduce. to, 

-~=¢ uZ u 

p2z 
Y = EXP(- -) 

Ku 

. p2 
dX = EXP(~ --) -1 
d-r Ku 

(5-39) 

(5-40) 

(5-41) 

Equ~tions (S-40) and (5-41) may be solved togethe~ to 

obtain the breakthrough curve. 
. . . . . 

Diffusion through product-layer controlling:· 

For this situation, Ku, Ku Da are small. Then the 
Bi 

model equations simplify to, 

dY _ YP 
- 0! ~ Kn(l-P) 

PZ 

p .. 
= EXP(- K (1-P))-1 

D 

(5-42) 

(5-43}-· 

.• (5-44) 

<5-45> 

Equations (5-42) and (5-44) together give the br.eakthrough 

curve. Results are explained in Chapter 6. 



CHAPTER 6 

RESULTS AND DISCUSSIONS 

6.1 Preliminary Fluidization Runs: 

Fluidization studies were conducted at room temper- ·. 

atures _on ash particles of mesh size (U.S.) -35+45., 

-45+70, -70+80 ~ -80+120, and -120+170 to detemine' ·the 

appropriate particle sizes for the proce~s studies_._ The 

"quality" of fluidizat;i.on and the minimU1Il fluidizi~g vela-.. 

city for each size range were observed ... _Based on .·these. ·. 

observations, particles of mesh size -70+80 ( 0. 0193.5 em)., 

-:-80+120 (0.0151 crri) and -120+170 (0.01065 em) we.re .selected 

as suitable candidates. Apparent dens;iti.~s of the .parti­

cles were also determined by water displacement in a 

specific gravity bottle. Table 6. 1 lists- the res~l ts. 

The minimum fluidizing velocity listed is the velocity 

at which particle movement was noticed for the first time 

on increasing the fluid velocity. Air was the fluidizing 

medium used for these tests. 

The minimum fluidizing velocity w.;:~s ~lso determined 

at: 1000 6 F with nitrogen as the fluidizing medium. The 

results are listed in Table 6~2. 

Since a fluidized-bed is not suitRble for particles 

exhibiting high rates of decrepitation, attrition character­

istics of the ash particles were examined. Ash samples of 

112 
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Table 6.1 

PRELIMINARY FLUIDiZATION RESULTS 
(ROOH CONDITIONS) . 

Average .Apparent ·Minimum . Bed Foro-
Size _Density

3 
·Fluidizing .sity at 

(em) · (gnis/cm ) ·.velocity .. Minimum 
(em/sec) Fluidi-

zation 

Western 0.01935 2.835 
K~ntucky. 0.0151 · i.81~ 

0. 01065 .. 2. 868 

6.37 
3.98 
1. 75 

0.596 
0.615 
0.625 

Montana 

Elkhorn 

Ash 

Western 
Kentucky 

Elkhorn 

Montana 

0.01935 2~051 
0.0151 .2.085 
0.010f)5 ·2~051 

0.01935 2.272 

6. 3 7. 
3.98 
1~75 

6.37 

0.706 
0.717 
0.680 

0.74 

Table 6.2 

MINIHUM F~UIDIZING VELOCITY 
at 1000 °F (1 atm) 

Average Size (em) 

0.01935 
0.0.151 
0.1065 

0.01935 

0.01935 

Minimum Fluidizing 
Velocity (em/sec) 

3.37 
2.42 
1.70 

3.23 

3.23 

Pressure 
Drop t::. p/ 
em at 
minimum 
fluidiza­
tion 
(ems H20/ 
em bedJ 

1.08 
1.01 
0.979 

0.575 
0.525 
0.585 

0.453 
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known particle size distribution were weighed and fluidized 

.at room temperatures for a period of about 10 days. Then 

the particles were ·weighed and examined for change of size 
' 

distribution, but no significant weight loss or decrepi-

tation were noticed. The ash particles used for the high-
' •. • J ' 

temperature process 'studies· were also examined for weight 
' . . 

loss due to decrepitation and,-.no significant weight loss 

was noticed even after about 40 cycles. F'orty cycles of 

operation is equivalent to about 150 hour& of continued 

operation. 

Durin~ actual process studies using simulated low­

BTU gas, good,fluidization was achieved for all ash par­

ticles at temperatures of 900°F and 1000°F. Fluidization ·· 

became poor at .1200°F and was worse at 1400°F. Increasingthe 

temperature beyond 1000°F seemed to promote particle adhe­

sion (not £usion).which could cauce poor fluidization. 

Nevertheless~ particles did not seem to adhere during the 

associated regeneration runs. For fear of permanently 

damaging ~he stabilized parllcles, only a limited ntimber 

of runs were performed at 1400 6 F. 

6.2 General discussion of pro~ess studies: 

Figure 6.1 shows a typical time vs. concentration 

of H2S+COS curve obtained from the experiments·.,: The ex­

perimental procedure was outlined in Cha~ter 4. The or­

dinate on Figure 6.1 is the ratio of COS+H2S concentration 

in the exit stream to the inlet H2S concentration (CA
0

). 
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Run' fl 

'V -012 
¢..013 
0..014 
Cl ..015 
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¢ -Q17 

-0-018 
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c • 1% ADp 
d p • 0.0193Scm 

40 . 60 80 100 120 140 

Figure 6.1 Reproducibility of rate data. 

160 ( • ) t mm 
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In general, the concentration of the sulfur gases in the 

exit stream was not in measurable levels prior to break­

through. After the breakthrough occurs, the unabsorbed 

HzS elutes the bed partly as COS. The H2S and COS con­

centrations may be directly added due to the reasons to 

be discussed,, ~n Section 6. 3. The excellent reproducibi­

lity of the rate data, is apparent from Figure 6.1 •. The 

· data obtained from nine different runs conducted at the 

same experimental conditions are plotted in this f~gure. 

The lbwest detection level of thermal conductivity 

detectors is generally about 50 ppm ( 0. 005 vol. %) . · The' · 

integrator used was programmed to ignore peaks of concen­

tration less than about O.Obi%. Therefore, the H2S re­

moval efficiencies attained prior to breakthrough were 

greater than about 99.5%. 

The sulfided ash from each run was regenerated 

using air at bed temperatures of 1000°F or greater. Re­

~eneration temperatures of above 1200°F wP.r.P. :n.roided to 

prevent fusion of ash particies due to the. high exothermic 

heat of reaction of the oxidation step. ·Regeneration re­

action was very rapid, .and produceu sharp oxygen break­

through curves as illustrated in Figure 6.1 (a}. 

All the process s·tudies were done with the same 

nominal low-BTU gas composition--49% N2 , 20% CO, 10% H2 , 

17% co2 , 3% CH4 and 1 to 1.5% H2s. Western Kentucky No. 9, 

Montana Rosebud and Elkhorn No. 3 ashes were studied. 
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The as-received mineral analyses of these ashes are given 

in Appendix A. It should be noted that th~ Fe2o3 content 

is about 22% for Western Kentucky ash, 8% for Monta~a ash 

and 9.5% for Elkhorn ash. 

A total of 120 desulfurization and 8 regeneration 

runs were made. Tables B-1 to B-6 in App~ndix B give 

representative data obtained for six selec~ed runs. The 

compositions of all the gases are included in these tables. 

The data from other runs are pre~ented in Appendix C in a 

reduced form. 

6.2.1 Ash capacity and sorption-efficiency results: 

The ash capacity of the bed is defined as follows: 

Ash capacity in (g mole H2S/~ ash) = M
0 

QCAo JE C 
= -.q-. (1 ... C A )dt 

0 An 
(6-1) 

Here, tE is the time at which the outlet H2S+COS concen-
' ' 

tration reaches, for all practical pu~poses, a constant 

value. ·Nevertheless, after time tE, the desulfurization 

reaction may still be proceeding at a. very low rate that 

is difficult to detect. For this reason, the ash capa~ity 

calculated from equation (6-1) may be lower than the theo­

retical ~apacity ob~ained from the Fe2o3 content of th~ 

ash and the reaction stoichiometry. In fact, the experi­

mental capacities.obtained were consid~rably lower than 

the theoret~~al capacity~ This is discussed in detail in 

Section ~.2.1.3. 
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The gas-chromatographically·measured concentrat~on 

of H2S+CO~, G
0

; at tE generally exceeded the measured . 

.. inlet·- HzS concentration' C Ao by about 2 to 3%. This was 

probably due to error associated with the separation of the 

·Overlapped H2S and COS peaks. To avoid use of a CA/CAo 

value greater than unity at bed saturation, CA/C
0

· was 

used.;instead of CA/CAo .in equation· (6-1). This correction, 

~·however, causes little change in the calculated values of 

the ash·capacity.or the breakthrough efficiency. A simi­

lar approach was used by Fieldes and Davidson (1978) in 

their study of the reaction of so2 with limestone in a 

batch fluidized-bed. 

As pointed out in Chapter 5, it is convenient to 

deal with the breakthrough curve plotted in nondimensional 

form. The dimensionless time T was defined in that chapter 

by t~e relation (5-23). A computer program was set up to 

calculate the ash capacity and convert the raw data into 

dtm~nsionless variables CA/C and T. RAw data for a few 
0 . 

~eprese~~ative r~ns are presented in Appendix B. The 

. _comp~te~ program for data COJ?.V~rsion is listed in Appendix 

D.and the. converted data are given in Appendix C. The 

program uses the trapezoidal rule to calculate T • The defini­

tion of T has a specia.l physical significance which is ex­

pla~ned below. 

In thepry, if the sorption rate were infinite, all 
~. ·' . . 

the input sorbate gas that can be absorbed would be sorbed 
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at the instant of breakthrough, and of course that in-

stant also cor~esponds to the time of.bed saturation as 

illustrated in Figure 6.2. Th~s behavior is termed 

perfect sorption and i.s approa~hed in practice by systems 

with very high reaction rates. In .many.practi"(:al situat~on~, 

however, the breakthrough starts before all ·th~ sol.id re­

actant is cmi.sumed, i.e. , when -r< 1. 0 and the ~urve ·.has a 

finite slope. For these situations one may define a sur:·p­

tion efficiency as the value of T at which CAICA
0 

is equal 

to a specified value. In this work, this value of CAICA
0 

is arbitrarily selected as ~.1. Sorption efficiency, 

T 0 . 1 , is an indication o.f_ the average reactiQn raLe prior 

to breakthrough and hence may b~ used to evaluate the 

effect of different variable~ on t}?.e performance of the 

process. An explanation of the average reaction rate may be 

appropriate at this point. The reaction rate (defined per 

unit mass of the reactant solid) for' gas-sol,id reactions 

varies with solid conversion due to depletion of the solid 

reactant and possible changes in control regimes. It is 

for this reason that the t·etm "average reaction raLe" 

was used above. To present an example here, the dinien­

sionless breakthrough curves f<;>r runs conducted at;: three 

different temper.atures bt1t .. the same flzS. concent~a~ion artd 

fluid mass velocity are compared in Figure 6. 3 ·. It may 

be not:ed that temperature significantly affects the ef-. 

ficiency. The efficiency increases with temperat:ure in 
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spite of the fact that the increased linear v~locity (note 

that the mass velocity is the same) due to temperature in­

creases fluid bypassing which in turn reduces the overall 

reaction rate. The effect of fluid velocity on reaction 

rate is considered in more detail in Section 6.4. It will 

also be shown in Section 6.4 that external mass transfer 

which is velocity dependent is not a factor. 

6.2.1.1 Initial increase of capacity ~nd efficiency of 
fresh ash: 

It was ·~ound that the H2s capacity and efficiency 

.. of the fresh ash initially increased with the number of 

· desulfurization-regeneration cycles before staqilizihg at 

a constant value. The stabilized capacity and efficiency 

increased with temperature; this will be discussed in 

_Section .p.2.1.3. Figure 6.4(a) illustrates the·capacity in­

crease with the number of cycles; Figure 6.4(b) shows the 

change in efficiency. The first cycle val~es reported 

are the ones obtained after the very first desulfurization 

run. The fi.r:::;L four cycles were conducted at 1200°F, the 

next four at 1000°F and the last two again at 1200°F. 

The capacity (cc H2S at STP/gm. ash) and efficiency in­

creased from 18.6 and 0.546 respectively to 23.9 and 0.825 

during the first ~our cycles. The change of tempen'lture 

to 1000°F for the. ~ifth cycle then c~used the capacity and 

efficiency to drop to 16.9 and 0.570. This decrease might 

have been partly due to the effect discussed later in 
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Section ·6 0 2 0 L 2 0 During the next three cycles at 1.000°F, 

capacity·and efficiency again increased reaching the con­

stant -values for 1000°F of about 22o.S and 0 o 72 resp·ectively 

at· the eighth.·.cycie o. . The stabilized ash capacities and 
I 

efficiencies a.re later presented ·in Table 6 o 4 o The change 

of reaction temperature ·to 1200°F for the ninth cycle ln- . 

creased the capacity and efficiency to the conotant values 

for. 1200°F of .a·bo1.1t: 26.0 and 0. 835. lf all the rl.luS dis­

cussed.abovA had Le~~ cond~cted ~~ 1200"F, it appcarc that 

the ash might ·have stabilized after six cycles. In Figures 

6o4(~)and 6.4tb)the broken lirie·represents the extrapolation 

of the values .j.f the temperature had been kept the same as 

th~ previous cy~le. The. cycle~ reporte~ in this ~ection 

are only .the s~abilization cycles. More runs were conducted 

.ori this ash; these results will be discussed later in this 

chapter. The stabilizcd.values shown as hori~ontal lines · 

:i.n F:i.gures 6.4(a)and 6.4.(b)are based on these further tests . 

. Sch:r:-odt (1977b) .reported that the ash capacity and. 

efficiency for the fresh ash initially incre8sed for his 

packed-bed runs in much the same fashion as. for the fluid-

ized-bed runs discussed above. Schrodt, using EDAX Gcans 

on ash particles, showed that this phenomenon is caused by 

progressive ~igration of iron towards the particle surface. 

Turkdogan (1968) explained the growLh rate of ferrouc sul..­

fide on iron based on iron migration phenomenon. In a 
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sulfidation study which utilized gas mixtures containing · .· .· · 

hydrogen sulfide at high temperatures, Sorrel ·and Hoyt · · · ·. · 

(1;956)· report that the specific diffuslon· proc·esses in-. · , 

volved during the scaling of :steels are the inward migra­

tion. of sulfur through ·the scale formed ·and additionally,· 

cationic diffusion outward. · These last ·-two s·tudies ·sup­

port S~hrodt's ~onclusion.· 

6.2.1.2 Change in capacity .and sorption efficiency of.sta-· 
bilized ash immediately following a temperature 
reduction: · · 

. Surprisingly, ·it was. ·also found, at l·east for the . 

We·st:ern Kentucky st-abilized ash, that ·a temperature ·re- ·. 

duction after a serie·s of runs at a higher temperature 

caused the capacity and efficiency to fall below the normal 

s'tabillzed. values for the lower temperature. .-·However, af..:. · · 

ter·a few runs at the lower temperature, the capacity and 

efficiency again returned to their normal vaiues. Such an 

effect was not noticed when switching from a lower temper­

ature series to runs at higher temperatures. Table 6.3 and 

Figure 6.5 show the effect described above.· Attention is 

called here to the fact that the capacity and efficiency 

values reported in Table 6.3 are for the stabilized ashes; 

already quite a few cycles have been completed with these 

ashes·.· The efficiency and capacity values reported in 

Table 6.3 are for the operation at the lower temperature 

indicated in column 5. For example; Runs 021-024 were 

conducted at 1000°F on the stabilized ash from a 1200°F 



Table 6.3 

EFFICIENCY AND CAPACITY CHANGE 
ON REDUCTION OF TEMPERAtURE FOR 

WESTERN KENTUCKY #9 ASH 

Run Particle Total # of Source temp. New processing Eff_~c,iency H~S >capacity 
I diam (dp) cycles pr.e- of ash (oF) Temp. (OF) ( CC/gm ash) 

(em) viouslv com-
ple.ted- on 
this ash 

021 0.01935 20 1200 1000 .-579 21.35 
022 II' 11 II .630 23.90 
0.23' II tl II • 729' 26.29 
024 ·II .. II .. 729 26.59 ..... - N 

050 0.0151 10 1200 1000 .. -:~a-6 19.36 (X) 

051 II II ,. .. :;oo 19.42 
052 11 II II • 705. 22.46 
053 " II II .705 22.18 

. ·-
055' 0.0151 15 1000 900 .636 20.25 
056 II II II .663 22.31 
057 II u II .663 22.12 
058 II u II • f.6J 22.23 

:1.18 0.0151 20 140·0 1000 • f·54 22.90 
119 II . II: " .·f-57 24 .. 3-4 . . - .. 
120 :II II' n-· .f66 26'~9'3 

121 
,. II. II .i08 27.00 

122 .. II II .iOO 28.25 

-. . . -.. . . 
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run. The efficiency and capacity were found-to increase· 

from 0 .·579 . and 21.35 respectively.·to the stable. values .of .. 

0.729 and 26.30 in about three cycles. The series, Runs : 

118-122 for·· 1400-1200°F change,· required four cycle's·. for• 
.. \' . 

restabilization~ The series, Runs 055-058 for 1000-900°F 
~.! . 

change,required only two cycles. Itthe!7fore appe~rs 
:. ,f 

that the extent of the phenomenon described here depends 
", ..... 

on the magnitude of the temperature change in the inves-

tigated range of 900°F-1400°F. Such a phenomenon was not 

reported by Schrodt for his packed-bed studies. 

The low values of efficiency and ash capacity ob-
•, 

tained, immediately following a high temperature run, may 
. . 

be due to a change in pore structure. The work of Hasa-
'• 

tani and Wen (1977), discussed in Chapter 3, shows that 

at higher d~sulfurization temper_a_tures · the degree of iron 

oxide reduction is greater. Further, it is to be noted 

that the densities of the iron oxides increase as follows: 

Fe>FeO>Fe3o4>Fe 2o3>FeS. Due to these facts temperature 
' '. 

may, in some fashion, influence the minimum free energy 
. .. 

state for the iron oxide sorbent grains dispersed in the ... 
particle resulting in structural changes. Regeneration 

temperature· could not have been a factor since it was 

always carried out above 1000°F. It is suggested here that a 

previous higher temperature operation, after regeneration, 

leaves a Fe2o3 with a denser structure which requires a 

few cycles for adjustment to a more porous structure at 
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the lower temperature. Additional work is required for a 

conclusive explanation of the phenomenon report~d in this 

section. 

6.2.1~3 Effect of process ~ariables on capacity of st~bi­
lized ash: 
·'·. 

' 
The efficiency and capacity obtained for the various 

runs are listed-in Table 6.4. 

Capacity: 
. . 

Inspection of data reveals that ash capacity increased 

with temperature; no specific trend is obvious with regard 

to fluid velocity or H2S inlet concentration. Effect of 

temperature on ash capacity is displayed in a graphical 

form irt F~gure 6.6; ash capacities for the three sizes of 

Western Kentucky ash are plotted in this figure. A line 

is drawn through the points for each size to indicate the 

trend. The smallest particles with a mean size of 0.01065 

em gave the highest capacities; the intermediate-size. par­

ticles (dp=O.OlSl em) displayed the lowest ash capacity. 

It should be mentioned here that the mineral analyses re­

ported in Appendix-A were not carried out on the screened 

and sized samples used here. The analyses were performed 

on larger particles used for the packed-bed studies re­

ported by Schrodt (i977a). Therefore, inherent variation 

of Fe2o3 content between the different sized ash samples 

used in the current study cannot be ruled out. The reader 

is referred to Chapter. 4. for details on ash sample pr.epa-

ration. 



Table 6.4 

CAPACITY AND· BREAKTHROUGH-EFFICIENCY. 
OF STABILIZED ASH 

Run If Mean parti- Temp. Inlet H2S Superfi- u/umf Capacity Efficiency 
cle size op cone. CAop cial linear .sec nitS/ 

.'r 0.1 dp, em Vol. % velocity, u £tiD as 
em/min. · 

w. Ky Ash: 
014 0.01935 12oo· I. 0091 oo1 3.00 29.70 0. 8-30 
017 II ,, 0.9943 II II. 28.62 0.830 
019 II t·J 0.9915 II II 29.95 0.830 
023 II 1000 0 .. 9931 534 2.64 26.29 0.729 
024 II " 1.0024 II II 26.59 0.729 
026 II 900" 0 .. 99·93 498 2.47 23.66 0.633 ..... 

w 
029 II 1000 1. 0019 387 1.92 28.21 .. 0. 834 N 

048 0.0151 1200 0 .. 9845 436 3.00 25.57 0.833 
049 II ,; . 

0.9959 II II 26.16 0.833 
. 052 II 1000 0.9884 391 2. 70 .. 22.46 0.705 

053 II I~ 0.9937 II II 22.18 0.705 
054 II ,, 1.0033 II " 22.64 0.705 
056 II 900 1.0209 364 2.51 22.23 0.663 
057 II " 1.0059 II II 22.11 0.663 
058 II ... 1.0092 II II 22.23 0.663 
061 II 1400 0.9889 487. 3.36 27.96 0.865 

- ·: ;28. 96 
.. 

075 0.01065 1000· 1.2248 335 3. 28' 0.726 
076 II ,, 

1.2514 II II 29.11 0.726 
077 II " 1.2462 391 3.83 28.15 0.703 
078 II ,, 0.9996· II II 29.41 0.750 
080 " 900 1.2535 312 3.06 27.96 0.690 
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The fresh ash samples were always stabilized first 

by making several runs at 1200°F; runs at other tempera-

tures were subsequently performed. It may be noted from 

Table 6.4 that for the intermediate-size W. Ky. particles, 

the series, Run Nos. 121-127 gave higher ash capacities 

at 1000°F as compared to the series, Run Nos. 052-054; the 

capacities obtaine'd for these series are comparable to 

th_e values obtained for the. particles of mean size 0. 01065 

em. However, efficiency did not change~ between the two 

series of runs. These runs are not included in Figure 

6.6. The- series, Run Nos. 121-127 were carried out after 

the ash had been run once at 1400 °.F; in fact this series 

was the only one conducted after, a 1400°F run. It is 

likely that the 14-Q0°F run had increased the available 

fraction of iron oxide, thereby increasing the ash capacity 

at lower temperatures. A few runs at 1400°F were also 

conducted on the larger (0.01935 em) W. Ky. particles. 

Since almost no fluidization could be.ac~ieved for these 

runs, they are not included in the data reported here. 

The Montana and Elkhorn ashes gave much lower ash 

capacities as compared to Western Kentucky ash. This is . . .. . . ' . . . . . . . 

to be expected since these two ashes contain less Fe2o3 . 

Figure 6.7 is a plot of ash capacity vs. Fe2o3 content of 

ash .. TheW. Ky. series. Run Nos. 014-026 is used in this 

plot; also the nominal Fe2o3 contents repor~ed in Appendix 

A are used. The·solid line is the theoretical capacity 
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to be expected .bas~don th~ nominal iron oxide cont~nt and 

stoichiometry. The broken line fgr 1000°F indicates tha·t 

th~ capacity increases approximately linearly with the :Fe2o3 
content.. The highest utilization of Fe2o3 o·btained for 

the W. Ky. ash was about 48·% ·of theoreticai c·apacity. 

·The inlet gas for Run ·No. 114 cohtaineq. about 

3. 2% water vapc;>r which seems to reduce the capacity. ·slightly; 

but the difference is probably not significant. The inves­

tigations of Schrodt .(1977b) and Hasatani and Wen (1977) 
'· 

show that water vapor has little or no effect on efficiency 

or capacity. 

Breakthrough Efficiency: 
•"'i> 

;t ' ~ 

~abie 6.4 shows that the process variables--t~mper­

ature, u/umf ratio, inlet H2s concentration--affect the 

effi'ciency of the proc~ss. Sine~, as explained earlier, 

efficiency is art indic~tion of average reaction rate, these 

effects will b~ dis·cussed in Section 6. 4 on reaction rate 

and kin.etic modelirtg. The reproducibility of. efficiency 

results was very good and well within about 3% . 

. 6 .. 3 Secondary effects:. 

The tables in Appendix B show the variation of 

composition of the different gases present in the simul;.ated 

low-BTU gas during desulfu~ization; these runs are rep~e­

sentative of the desulfurization ·experiments. 

I~ addition to. tl:te H2S, the compositions of 

QO, H20', co2 , and H2 are ~lso founc;l to ch~nge .during the 
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course of desulfurization; CH4 ~nd.Nz remain essentially 

unchanged. Figure 6.8 illustrates the change in composi­

tion of CO, COz and Hz with time on stream for a repre­

sentative run .(Run ·11053) ; concentration of the water vapor 

formed during the reaction is also shown. Initially the 

COz concentrationj.ncrel!,ses, 99 and Hz steeply decrease, 

and high production· of ··water -vapor is obseryed. After ap­

proximately 20 minute&~, the concentrations of r.n, H2 anrl 

COz seem to stabilize at values somewhat different from 

the respec~ive inlet concentrations. Water vapor concen­

tration reaches a stable value a sho.rt time after the HzS 

breakthrough has occurred (see Figure 6.9). There seems 

to be a net increase in CO and decrease in Hz and COz· 

It is also observed that some of the H2S is converted to 

COS; no COS was present in the inlet gas. Figur~ 6.9 shows 

the variat~on of COS and H2S during the run for Run No. 053. 

Both COS and H2s breakthrough at the same time and the 

concentration of. COS seems to· increase with that of H2s .. 
< • 

The curve marked (HzS+CO$) is obtained by directly adding 

the concentrations of HzS and COS. The concentrations 

change very little after about 1Z5 minutes; almost all the 

available iron oxide in the ash is.reacted at this point. 

The final H2S + COS is equal to the inlet HzS concentration 

of 0.9951%. The slight ·differe~ce may be due to the error 

involved in processing of the chromatographic peaks of 

COS and H2s in exit gas analyses. The direct additivity 
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of COS a~d H2S concentrations is due to the fact that a 

mole of ~OS formed requ~res a mole. of·H2S. The COS form-
,li ~ 

ing reactions are discussed later in this ~ection. 

' The initial rapid decrease of the reducing gases 
' 

CO and H;2 is mainly due to reduction of hematite as dis-
! • 

cussed ih Chapter 3. After the initial period of about 
; 

· ~0 minut~s the relativ~ rat~s and equilibria of the fol-

lowing r~actions appear to dictate the observed compo­

s.i tions.:. 

GO + Fi2o = C02 ·+ H2 (3.16) 
.• 

co + H2S = co~.- + H2 (3.19) 
I. 

C02 + H2S :::i: cos + H20 (3.20) 

· F.igul:'es 6.10 (a) , (b)' and (c) are plotted to analyze the ex-

tent of these reactions after the initial period in relation 

with their equilibrium. The ratio of product to reactant 

concentr~.tions (J a~. is plqtted against temperature for 

Western Kentucky ash of particle size 0.0151 em. Figure 

6.10(a)r~vealcthat the water-gas shift reaction is v~ry 

close to"_equilibritnn conditions at 1200°F evert. though 

the flui~ velocity increased with t~mperature. At 900 

and 1000°F, however, the Ja values are far in excess of 

equilibrium values· indicating_ lower. reaction rates. Figure 

6.11 is plotted to analyze the catalytic effect of the 

three different ashes used; the Ja values are plotted as 
,•' 

a function of time on stream for \.Jest ern Kentucky, Montana· 

and Elkhorn ashes. The runs were conducted at 1000°F and 
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approximately the same fluid velocity and inlet gas compo­

sitions. The water-gas shift reaction is closer to equi-

librium in the order W. Ky., Elkhorn and Montana. It is 

interesting to note that the iron oxide content of the ash 

beds were: W. Ky.>Elkhorn>Motitana. While this is not a 

well-designed test for the catalytic effect of ashes,·the 

irttent is to show that the results seem to agree with the 

findings of E":'ans (1978) who· showed that ·the iro11. oxi.qe 

present in coal ash catalyzes the reverse water-gas shift 

reaction. 

Figure 6.10 c indicates that the reaction (3.20) 

is rapid ~nough at most temperatures to reach equilibrium. 

At 900°F and 1400°F the Ja value is somewhat higher than 

the equilibrium constant. .Figure 6 .lO(b), on the other hand, 

indicates that the COS hYdrogenation rea~tion moves closer .~o 

equilibrium at higher temperAttJre51 with the Ja values below 

the equilibrium line. Again; the equilibrium is app~oacherl 

at higher temperature·s in spite of the fact that the fluid 

velocity increased with temperatu~e. Therefore as in the 

case of the water•gas shift reaction, the reaction velo­

city of COS hydrogenation reaction increases appre~iably 

·with temperature. 

Figure 6.i2 is plotted to check catalytic effects 

of the ash on the cos-n2s reactidns; the r~tio of the con­

centrations of COS to H2S (after the ash is saturated) is 

plotted against temperature. The dissociation of H2S to 
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form COS reduces with temp,erat~re for the Western _Kentu~~Y 

ash with the greatest drop oc.curring between. 1090 and 
< • 

1200°F. This effect is due to. the increased r,e~ction 

velocities of ·the reverse water~.gas shift react~on. Con­

centration·of.water vapor present in the reaction mixtu~~ 

directly affects the formation qf COS as evidenc;ed.-.~Y R~ . 

No. 114,. where. the inlet gas contained about 3 .• 2% water . 
'0 I 

._v3por. Montana ash was used for· this test. The runs in­

cluded in Figure 6.12 may be directly compared ~t ~ par-.. 

ticular temperature since the gas compositions and fluid .. 

velocities for these runs were appro.ximately the same. R~n 

No. 095 did not have any inlet water vapor present. It may 

be seen that. the COS to H2S ratip dropped from 0.510 to 

about .0.105 due to. the water vapor addition. Montana and 

Elkhorn ashes seem to promote th_e dissociation of H2S to 

a greater extent than. the Western Kentucky ash. While the 

reason for th~s effect is not conclusively known, the fol­

lowing observations may be made: It was noted while dis­

cussing the water gas reaction. that. Montana and Elkhorn 

ashes catalyzed the reverse watQr~ga.s shift reaction to 

a lesser extent than Western Kentucky ash. Also, it was 

noted above that increase of water vapor in the reaction 

gases (either due to reverse water-gas shift reaction or 

direct addition) inhibits the formation of cos. 
During some runs, when .the exit gas was sampled 

within about 2 minutes from the start of the desulfurization 
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runs a. small. concentration (about n. 01%) of :a. component 

was det~ct~d eluting through :G.C. column at the same 

retentiO'rt ·.time· as so2 . No' such peak was detected, ·how­

ever, aft-~r . about 3 minute's .. -~ In chapter 3 it was men­

tioned ·that ·Bheida and Sage '(1970) no·ticed a .small ·S02 
. . \ 

spike in.the·desulfurized gas· soon after the run·was· 

started·. 'They suggested 'that this was due to the decom-. ·. 

position:of.small quantities:of iron sulfates. formed during 

the regeneration reaction·r{~carried out below 1000°F .. In 

the current investigations, the regeneration-temperature 

was always above 1000°F; at these temperatures the forma-

., tion of ·iron· sulfates· is not thermodynamical.ly favored. 

It must, however, be noted that coal ash is an impure 

material with many minerals present including calcium 

sulfate; and the explanation may be associated with the. 

reactions of some of these. ' Since the conc-entration 

no.ted. was quite small and disappeared rapidly. no· detailed 

investigation of this phenomenon was attempted·.· 

Small amounts of a yellow substance .(very likely 

elemental sulfur) were observed ·to build up ·in the cooler 

sections of the reactor tube after a few +uns. Material 

balance checks between the desulfurization and the follow-

in~ regeneration runs suggest that, within experimental 

limitations, the sulfur from the sulfided ash is entirely 

converted to so2 during regeneration. For example, the 

sulfided ash from Run No. 061 was -regenerated in Run No. 
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062, with the following material balance results: 

Standardcc .of H2S absorbed.in Run No. 061- 273.5. 

Std. cc of o2 consumed in Run No. 062 ,;_ 484. 

Accordin~ to the regeneration reaction ( 3. 26) , 1 mol~ of . 

o2 prod~ces 4/? mole of so2 . Reactions ( 3. 7) and (3. 2~) . 

indicate that .1 mole of H2s abosrbed during desu~furization 

g~ves 1 mole of so2 during r~gen~ration. Therefore, 

Std cc of equivalent H2S from Run No. 062 = 4 i X 484 

= 278 .. 

Schrodt .(1977) and Joshi and Leuenberger (1977) however, 

reported significant formation of ele~ental sulfur d~ring 

regen~ration of their packed-beds. The re·ason for the 

much smaller amounts of sulfur formed during the current 

studies may be due to the solid mix.ing behavior of the 

fluidi?ed-bed. In the pack~~-bed, most of the oxygen is 

initially consum~d near the entrance se~tion of the bed. 

The sulfided as~ down st~eam meets with a very diluted 

stream of o2 which may prmnote. the sulfur fo~ing reactions 

discussed in Chapter 3. 

It must be stated in conclusion of this sectio~· 

that the composition of the de sulfurized ga~ will depend· 

upon the temperature of op~ration, inlet gas composition 

and the residence time available for the vario'l:ls reactions. 

6~4 Discussion of Reaction Rate 

A desulfurization rate model is prese~t~d in this 

section for the We~tern Kentucky ash. The model expresses 
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the reaction rate as .a function of process variables. Only 

:a .limite'd·· number of runs were· perfortned··on Montana and 

Elkhorn ·a'shes' .· Rat·e constants are reported for the con­

ditions -.studied. 

6.4~1 Effect of process variables on reacti6n·rate: 

·.... . The' H2S breakthrough data for the various runs 

are given in Appendix-C. The·effect of. the process·vari-

. ~ables on the desulfurizati'o~ reaction are discussed in this 

section and a predictive rate equation is developed. 

' .·· ·It was illustrated ·in Figure 6. 3 that temperature· 

markedly increased the reaction rate which suggests that 

a chemical' phenomenon may· be involved. Since the minimum 

fluidization velocity for· any system decreases with particle 

size, it was .anticipated that the· ratio u/umf rather than 

the: absolute value of·the velocity would be more mea~ingful 

than u in comparing the process results for different 

particle sizes. It .is known that gas-bypassing due to 

·bubbles incr~ases with superficial linP.A.r ·velocity resulting 

in lower reaction rates; the ratio u/umf may be used to 

describe .. the ext.ent of bypa·ssing. : Usually external mass 

transfer resistance·is-not important in fluidized-beds 

(Smith (1970)); this i·s due to the high external surface 

~rea of the small partic'te sizes ·usually used and not 

necessarily because of high· mass· transfer coefficients. 

The·parti'cles used in the current study are small, the 

l~rgest size·being'of diameter 0.01935 em. The effect of 
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u/umf may be qu~litativ~ly examined from f~gure 6.13 where 

runs 023 and 024 are c;:ompared with 029; these runs were 

c;:onducted at the same condieion~ with the exception of 

u/umf· It may be ~een that t.h~ ~fficiency and. hence the 

effective reaction rat_e increases signi_fican~ly on redq.cing 

the u/umf· 

Figure 6.14 is plotted to examine ~he effect of 

inlet.H2S concentration; runs 077 and 078 are compared. 

A notable decrease in reaction rate due tQ an increase of 

inlet H2S concentration may be observed. Although an ex-

planation for this phenomenon is not known at this point, 

the facts discussed below may have some relevance. 

Joshi and Leuenberger (1977) noticed a drop in ef-

ficiency '\!'hen they increased the inlet H2S con~entrat~on 

from 0. 6 te> 1. 2% dur~ng their packed-·bed studies; b~t;, ther 

dismissed the change as not being significant. Schrodt's 

(1977b) packed-bed data also shows a slight drop of.· effi-

. ciency with an increase of H2s concentration: bc;>~ever, ~o 

definite conclusion c~n ~e draw~ since th~ change is not 

large and might have be~n due to experim~nt~l:. error. 

·llasat;alll and Wen ( 1977) conducted thermog~avim~eric ana­

lysis of the H2S ~bsorption re~ction of iron oxid~ so.rbents 

(see chapter 3 for details). They showed that the direct 

reaction of H2S w~th Fe2o3 was. very ~uch s~ower in cQm­

parison wi~h the corresponding reaction with ~he red~ced 

oxid~s (Fe3o4 , FeO, etc.~).. It m~st be noted that during 
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·the desulfurization reaction iron oxide reduction by H2 

and CO are also taking place. Therefore, we may have th~ 

following competing reactions happening. 

(1) Reaction of H2S with Fe 2o3 

. ( 2) Reaction of H2S with reduced oxides (Fe 3o4 , 
FeO, Fe) 

(3) Reaction of H2 and CO with Fe 2o3 and the 
reduced oxides. 

Schrodt (1977b) suggested that the iron oxide reduction 

reactions were rapid and preceded the desulfurization 

reaction. According to this postqlate, most of.the sulfur 

absorption takes place due to reaction (2) .. However, 

Hasatani and Wen (1977) felt from th~ir studies that de-

sulfurization and iron oxide reduction reactions occurred 

simultaneously. In addition to this appa~ent disagreement, 

the following fundamental differ~nces in the contacting 

pattern of gas-solid reactors s~ould be kept in mind. In 

the packed bed reactor, while most of the H2s is reacting 

:i..n a zone near the bed entrance, reduction of the down-: 

stream section of the bed by CO and H2 will be relatively 

unaffected. Thus, in ·a packed-bed, the H2S may be viewed 

as reacting according to reaction (2). Due to the constant 

mot;ion ~f the solids in a fluidized-be9, however, this pre­

reduction of Fe 2o3 does not happen and all three reactions 

listed above may be occurring simultaneously. It is con­

ceivable that the overall desulfurization rate is decreased 

by increased inlet H2S concent~ation due-to the pccurrence 
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of reaction (1). Additional research work is required to 

explain the finding of this work. 

6.4.2. Developmen~ of rate model: 

A computer program (listed in Appendix-E) was 

developed to solve the gas-phase and solid-phase mass 
I,, 'I 

. i 

balances derived in Chapter 5. Each model derived i~:qh~p-
. !• .. : • 

ter 5 was programmed as a subroutine. First, the ~r~4c~~d 

core model was tried starting with the special cases.u~ 

reaction controlling and product-layer controlling. 
! ... 

6.15 shows the breakthrough curves obtained from tbe ~as~ 
'• I ', 

of chemical reaction controlling for different values ·of 

the model parameter. It may be seen t~at these cu~~s ~re 

not similar to the experimentally obtained ~urves. The 

case of product layer controlling, illus~rated in Fi~re 

6.16 also fails to predict the experimental curves. ··Next ' . , 
the general unreacted-core model was tested;· the curves·· : . . . . .. 

obtained were similar to the abo.ve two cases wiLh oriiy.~Iight 

variation. Since. tht! ~l.r·eaeted-core mod~l R were not· ~uc...: 

cessful, at~ention wa~· focused on pseudo-homogeneou~ models. 

Pseudo-homogeneous model: 

Equations (5-28) and {5·32) developed in Chnpter 5 

were together numeric~lly solved using Fourth Order Runge­
Kutta procedure. The comput~r program for this is listed 

in Appendix E as Model~1 .. Fi~st, the ~qu~~ions were so~ved 

for the case of m = 1. It is recalled here that m is the 

exponent on solid concentration in the rate equation (5-l). 
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While considerable improvement resulted over the unreacted­

core models, result was still not satisfactory. The value 

of m was then changed to 1.5, 1.75, 2, 2.5 and 3.0 and the 

predicted breakthrough curves were compared with experi­

mental curves. The curves generated for m=2 were found to 

match the exp~rimental curves surprisingly well for the 
.·. 

w·e-stern Kentucky ash particles. 

The model parameters are Kk and ~ (see Chapter 5) 

where 

Kk 
u = 

LkvwompB 
(5-25) 

and 
uRP 

*m = 3LkmgB ( 5-}26) 
' ' 

To estimate the mass transfer parameter Km, knowledge of 

the·masstransfer coefficient is necessary. The particle 
. d UP 

- Re)rnolds number as defined by Re = PlJ g for the experi-· 

ments were of the order of 1. A survey of the literature 

revealed that .. mass transfer correlations for thi.s range 

were very sparse .. Dwivedi (1977) has ~presented an exhaus­

tive review of mass transfer correlations for packed and 

fluidized beds; his review·also indicated the difficulty 

of obtaining reliable values of _mass transfer coefficients 

for Re<l. The following correlation from Kunii and Leven­

spiel Ci969) was finally.chosen: 

k d . -lf£ = 0.374 Re 1 · 18 
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where ·n is the molecular diffusion coefficient ·of: ·gas. 

For Re = 1. 0 the mass transfer c'oefficient k · · · obtained was. . m 

about 60.0 em. /min. The gas phase diffus.ivity w'as' esti-. 

mated from predictive equations (Skelland ·(1974).) .. With .. · 

this value of km, the highest .. encountered Km vai"ue· would·::· 

be about 0.02. The·K values were varied· (for.d:i:fferent 
m 

Kk values) from 0. 001 to 0.1; however·:, the breakthrough 

curves were not changed. Therefore ·a: standard J<ni··.va~ue -::.·· · 

of 0.01 was used for simulations. 

The kinetic parameter was varied from ·.o. 01. to 0. i 

for a i<m value of 0. 01 and a· series of simulate~· break- .. 

through curves were generateo. · Each experimen~~l. break-· .... ·. 

through curve was matched with a· simulated curve;.· the value 

of the kinetic parameter Kk was thus ·obt·aineq .for each ex-.·.·. 

perimi:mtal run. The matching· for one run is· sho'Wn·· in 

Figure 6.17 ·as an example. The. ·rest of the graphs and a 

summary taLl~ uf Kk values, are included in Appendix-F. 

The value of the kinetic rate constant kv. may now be cal- ,_ . 

culated fr9m equati~n (5-25) since the rest of the.terms 

are known. The calculated k values for Western Kentucky . . v 

ash are listed in Table 6.5a. AttanLion is c~lled here 

to the fact that the kinetic results are for the stabilized 

ashes which had been subjected to six or more cycles. 

For Montana and Elkhorn ashes a value of m=3 was 

tound to fit the data better. The rate constants are pre­

sented in Table 6.5b. Considerable scatter in the data 
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Table 6.5a 

SUMMARY OF KINETIC CONSTANTS 
.FOR WESTERN KENTUCKY /19 ASH · · 

* Run # Mean parti- Temp. Inlet H2s Volu- Super- u/u f weight H2~ cap- k X10-9 
cle size OF. c.onc. CA metric ficial m of a:;h ac1ty v 
dp, em op flow linear ·:::har.sed of ash Vol. % rate velo-· gms SCC/gm 

SCC/min city, u 
em/min. 

014 0.01935 1200 1.0091 565 607 3.00 12 .·49 29.70 24.85 
017 II II 0.99lr3 .. .. II II 28.62 26.75 
019 II II 0.9915 II II II II 29.95 24.42 
023 II 1000 0.9931 II 534 2.64 II 26.29 11.15 
02.le II II 1.0024 II II• II II 26. 5.9 10.91 ..... 

0\ 

026 II 90!) 0.9993 II 498 2.47 
,, 23.66 7.24 ' t\) 

029 II 1000 1.0019 409 387 1. 92 11 28.21 18.87 

048 0.151 1200 J~9845 407 436 3. 00. 9 .. 78 25.57 33.12 
049 II II 0.9959 II II II" II 26.16 31.63 
052 II 1000 o.98a4 41"4 391 2.70 II 22.46 14.27 
053 II II 0.9937 " " II .. 22.18 14.64 
054 II II 1. 0033 . ... " " " 22.64 14.06 ,. 

056 • II' 900 '1 .• 0209 It 364 2.-51 II. 22.23 8.64 
057 " " 1.0059 II II " II 22.11 8.73 
058 II " 1.0092 " II " II 22.2;3 8·. 64 • ~ ! , . .;. 
061 II 14C:o 0.9889 405 487 3.36 II 2.7. 96· 44·. 60 
122 II lOGO i.OM3 469 443 3.06 9.81 28.25 9. 3'9 
123· II II 1. 41"12 .. II' - ,, ~ .... ,, 

30.04 7~·02 
124-

,, II 1.4210 11. ti " II 3o~s8 6.77 : . ·.~ 
126 II .. II 1.0002 607 573 3.95 II 29.49 10.08 
127 II II 1. OOOL 617 582 4.01 II 29.89 9.97 .. 

' 



Table 6. 5a continued · 

075: .. 0.01065 1000· 1 .. 2248· 354 335 3·. 28 9.58 28.96 7.50 
076 II " 1.2514 " " " " 29; 1'1. 7.42 
077 II " .. 1.2462'. 414 391 3.83 II 28 .15. 8. 5·4 
078 II " 0. 9996: ... ... " " 29. 41. 9.30 
080 fl· 900 1.2535 354 312 3.06· " 27.95 5. 25: 

*units (gm ash) 3 2 (min)· - (em )'/(g mole Fe203l 



Run U Mean part'i­
cle s!ze 
dp (em). 

Elkhorn Ash:: 
095 D:OI93:S 
096 II 

Montana Ash: 
111 0.01935 
112 II 

113 II 

114+ II 

Temp. 
·=>F 

1000 
II 

1000 
" 
t I 

it 

*units - (gm. ash) 

+About 3.2% water 

Table 6.5b 

SUHMARY OF KINETIC CONSTANTS 
. : FOR ELKHORN AND MONTANA ASHES 

ILlet H2S Volu­
ccnc. C Aop. metric · 

flow Vol. %. 

0.9904 
0.9888 

1.0145 
1.0066 
1.C003 
0.9794 

"l 

:rate 
SCC/min· 

432 
II 

432 
II 

II 

II 

Super-·. u/umf weight 
ficial of ash 
linear charged 
velo- gms 
city, u. 
em./ min 

408 2.12 9.77 
" II II 

408 .2 .12 9 .. 57 
II II II 

II II .. 
417 2.16 II 

(em-·) I ( g mo 1 e """ . 0 ) 3 ro e2 3 (min) 

vapor included in inlet gas for this run. 

H2s·cap­
acity 
of ash · 
SCC/gm 

9.00 
9.75 

7.47 
7.96 
7.49 

k x1o- 14* v 

4.62 
3.66 

9.66 
7.96 
9.58 

7.05 11.69 

.... 
0\ or::.. 
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for these two ashes may be observed. This is due to the 

quicker and sharper breakthroughs obtained with these 

beds. 

The kinetic constants fo~ Western Kentucky ash 

were statistically analyzed to check for the effect of 

the operating variables. The temperature effect was ex­

pressed by the Arrhenius relation. The following corre­

lation was found to give the best fit to the da,.ta: 

k v = k (C ) o Aop 

-a 

( 6-2) 

Here, CAop is the inlet concentration of H2S expre~sed in 

volume %, k
0 

the pre-exponential, E the Arrhenius activa­

tion energy, R the gas constant, T the· absolute temperature 

and a'& o the correlation constants. 

The result of the statistical analysis is shown in 

Table 6.6. The overall analysis-of-variance table breaks 

down the total sum of squares for the dependent variable 

into the portion attributed to the modei, and the rortion 

that the model does not account for, which is attributed 

to error. The mean square term is the sum of squares di-

vided by the degrees of freedom (DF). The mean square 

for error . (MS (ERROR)) is an estimate of a~, the variance of 

the true residuals. The model F value tests how well the 

model as a whole (after adjusting for the mean) .acc;:ounts 

for the dependent variable's behavior; it is obtained by 
dividing MS(MOD~L)· by MS(ERROR). If the significance 
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probability, labeled PR>F, is small, it indicates signi­

ficance; in our ca~e, the obtained value of 0.0001 indi-

cates very high significance. The R-SQUARE value me~sures 

how much variation in the dependent vari~ble can be ac­

counted for by the model R-SQUARE, which can range from 
. . 

0 to 1, is the ratio. of the sum of squares for the model 

divided by the sum of. squares for the corrected total. In 
.·· 

general the larger the v,alue of R-SQUARE, the better the 

model's fit. The value of 0. 96150!1 in the present case 

indicates that the chosen model accounts for over 96% 

variatfo.n: in. the dependent variable. 

·- ~arameter estimates: The intercerpt and coeffi­

cients are also given in Table 6.6. The intercept (ln k0 ) 

.. 
estimate is 30.84487, XT (~E/R)' is -5496.01, Z (coeffi-

cient b)._).,s -0. 787"958, and :·w ·c coefficient a). is -1.48109. 

The tahl~·also gives the results of the t-test for each 

parameter. PR>ITI gives the probability of getting a 

larger v~iue of t' if t;:he .para!lleter is really equal to zero 

(null hypothesis)' ... Thus, a· v~ry small value for this 

probability indicates that the value of the parameter is 

not likely to equal z.ero, and therefore· that the indepen­

dent vari~l?le contributeD significantly to the model. 

Table 6.6.shows that PR> ITI for each parameter is 0.0001 

(a v~ry small value) which indicates that the independent 

variables chosen do contribute ~ignificantly to the model. . . . . 

Figure 6.18 is the plot of resiqual·vs. predicted k values. v 
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It ·may be noted that the .scatter i,s quite random with n9 

app~1;ent t~end. Reasonable ~greement of ob~erve.d vs. 

~~edicted v.~l~.e~ of kv is ~vident in Figure 6.19. It is'· 

therefo~e, cqn~~uded that the model given by equat~on 

(~::2-) is a ~ood mathematic~! rep-resen.tatiq.n of th~ des~l­

furiza~ion reac·tion phenomenon taking place in a fluidized 

bed within the range of vari~bles used. The values of 

the parameters to be ~sed in eq1.1ation (6~2> are summarized .. . 

below along with the units. 

Parameter 

k (pr~ expop~~~ial) .o 

E (4\rrpenius constant) '. . . ~ . . ·:. ,.. . ·'-

Units 

'. .- .. . . . .. 2 . ~ 
(~ mole Fe2o3) .(~1n) 

Ceil/ g 1Il.Ole 

(dim~ns~oD:less~ 

(dimensionless.) . . . ' .. 

The proper rate equation is, 

k c w2 
·V A 

Value 

2. 4875X1013. -.. . . . -

108"82 

-1. 481089.51 . . ;·' .. 

~o. 78.795841 

where, -RA = H
2

S reacted g mole/ (min) ( gm ash) 

6-·. 4. 3 Comparison of rat-e data wi·th· the results of other 
investigators: 

The kinetics ·of the desulfurization reaction re­

ported in the literature was reviewed in· Chapter 3.. T~e 

a.~tivation energies reported by different investigato.rs ar~ 

summarized in Table 6.7. 

The reported values of .the .activation ~nergy range 

f~qm 1800 to 11.8.00. t.J:t~s is rathe~ typi~al of .he.t~rogepeous 
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Reference 

This work 

Schrodt ,( 1978) 

Air Products 
' Leuenberger ( 19 7 6) 

Hasatani and Wena 
(1977) 

Gavrilova (1973) 

"b ·Brandon 

..... 
Table 6.7 

· COl1PARISON OF REPORTED ACTIVATION ENERGIES 
FOR THE IRON-OXIDE-HYDROGEN SULFIDE REACTION 

. System 

Fluidized-bed 

Fixed-bed 

Fixed·-bed 

TGA 

* 

TGA 

Approximate parti-
cle s.fze (em) 

0.01-0.02 

0.124 

.159-0.635 diam. 
cylindrical pellets 

.007-0.02 

.05-0.1 

crushed powder 

Temperature 
range (°K) 

755- 922 

755-1033 

755-1088 

900-1135 

.628- 783 
.873,-1073 

. 573- 873 . 

E (cal/ 
g mple) 

10882 

2740 

7771 

2650 

11800 
1800 

··9972 

a - E values ~eported are for s~lfurization of iron .oxide pre~reduced by 
n2 and CO . 

. b . no red_ucing gases (CO, Hz) were used .. 

* - ·multi-particle system, ·possibly with TGA. 

,• 

.... 

....,J .... 
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gas-solid reacting systems (Wen (1968), Szekely et al. 

(1976)) and is generally due to the difficulty in uncoup-
. j 

ling the associated complex transport processes from ~~~ 

chemical phenomena. Even for the seemingly uncomplicated 

case of the single particle system, as explained by Leven-

. ._; 

spiel (1972), the difference in the time vs. solid conve+-­

sion curves for the cases ~f shell diffusion and chemical 

reaction as the controlling ~teps is not grP.at wh1oh co'm­

plic~tes the interpretation of rate data. The value qf 

the ~pparent activation energy is generally used as an' 

indication of the probable regim~ of control. Many gao-
,· 

solid reaction systems e~hibit an intrinsic activation 

energy greater than 8000 cal/g mole. Intraparticle and gas-. ' 
film diffusional resistances on the other hand show a ~~ch 

smaller temperature dependence with typical values o! appar­

ent activation energies of about 1500 and 500 .respectiv~ly. 
. . 

Referring to Table 6.7 and based on the above 

arguments, theE value of 10882 cal/g mole obtaine~.for . . 
this work sugge$ts a probable chemical regi.me. It should 

~ ' . ' 

be noted that Hasatani and Wen (1977) reported their E value 

for a pre-reduced system; also they conducted their e~peri~ 

ments at a higher temperature range of 900-1135°K, co~­

pared to 755-922°K for this work. It is interesting t9. 

note that Gavrilova (1973) obtained a value of 1800 cal/ 

g mole in this temperature range and a value of 11800 for 

628-783°K. He suggested a shift from chemical to intra-
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particle diffusional control as the temperature was in­

. cre~sed above 873°K. The values obtain~d by Leuen­

berger (1976) and Brandon (1973) also suggest a chemical 

phenomenon. It should be noted, however, that Brandon 

conducted his experiments in the absence of reducing gases 

H2 and CO. Hasatani and Wen (1976) showed that at 1113°K 

the direct reaction of H2s with Fe2o3 was much slower when 

compared to the system where the reducing gases were pre-

sent~ Therefore, Brandon's values may not be used for di-

rect comparison. The E value of 2740 cal/gmole reported 

by S~hrodt suggests a mixed (kinetic + diffusional) regime. 

Generally, for small particles as used in the 

present st~dy (0.01~0.02 em) intraparticle resistance 

should be small at least for lower solid conversions . 

This reasoning and the E value of 10882 cal/g mole suggest 

that a chemical process may be involved in the current 

study. 

The direct comparison of the values of the pre­

exponential k is not possible since the rate equations 
0 

are different. Figure 6.20 compares the actual reaction 

rates vs. solid conversion predicted by Schrodt (1978) and 

equation (6-3) for a constant H2s concentration of 0.2 
6 . 3 

X 10- g mole/em . The comparison is presented here only 

f6r the ~ake of completeness. The fluidized-bed generally 

gives only the apparent kinetics. Nevertheless, it is 

irtter~sting to note that the absolute reaction velocities 
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SYSTEM 

0 FLUID-BED (ufumf = 2.5) 

8 PACKED-BED 

c = 0.2 X 10-6 gmole'/cm 3 
A 

-Ill- & 

0.5 0.6 0.7 0.8 0.9 1.0 

Dimensionless solid reactant concentration X(=W/Wo) 

Figure 6.20 Comparison of absoluie reaction 
rates predicted fpr packed-bed and 

fluidized-bed studies. 



175 

predicted by the two independent investigations are of the 

same order of magnitude for lower X values. A fundamental 

difference between a packed bed and a fluid bed must be noted 

at this point. Urilike the former, the 'breakthrough curve ob­

tained in the fluid bed is representative of'·the solid.that 

·is partially converted. This is du~ t.o_.the continuous ·mixing 

action of.the solids in a flu,idized system. The solids mixing 

behavior results in uniform solid-reactant concentration in 

the reactor. In contrast, a traveling reaction zone develops 

in a packed bed and the breakthrough curve represents ~he reac­

tion· across this zone. The point of breakthrough iri the flu­

idized system is determined by the average reaction ra~e dur-
·, 

ing the period before breakthrough. Due to these fact~, the 

fluid~bed reaction modei represented by equation (6-3)'gives 

only the average reaction.rate prior to breakthrough and as 

such it is riot proper to compare the instantaneous reaction rates 

prevailing' in this period with those obtained for the packed bed. 

However, it appears that these aver~ge rates may be somewhat 

higher·for the fluidized bed probably due to the smaller parti-

cle sizes ·used. 

6.5 continuous desulfurization-regeneration system: 

A computer program qisted iii Appendix G) was devel­

oped for a continuous-system pictured by Figure 6.21. When 

the inlet gas conditions and reactor operating temperatures 

are specified, the program calculates the material and energy 
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desulfurized gas so2 rich gas 

solids 

Desulfurizer .. Regenerator 

.c·-----...9 

fuel gas to be 
desulfu'rizeci 

solids 

air 

heat 
exchanger 

P'igure o.21 Continuous desulfuri~ation-regeneration 
fluid-bed system. 
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balances for the system. The comment section of the program 

is self-explanatory. The global rate equation developed in 

this chapter is used for the desulfurizer. Since the regen-

erC!tion rate is very fast (as suggested by the sharp break-
. •.· 

thr9ugh curves) an external mass transfer-coefficient is pro-

gra~ed-in for the regenerator. 

An example on the use of the program is also included 

in_ .. ~ppendix-G. The following input variables are required: 

~dl?orber:-flow rate of inlet gas, operating pressure, inlet 

fuel ga~ temperature, inlet gas composition and estimated at-

mospheri~ he~t loss; regenerator-temperature of inlet air, op­

er.~:t;.ing ~emperature and pressure, gas temperature at the heat-
. . . 

. 
exchange~ exit and estimated .heat loss tq atmosphere~ The 

user also supplies the required H2 S outlet conceptrat~9n in 

the fuel 9as, ~olid conversions in adsorber and regenerator. 

The· .. user can then ask the program to print out the material 

and energy balances by supplying different values·of solids 

circulation rate. The program is capable of calculating heat 

capacities and heat of ~eaction as a function of temperature. 

By a trial and error procedure, the program calculates the 

adsorber bed temperature. The fuel gas is assumed to reach 

thermal equilibrium with the solids before it .leaves the adsor-

ber. Gas flow rates and compositiops are calculated; gas cir-

culation rate and heat-exchanger heat load are also calculated. 

Reactor volumes for both the adsorber and the regenerator are 

·. 
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printed out along with the complete energy balance. The ex­

ample print-out given in Appendix-G illustrates the working 

of the program adequately. 



. . .. -
r' 

CHAPTER 7 

CONCLUSIONS AND SIGNIFICANCE 

..... 
• ! ~ :.: .... 

The results obtained in this study have demon­

strated the feasibility of using coal ash ina fluidized 

bed mode as the sorbent for low-BTU fuel gas desulfuri­

zation. The fluidized system offers the very attractive 

possibility of continuous, steady-state operation of a 

coupled desulfurization-regeneration process. HzS removal 

efficiencies of over 99% are achievable. Ash attrition 

and replacement rates in a commercial plant should be 

minimal.· 

The H2s capacity of coal ash was found to increase 

with the process temperature and the inherent iron oxide 

content of the ash. HzS ·capacities of up to 30 SCC/gm 

of ash were obtained with the Western Kentucky #9 ash. 

The regeneration reaction with air is very rapid, 

and it appears that tna.ss transport may b~ the rate con-· 

trolling phenomenon. Future work in the area of regener­

ation is required· to determine the optimum conditions for 

the recovery of sulfur from the spent sorbent in the eie­

mental form. The fluidized-bed should prove especially 

suitable for temperature control of the highly exothermic 

regeneration reaction. 

179 
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Iron oxide reduction, water-gas shift reaction and 

other reactions also occur during desulfurization. Future 

research work on the reactions of iron oxide and organic 

sulfur compounds is highly desirable. 

For the particles st'udied (d~ 0. 2 imn) :chemical 

reaction probably control's the rate. The rate was found 

to increase significantly.with temperature. Gas bypassing 
' 

i.fi the form of bubbles was fuund to 1n6rease with flow 

rate, resulting in lower reaction rates. The'activation 

energy for the desulfurization reaction was found to be 

10882 cal/mole. Particle size was not found to signifi­

cantly affect the rate for ·the range of par.ticles studied. 
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A,B_ 

b,e,s 

Bi. 

~Ac 

Da 

E' 

E 
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NOMENCLATURE 

index in equation (6-2) 

react;ants 

stoichiometric const~nts for ~, ·.E. and S 

. _index in equation. (6-2) ; 

~iot number for mass transfer, 

outlet concentration (H2S + COS) at time tE, 
. 3 

gmole/cm 

inlet concentration of H2s, gmole/~m3 

bulk concentration of reactant A, .gmole/cm3 . 

. reactant3concentrat,ion at reaction .interfa~e ,. 
· grnole/ ern 

reactant3concentration at particle surface, 
gmole/cm 

reactant concentration at inlet, vol. % 

mean particle diameter, em 
molecular diffusion coefficient of gas, crn2/rnin 

Darnkohler number, = 

I 

effective diffusion coefficient in a porous. 
structure, cm2/sec 

product in reaction (5-2) 

activation energy, cal/gmole 



t.G 

-AH 

I 

K ·m 

L 

m 

n 
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number of particles/gm of ash 

free energy change, kcal 

heat of reaction, kcal 

= 1 + Da(l-P)P + Da p 2 
Bi 

nonequilibrium ratio of concentrations defined 
similar to equilibrium constant, dimensionless 

where, n = 2 fo.r W. Ky. ash 

n = 3 for Montana & Elkhorn ash 

mass transfer coefficient, cm/mip 

rate constant based on surface 

rate constant based on volume, .units same as 
defined for k

0 

kinetic ·parameter for unreacted-core model 
product-layer diffusion controlling, =·KuDa 

l<inetic 
model, 

parameter for pseudo-homogeneous 
= u 

mass transfer param~ter, = uR 
3Lk 0· e) m 

kinP.tic parameter foL Lhe general case of the 
unreactP.n-cor~ modr.l; Ru 

= =3L::-:;k~. (:-::.1---e:~) 
s 

bed length, em 

re~ction order with respect to. solid. 

sor~ent H2S capacity, g mole H2S/gm a·sh 

re~ction order with respect to sorbate gas 



NA, NB 

p 

q 

Q 

r 
. - .•' · . 

rc 

-rA 

R 

-RA 

s 
t 

tE 

u 

umf 

w 

wo 

X 
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moles of reactants A and B 

= r /R c 

mass of ash charged, gms 

total volumetric flow rate of gas,. cm3/min 

particle radius (variable), em 

radius ·of unre~cted~core,.cm 

rate per pa~ticle, g mole/min 

outer radius of particle, em 

·rate per gram of ash, g mole/(gm ash)(min) 

2 cross-sectional area of raector, em 
. . 

time on stream, min 

bed saturation time, min 

superficial linear velocity of gas, em/min 

· .. ·minimum fluidizing velo~ity in nitrogen, em/min 

_solid reactant (Fe2o3) c.onc~ntration, ~ m9le/gm ash 

initial Fe2o3 concentration of particle, g mole/ 
gm ash 

dimensionless solid ~oncentration, w 
w 

0 

Xc solid conversion = 1 - X 

y 

z 

z 

dimensionless. sorbate concentration in gas, 
= CA CA 

CAo Co 

position along length of reactor, em 

dimensionless reactor position, = z 
r: 
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Greek symbols: 

~ difi'er~nc~ or change 

E bed por~sity, vol/v9l 

P
5 

bulk densi~y of solid~ gm/cm3 

P
9 

gas dens~ty, g£'4/cm3 

PP partiqle density, gm/c~~ 
2 

cr· variance 

dimensionless time, 

~0.1 sorption efficiency 
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WESTERN KENTUCKY. NO. 9 GASIFIER ASH 

Source: MERC Fixed-bed gasifi'er j 

Mineral Analysis, Wt. % -

P20 0~13 MgO 

Si02 45.37 so3 
Fe2o3 · 22.14 K20 

. 
Al2o3-- 19.18 cao·· 

Ti02 0.18 ., Na 2n 

' 

1.16 

1. 51· -
;, . 

2.03" 

6.96 
: ~ 

0.79 --. 

'· .. { 
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KENTUCKY ELKHORN NO. 3 GASIFIER ASH 

Source: MERC Fixed-b~d g~si~ier 

PzOs~ . 

SiOz: (·, '. 

Fe2o3 . 

AlzOJ. 

TiOz 

'· . 

0.08 

45 0 22· 

9.51 

28.61 

1.16 

Mineral Analysis, Wt. % 

CaO 

MgO .. 

so3 
K 0 2 

Na2o 

7.17 

4.92 

0. 55. 

1.37 

0.77 
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MONTANA ROSEBUD GASIFIER ASH 

Source: · Riley Stoker Co. Gasifie~ 

Mineral Analxsis, Wt. % 

P205 0.24 CaO 

Si02 49.67 MgO 

Fe2o3 8.19 so3 
Al2o3 27.21 K20 

Ti02 1.44 Na2o 

I 
' I 

I ~ I 

0.$1 

1.~2 

0.17 ,. ~. 
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APPENDIX B 

-l· '".7 

. '·· 
:·.·"·'· 

\. · . 

DATA TABLES SHOWING GAS COMPOSITIONS 
FOR SELECTED RUNS 



Run I 033 

Western Kentucky ~'sh. 

Temp: l400°·F 

dp_: 10,01935. em. 

vol ... % 

Time H2 02" N2. -~~14 co C0
2

. H2S GOS H 0 
(min) 

. 2. .. 
') 

~ 

'' 
.. \0 

IN· 9. 96· .0039 49-. 25" 3·: 0.13 20. 0'4 16.74 1.0037 0 

2. 95." 1.533 .0077 50.01 3.110 12.44 24.63 .0127 0 8.255 
19.66 7.60 .00~1 48 .,85 2.958 22.19 14.15 0 0 4.260 
36.41 6.92 .00~2 49.45· 2.946 22.26 14.5~ .0605 0 3.819 
53.60 8.34 .00"73 48.83 2.919 21.95 14.29 .1267 .0220 3.525 
70.29 7.36 .00~4 49.55 2.993 22.07 14.61 .3731 ,li)71·6 2.967 
8.7. 04 7.14 . 0069· 49.67 2.963 22.14 14.72 .6946 .. 1376 2.534 

103.84· 7".14 .0029 49. ~;9 2.CJ77 22.10 14.67 .7926 .1528 2.579 
120.48- T.46 .0052 49.55 2·. 9-55 21.97 14.74 .8155 . l59•1 2.357 
137.12 7.22 .O"Otia3 49.62" 2.966 22 .. 04 14.63. .8296 .1608 2.531 
153.87 7.43 . 0055 . 49.:~~·2.961 22.09 14.54 .8:338. .. 1811 2.391 



Run #053' 

Western Kentucky Ash 

T.emp: 1000°F .. , .. 
.. . ... . . ~. '~ . 

!' • ' .. . . . . , ~ .. 
d ·= 0 . 0151 :ems: '. p . . 

vol. % 

.Time H2 02 N2 CH4 co co. H2S cos H·O 
(min) . 2 2 

..... . ~ 1·, ~ ' \0 IN 10.01 .'0036 '48.85 3 .v056 20:05 17.08 ~9941 ..... 

. 2 .. 10 5.96 .0128 50.34 3. 0.63 16.90 20. 0'9 0 0 3.627 
18. 78· 9. 25' .0043 49.92 3,. 035 20.13 17.04 0 0 1.618 
37 .. 19' 9. 5.3 .0053 48.88 3. 041 . 20.27 .16. 88 . 0297- . 0159 . 1 .. 361 
53.30 9.66 .0046 4'8. 86 3.063 20.29 16.60 .5353 . l994 .7823 
69.53 9.38 .0029 49.03 3.042 20.39 16.57 .6296 . 2540· .6884 
86.56 9 .. 43 .0027 48.97 3.059 20.39 16.53 .6704 .2819 .. 6683 

103.06 9.40 .0035 48.99 3.028 20.38 16.59 . 68·42 .2949 .6238 
119.07 9.39 .0034 . 4 9 . 0.8. 3 • 01 9 20.38 16.52 .6903 • 3005 . .6157 
135.73 9.35 .0038 49.06 3.004 20.41 . 16.55 .7013 .3038 .6181 

.. '1 .. . . .. 
IN 10.02 .0042 48.87 2.974 20.07 17. 06· .9963 

165.58 9'.66· .0035 48.76 2.98.1 20. 3'0 ·'16. 73' .6999 .3069 .5628 

' ~: ~·: : .. .'·: (: .f -'"::. 



Run 1058 

Western ~entucky Ash 

·Temp·;_ 900°F 
. ' 

dp = 0.0151 ems 
vol. % 

.. : 

Time H., 02 N2 CH4 co C02 H2S cos H20 ... 

IN 10.08 .0025 48.85 2 0 98-8 . 20.02 17.07 1.0068 

2.53 7.58 .-Oi09 .. ·so:~·69 3 .. 026 18.21 19.67 ·o o. ~8211 
..... 
\0 

18.74 9.61 .0035 49.01 2.949 19.94 17.21 0 0 1.284 1\) 

36.39 9. 75. .002B 48.95 2 .. 952 20.07 17.07 .0999 . 0401 1.059 . 
52.87 9. 77 ~0032 48.93 2.961 20.15 16.90 .5569 .2107 .5302 
69.58 10.09 .001-4 48.78 2.966 20 .. 08 16.76 . 6'400 .2580 .4276 
86.29 9. 76· .0027 48.98 2.949 20 .1.6 16.78 .6744 .2849 .4054 

103.18 9.94 .0044 4 8 • 9 2 .2 . 9 3 2 20 .. 04 16.80 .6862 .3017 .3748 
120.27 9.55 .0044 49.09 2.961 20.13 16 .. 87 . 6'977 .3100 .3750 
136·. 99 9.76 .0031 48.98 .2. 949 20.12 ·16.80 .7042 .3158 .3619 
154.10 9.47 .0030 :49.16 ·2.941 .. 20.17 ._16 •. 86 • 7103· .3206 .3~76 

IN 9·. 81 .- ~-0036 -·.48.-99 2.942 ·20 .'04 17.21 1. 0115' 



Rurr #~0:5 9' 

.. Western:: K~ntucky, Ash 

Temp: 12:0'0.~FJ · .. 

d = 
P' 

0f'..015J', CDlc 

vol. % 

Tlme· H2 02. N.·2 CH4. co:: coz H S cos H20o' 
(min). 2 

~ 

lN. 9.92 .. 0048:' 49, • .14 3. 063: 2.0. 08 16:.81 • 9943' \0· 
w 

2.85 4. 66· .018T 50.58 3 .121' 16.0S 20.93 0 0 4·· .. &31' 
S02 

.01-26 
19. 6"3 7.66· . 0036· 49.25 3.060 21. 0.8 16'.10 0 0 2'. 857 
3.6 .14' a:. 35· .0025 49.00 3.051 21.25 1s-·. 71 0 0 .. 2. 626'. 
5:3·;70 ·. 8.55 .0036 48.97 3.031 21.39 15.71 .0183 0 2. 3.30.· 
70 .16· T.69 .0035 49.30 3..037' 21. 73. 15'. 33 . 7189. .1669 2. 03.7. 
8·6. 87 7.89 .0031 49.16 3.021 21.78 15'.27 .7.767 .1831 r. 911 

101'~ 28 ·8~ r8 .0027 49.06 '3.030 21.67 15 .. 22 .8114 . ~ 1982 1·. 8.l~L 
12'0. 36·- . 7. 7.2· .0028 49.35 3.016 21.. 77 15". 26 . .8137 .1974 1.. 872' 

IN~. 1'0~. 0.9· .0040 48.98 2.989: z:o,. o:r r6.9:S .9807 -· 



Time Hz 
.(min) 

IN 9-~-8Z 

13:15 9.48 
"29. 9Z 9.-47 
46.34 9.ZO 
64.99 9 .. 43 
8·1. 10 9.13 

-98 ~-51 . 9.45 

. IN ·9. 75 

/ 

Run #095. 

Elkhorn Ash 

Temp : 1000 °F 

d. = 0.01935 em p 

·,· 

oz Nz cH4 

.016Z 48.91 3.065 

.. 01_27 48.:86· 3.047 
.0117 ·49. 9-S· 3. 038 
.0135 49.18 3. 054 
.Ol09 49.01 3·. 039 
.0114 49.18 3.045 

vol. % 

co COz 

20.1Z 17. 09· 

2 0. 0 8 . 1 7 .• 01 
20 .'35. 16_. 59 . 
20.43 16-.-59 
Z0.38- 16.5.5 
20.43 . 16.56 

.0102 .49 .. 04. 3.014 ° 20.40. 16.50· 

.. 0138 49.05 3.020 Z0.18 17.02 

... '•,, 

:." . 

~.. . 

H S . 2 cos "z?· 

.• 9950 

·.1"513 .. 0513 1.310 
. 6463 ·."2806 .6408 
·. 6807 .3138 .5949 
. 6876. .3Z26 .5739 
.6990 ~ 3307 . . 5657. -
. 6975·· .3350 .5549 

·• 9.857 -



Time H2 
(min) 

IN '9. 94 

9.96 9.31 
26.65 9 .. 63 
43. 48" 9.64 
60.48 9.46 
77.26 9.56 
94.15 9.32 

110 .. 95 9. 52. 

IN 9. 89. 

Run· #113 

Montana Ash 

. Temp.: l000°F 

dp = o_;01935cm vol. % 

co 

. 0126· 48.98 3 •. 087 .. 19."96 

.0200 49.37 3. 022' 19.88 

. 0143·. 49.04 3.034'. 20.20 

.0138 .. 49.00 3.024 20.25 

.0159 49.15 3.;012 20.30· 
·. 0145 49.·07 3 •. 025 20. 2.9 
.0143 . 49.23 3.021 .. 20.32 
.0128 49.16 3·.·0111 20.30 

' . 
... 0119. .. 49.12 2.987 .20.04 

17~02 1·. 00()3 .. -
. 17. 04' • 0196 . 0098 l. 2780 . .... 
16.55'" . 6 7.42' .3183'~ . 5.43'4• \0 

. 16.55: .6958' .3446 .. 4957 . U'l' 

16.54• .6955 .. 3510 .4830 
16.52 . ·. 7019 . 3562 . . 4674 
16.57 . .7038 . . 3596. .4646 

. 16.49 .6954 .3625 .4564 

16.97 . . 9934 



.. 
~ 

'. 
, 



API'AittNl PAR HC.Lt; ·DlN~IlYtiC.M!>/CC.I 

tlfiJ "Jti'IPlkAIUI\l:e IOiCOe I') 

lNLtl 11ll> CuNl.thiRAllUNo "IYOLo I'IUoCJJONta 

1/0LU:-.t 11< J{. f'-liN ~All: ·OF IOAS Al 
.HANL•. COilOJIIIJNS, ICC/HJIItl 

11~~ 'A~ACI1Y ~ A~"' IGH MOL /GH A'"l 
IS1U. CC./6H ASM I 

--·-.· 

RUN NtiHBERr 003 

0.01915 

2.8350 

1200.00 

0.0105390 

565.57 

OeU026E-G2 
29.1'?8 

: 

,( 

ll~~ .... ,. ... TAU . WA lASH CAPAtl 'hI ... ·eASH C.ONC.I 
CC rtlS ........... FU03 .,. ..... 

o.oo o.oooo 31>1o.3tll O .. IUII-ctl 

~.oo OeOb!il~ 340.53" ... .,. . .,._., 
21.00 O.l.,l5 239.:.110 o.un•t-o's 

H.ao O.t.2lc.. 1~0.11~ o.nl61t-o3 

·5!11.00 0.11'1 .. , . l8.t12C. 0.140891-0l 

12.!00 le&lll· · n.o5o ·Oe10198E-113 

r,o).OO .1.4122 43.028 o.7t.90t.E-o4 

10·1 •oo 1.7503 Ue429 .0.5796Zf-~ 

lc.·l.;;o 2o1>3l6 .... ~ 0.1 04431E-04 

l'IU eOO lolUIIll . o.oco . o.oooooE oo 

WtSlERN KENTUCKY ASH 

HAS:. OF AS" CHARGED, IGMSt ... 
1:.Z.~tl.tl 

OUHETER OF C.OLUHNe ICHS I 2 .oooo 

BEO LENGTH, IC HS I 3.!1!11«> 

BEO POROSJ.TY, I VOID FRACTION I,· I VOLIVOL I & Oe!I~«>OO 

BULK ·OEN:.JTY ·OF BED, IGHS/CC) l.lft53~ 

. ~UPERFICUL LINEAR VELOCITY, ICMS/MINI oOl.>2l20 

CA/CAO XB 

o.oooo o.ooooo 

0.0000 0.06543 

o.oooo 0.343!12 

0.0111 ·Oe6U66 · 

· o.noz 0.711367 

0.8501 o.a43U 

0.88114 . Oe8819Z · 

0.9024 Oe9ll00 

Oe9U4 o ••• ,., .·· .. 

1.0000 1.00000 



utU lE ~I'HA l Ukt:t COt l>o I-I• 

INLtl nl:. CUr~Lt:NlMU 1Qt.f, IVulo 1-IU.(TJDWI: 

·JOLUHUMIC t'LUW KAlt· OF bAS AT 
STANV, l:Ut<lllllONS; ~CC/MlNI 

h2S LAI'ACIIY U~ A::Oht ·co:;M i"'OL. /~M A:iott. ·• 
I~ TOo Ct/~M A:i.tt .t 

RUN NUMB kR: 004 

0.111935 

1200 .oo 

Oo0108Z70 

Ooli8B2E-02 
2!>.El6 

TIM~ 1,.•114 I fAll "" IA~It 'AJ>AU1Yt WM llSH COIU; • t 
C.C. H;.!S. .GM MOL FE203 

/614. lSH · . .. 

o.':lo o.oooo 33;;~.,92 Oo'59 ... l1E-03 

3.oo O•O!J53 ·:u.; .o21 0..56JZ7E-Ol 

.lii,OO o.3c.ll<t Z09."23 0.375ZU:-031 

~~.oa l.oJ;,z :5b.l0b . O,IOC•2BE-D3o 

7".fl0 1.32·:.'> 2. ..... ~8 o .. uuoe-o~o 

a ... (jO l·.C>~Vb llO..T::IO .o;, l91!78E-.O't 

10~.00 1.93·~ 4.455 ·0."'96o20E-05 

ll5oJO · z ... a-:to o.ooo O.OtiOCIOE 00 

WE!lERN KENTUCKY ASH 

MASS Of ASH tHAkGED, C~MSt 

· DIAMETfR. OF COLUMN t CCIIS t 

BED LEttGJHo CCMS t 

bED PORO!i.ITYt IVUID AU.CliJNI. IVOL/VOLI: 

BULK OEN~JTY·Of bED, I~MS/CCt :. 

SUPERFJC IAL LINEAR VElC•CITYo ICMS/MJNt· 

· CAICAO liB 

OeOOOO o.ooooo 

o.oooo o.o55otl 

o.oooo ·0.3b845 

. 0.5646 0.83121 

0.8216 0.92732 

Oo920it Oo9bll2 

0~9!115 0.9B660 

t.oono t.ooooo 

2 .oooo 

···1'>~34 



d~U lt~~KAlUK~o lOt~. fl 

l;~LL;l -Ill ~·lUIK.:tt•lkU lONe f ~6L. ~RACl'J~N.I& 
'/IJLU14liK ~~~ -f I.Uio t<A lE (If bAS A·l 

l>hltOo CJINU111ll~5, ICC./MINI 

ttO!S-t-AI'ACUY !Jt- A:>l1o ·11oM MUL-/1>14 ASHI -: 
~STU. 'C./GM ASh-1 

. RUN NUMBER & 005 

- 2e8350 

1200.00 

-0.0102530 

565.57 

o.JossJe-oz 
.23.634 

'''I 

• '·, J •• 

TIMt 11'1111. TAU ... :(ASH CAPAC11Y J -WM CASH C.ONC.ol 
.:.c H2S GM' MOL FE203 

/GM ASH 

O&UO o.ouoo ~95.155 o.52755E-o3 

- ·.~.03 Oo.05R'I .277.7!>11 Oo49646E-03 

zo.oo 0 .. .'1'12'1 . 119.119 .0.32026E-03 

.n.o:~ o. 1lb'J IIC .~99 ·Ool'o406E-03 

!> ... no 1.060'1 2Coo9llo 0~3l400f-04 

n.J~» 1 o39it9 1.350 O.l313lE-04 

lllloOO J ol2UY ZoBOI o.'50060E-05 

l~.t.l.!i) lo41b5 o.ooo OoOOOOOE: ·oo 

WESTEkN ~ENTUC~~ ASH 

MASS-Of ASH CHARGtOo fGMSI 12.1o811 

- DIAMETER OF COLUMN, ·tCMS I 2 .oooo 
' ·. ~,. 

BED -POROSITY, (VOID FRACTION I, .CVOL/VOLI: 

BUL~ DE~SITY OF BED, CGMS/CCI 

SUPERF-JC Ul LINEAR .VELOC JTY 1 ·JCMSIMINI 

C.AICAO XB 

o.oooo o.ooooo 

().0000 .0.05894. 

o.oooo Oo3Y293 

o;.oooo 0.12692 

Ool1SY3 Oo9291l 

0.9353 Oo9l510 

Oo9l21t 0.990!>1 

1.0000 J.ooooo 



AI'PAH.lNl ·P.A~ lll.LE IJEiol!>lTYoiG~/(.CJ 

VOLUMkfRlt f~O~ KAT~ JF ~AS A~ 
S T APtu. ClJNLi llJ UN!. 1 JC.O::./ Ml N; 

HL~ I.:Af'Alll.f u• A!>llo ·IGM Mlll .-~o.M ASHI 
·ISlUo CC~GM ASH I 

RUN NUMBE:R·I 00• 

0.01935 

2.11350 

O.OO:Jfib60 

O.l0493E-02 
23 .. '>05 

TI.Mt l~l'tl 1 AIJ W'l I ~11· C lPACJlY I .w" lASH CONC.··) 
'-( ... IU:\ GM MOL FE..03 

/&4 ASH 

·o.oo o;.cooll! 2~);,;.!;)1,' .o.s 24.5f;.c)) 

.!1.00 o·.o;~!IO· 2t:!i.o35 .0.474.,9E-03 

.ll .• Oi) o ... lttl .Hil.77o 0.3C•524E-03 

3'1.00 O_.oH)It 7!>.,9~8 .o.t .. !!i:b9E-o:t 

!it>oOO ·1.0.4!1 •U.l,il. Oe!·"'l85f-04 

1.3.00 •.• :.7.7. .)_.74.2. Oii2051E-o• 

YG.OO l:o·T.i Ott . .!.It'll ·0~.,_,58E""OS 

124.!10 2 .ll·l)l ·~ooo. OeOO•DOOI: 00 

·WES.TEH.N K-ENTUCKY A:Oh 

.MASS ·OF 'AStt tttUGE:Dt •GI!S)· 

.. DlAM.UEc~ OF COLUMN, IC.MSOI 

~EO lE~&lH, ICMil 

r 

BED ·PORBSITY.t I VOID FIIAC.llON It I VOl/VOl )l 

BULK .DEIISJTY OF BI:O, I)G!o·S/CC J 

.SUPERFlctlAL liNEAk VELDC ITY., ICMS/MINI. 

.U/CAO 

.o.oooo 

•OeOOOO 

o.oooo 

0~0000. 

··-0.802. 

.0.93~3 

;.o.t74.l 

leOOOO 

XB 

o·.ooooo· 

0.0'#!105 

0 .• 93481, 

Oe9ll03 

Oe9'1l51 

1.00000 

2 .oooo' 

. ~.551> 

Oe!i9c.OO 

·t.07.!i2UO 

N 
0 
0 



"'I 

DI::U Tt:.4f'l::f..A'h1Kt., IOE·t.>o fl 

·.JNLtT. ot:t::. l.O~t:Nlr\AI 10N, I VOL •. fKACTIONI: 

VULUMtl;{ J( ·t- LOW KA·TE: OF I> A~ A 1· 
~iANU. l.U~ulllO~~. ICC/MINI 

H2.::. I.AI'ACHY Of .A~n, IC.M ·MOL /C.M -ASHI 
I STlle ·ct/t.M ASH I• 

RUN• NUMBER I 001 

1200.00 

o.ot005fiO. 

o.toe411E-02 
24.299 

fJMt: IMIN I TAU til A 'lASH ·,;;APa(;JTY) WM -lASH CONCel 
cc Hi$, GM MOl FE20l 

I~ ASH 

o •. oo ·) .oooo 303.4'!19. 0.54240E-Ol 

.... oo· ·J.01!>Q i80.105. · Oe50113E-Ol 

-2l.OO :>_.4121t -1111~312 o.UB71E-Ol 

-·39.?0· ::>.131'1 &2.92-3 ·t~.HII~lE-03 

!»C.oOO 1.0491 ;;:~_~1!10 ·0.42450E-04 

·ll.OO ...... 3 .. 5·elt25· 0.96966E.;,.05 

.,.,_ •. oo lo1b2l l.b49 «<eZ94lZE-05 

l~O.vO 2.2 .. 9!1 OeOO!) o.OOOOOE 00 

WESTEKN KENT~CKY ~SH 

MASS Of A·~ti -CHAitloEDo IGMSI 

DJAMETEK OF I:ClLUMN ,, ICMS I 

-bED LENGTH, ICMSI 

·I 

liED POROSITY, IVOiU FRAt-TIONio IVOL/VOLII 

BULK DENSITY OF"BEDo :IGM$1CC) 

SUPERFICIAL LINEAR ·VELOCJTYo ICMS/MINI ·a 

CA/CAO .:XB 

o.oooo. . o.ooooo 

.o.oooo . 0-.014¥~ 

o.oooo 0.4l21o0 

o.ozn o.n~14 

0.1'490 0.9211'4 

0.9442 0.982·12 . 

·o.9Jll ·0.994!il 

a.oooo -1~00000 

2.ootio 

. Oe!l':fbOO 

: lel"t•!i)lt 

"-> 
0 ..... 



-J:UN· NUH8t.F: I ·0011 

-PAKTILLt' »lAMat ICHSt 0.0193~ 

utJ Tt~~~~ATUK~t IOfGa •t uoo.eo 

.0.0101040 

VOLUM~IKIC tlOW R~l~ 0~ ~·~ Al 
STANO. · .CUNOJ HUNS, ICCI'MINt 

rt2~ CAPALJlY Ut ASn 1 IGM MOL l'~lt Al>Ht 
I$1Ue CCI'GR·ASH ~ 

.O.l1832E-G2 
26.~03 

T'IMt. IMINI 

o.oo 

loCO 

20.00 

11o00 

1 !>7 .oo 

TAU wA IAS.tll t"PACI'TYt . WH USH CDNC.t 
''- .-tU GM ..OL FE203 

I'G/4 ASH 

o.oooo ;no.'l076 .0.!!>9t~aE-03 

o.o!>.lll 3l3,1132 ·o.~6093E-03 

.1.:nsy u .. bo 1 o.336l!>E-04 

•·~•9'. 10.8;!2 o.t93.,3E-04 

2,~t1J2 Oe·lll n.13UI9E-OS 

2.110., o.ooo· o.oooeoE oo 

WESTERN KENTUCKY A~H 

MASS OF ASH CHARGED, IGIISJ 

DIAMETER Of COLUMN I ICMS) 

liED .LENGTH, ICMSt 

BED· POROS llY, I VOID FRAC. TIOU • I VOLI'VOlt .I 

BulK DENSITY OF BED, IGMSICC) 

SUPERFICIAL liNEAR VELOCITY• ICHSI'MJN) 

UI'CAO 

o.oono 

o.ODOO 

.o.oooo 

O.QOOO 

0.5189 

Oe8881t 

. 0.91tl2 

1.0000 

118 

().00000 

0.05180 

Oob3883 

Oa85b19 

Oa9bl30 

~-~9718 

1.00000 

2.0000 

1e11t531t 

«a0le!>ll20 



I'Ak lli.L~ UlAi1., I (MS I 

I.I'PARtNl P.liK 1 h .. LL DE.N.Sillt CGM:O/C:C I 

utu ftMPt:K~.TUKt, CUf:(. ... , 

li~Lf:l .r1~S (.Of·ll .. t'tlkAT lON, I VOL. FRA(..-TIOMI: 

VOLUMilKI(. ~LOW ~AfE Of bAS AT 
SJAtn>. C.OI'IUUJONS• CC.l:/MINI 

r1~~ CAPACIIY Uf ASNt CGM MOL /bM ASHI 
CSTO. CC./GM ASH I 

RUN NUM8f.R I .011 

0.01935 

1200.00 

0.0097830 

o.U913E-02 
26-~b85 

lJML UHNI ., ... v ·wA USH CAPAC..ITYI WM CASH CONCol 
c.. c. H2.i GM MOL FE203 

/GM ASH 

o.Jo o .oooo· 333.255 o.595.65E-o3 

..... oo o.o66"t 311.123 o.55609E-o3 

21 .• 00 ·- 0 o3"t8 -, 217.063 O.o38797E-03 

· 3e.no 0.630~ 12~.002 ·:o.21985E-o3 

. ~5. ·)0 - 0.9U.l lt'oellb ·o.799~1tE-04 

lit.OO .1.1'1~ .. e.79Y Oel5727E-04 

lt'iollO .... 77b 2.0C.9 0 e36982E-05 

lObo:>\) •• -,599 ·0.0()0 o.ononoe .oo 

WESTERN KENTUCKY ASH 

·.MASS OF ASH CHARGED, CGMSI 

DIAMETER OF COLUMN, CCMSI 

BED LENGTH, ICMSI _ 

BED POROSUY, CVOID FUCTJONt. .CVOl/VOll.: 

BULK DENSITY OF·BEDt IGMS/CCI 

SUPERF·JC UL LJ NEAR VELOCITY, CCMS/MINI 

CA/CAO XB 

o.oooo o.ooooo 

o.oooo o.o~t.ltl 

o.oooo 0.34866 

· o.oo·oo 0.630.91 

Oe3351t o.at>5B2 

Oe9009 .0.97360 

0.9560 0.99379 

loOOOO 1.00000 

z.oooo 

. 607.52120 

'' 

"' .0 
w 



IIUN NUMBEIII 012 

APPAIU:Nl PAR lll.LI: DE1'4SJ1't, IGM~/·:tt 

o1fU ltMPI:RATU~t, tDf:Go f) 

~OLUMI:lRlC. fLOW RATE OF GAS Al 
STANO •. tONUIIJUNSo t tt/MlN) 

.. ttl:. CAPAC. I T't ut' ~)H, I C.~ MDL ·/GA ASto,) 
I~IOo tt/G• ASH • 

o.ct'9l5 

2o83SO 

12C!h00 

565.57 

•) .124Jl2E -o 2 
. 2"-'3!-6 

TlMI: tMJN I ·TAU NA I ASH c.APAClT• t NMI USH CONt.t 
cc H~ GM lll•L fE20~ 

/Gilt ASH 

.o.oo 0~0000 ~~oz·.et.e • · o .... II58E~~ 

... oo ·o .Ofloz .. 31t0.2ll o_.eao8E-o3 
" 

21.00 Ool2"111 21th'll20 o ... 3598E-03 

u.oo 0.5'1)2 1Jo8oZ89. 0.2.505£-03 

~5.00 Ooll!»a~ ~9 .. !il6' Oei:064BE-03 

12.00 1·.1239 l2.~ ..... .0.73046E-Oolt 

ll'feOO 1 .311.92 5oD9 Oo9)6o36E-05 

10c..oo lo65.a.c. 1o917 Oo!I4259E-05 

l2:S.;o:r .1.9200• ··() .• 53S:- .. 0.~..452E-06 

•1511.00 . 2 .• -.t.r.·.:. .o .. ooo :·. ·'~.C•eDOOE' ·oo- .--

WESTERN KENTUCKY ASH 

MASS OF ASH CHARGED, IG•s• 

. DUMUER DF COLUMN, ltMSt 

BED LENGTH, .fCMSt 

BED PORBSITY, IVOID fRAtTJONt, IVOLIVOLtl 

BULK DENSilY Of BED, IGMS/CCt 

SUPE~ICUL LINEAR VELOU:rt., ltMSIJUNt 

CAlc-AD liB 

O.;OOO•l o.ooooo 

OoOOOol o.ot.z~.'· 

o.ooo•l .o.327fl0 

o.OUl 0.591~-

·.0.1431 0.83582 

.0.8861• · O.o9644l 

Oo9543 Oo98556 

Oo9l6'Y Oo9941Z 

:0.994• ·0,;9.9853 

t.oooo- __ ; <hO~OOO-· 

12 ... 118 

2 .oooo 



PARTICLt OlA~., ltKSt . I 

APPA~Eht PARtiCLE DENSITYoiGMS/Ctt I 

' 
li\IL.EJ HlS CONI:.t:t•l~tAT JON, C\IOLe FRACTJONII 

'IOLUMtlklC H0o,.·~.\1E Of etAS· AT 
~TAhOe CU14JiflONSo CtG/KINt I 

o12S CAPACUY Of ~Stt 1 IGN MOL /COM ASHI I 
ISTU. CC/GM·ASH t 

RUN NUMBER I OU WESUilN KENTUCKY. A~SH 

Oe0l9U 

z.es5o 

uoo.oo 

o.olOl240 · 

565.51 

0 •. 12?54E-GZ 
'211.569 

-r ... · .. ;. . , ·, c. ... -~ 

MASS OF.. ASH· CHARGED,, CGMSt 

DIAMETER .OF. toLUIVh CCMS t .. 

.. , BED LENGTH, CCMSt 

• 
I 

• 
BED POROSITY, CVOID FRACTJONte CWLIVOU·I 

·. BULK DENs·nr OF BEDt ··CGMS/CC t . 1. 

SUPERFICIAL LINEAR VELOCITY, ltltS/ItiNI I 

TIME l141N t TAU WA CASH CAPACITYI NM CASH CONCet · CA/tAO n 
"HZS GM MDL FE zOS 

/GM ASH 

o.c·::l . o.oooo. 356e1l5 ·. Oe63169E•OS o.oooo o.ooooo . 

leCO o.o .. sa 3l9e~9S 0.6 0699E•03 o.oooo Oe048l5 

20.00. . 0.3210 Z4ZeU9 0.4330lE-Cl 0.0000. Oe320fl8 

le.oo 0.6099 139.1'1. 0.24819E-G3 o.oooo 0.60986 

:.>.0) o.ttelJ 56.371 OelOOTTE•O:J OeZ914 Oe84l91 

'fz· • .>o t.n~s l6.U9 o.J009TE-~ o.e8tZ 0.95280 

89.0') .... 283 14.215 o.l4683E-Oto 0.9336 o.tl69T 

106.00 l.lOU 3.4!115 Oe6l155E•05 0.9686· Oe9903Z· 
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YOLUMtlltlC flOW kATE Of GAS Al 
STANO. CUNUlJJONS, ICC/MINI 
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J1Mt IMJril TAU WA IASii CAPACITYJ WM· tASH-.CONCet 
CC ttZS GM MOL FEZ03 

/GMASH 

o.oo o.oooo 20l.bl3 Oe4641ZE-03. 

19e86. 0.4002 122.160 O.Z?8?9E-03 

35.1111 0.7230 . 60;.087 0.1~713£-03 

52.42 .1.0~6 ... -2lel92 O.lt9134E-.~ 

611.53 1.11110 10.138 O.ZJU'YE-04 · 

lt4,Sit l • l041t ),!Slit. Oe884l5E-OS 

100.1111 2.0289 0.043 o.uuJE-os 
lll.l<o z .jlllt6 o.ooo O.OOOOOE 00 

WESTERN K-Ye A$H 

·MASS OF ASH CHARGE Do ,fGMSt 

DIAMtTER OF COLUMN, 'ltMst 

B.ED .L~NGTHo I~MS,t .. 

I 

I 

BED POROSITY, IYOID FRACTION·t, fVOL/VOLtl 

BULK OENS ITY OF BE Do 16MS/CC t 

SUPERFICIAL LINEAR.YELOCITYo fCMS/MINt 

CA/(AO xi 

. o.oooo. o.ooooo 
o.oooo O'!ltOOZl 

Oelll9 0;.70491 

Oe?S99 O'!B9JOO 

0.8816 0.95022 

0.9222. 0.98098 

Oe980ft Oe99_6l4 

1.0~00 a.ooooo 

'lel8l 

2.0000 

le01t8 

9ebl~OO 

le09Uo. 

JY0.9o9lO 

1\J 
1\J 
U1 



~ARfl(.l~ OIAM~o ltMSI 

APPAtU:IIol PAR Tllll: OEN~IlYo IGHS/C.CI · 

1Nl~T Hl~ ~uk~~hlRAllOh, CVOl. fRACll~J: 

VOLUHt:U:l(. flOW RAft OF. GAS. Al 
SlAhUa C.Uh011HINS., ICC/.'41NI 

tt.!S t:AI'AC.ll Y Of- ASHt CGM HOl /GH A:SHJ 
I STO. CC/GH ASH I. 

RUN NUHBERI 0~7 

2.S!S60 

toM-.oo 

o.olOol too 

41J.81 

O.IOOZl£-02. 
22 ... 60 

""~ CMlk I TAU WA CASH CAPACIT111 WM lASH COHC.J 
cc 112:0 GM. fiOL FE203 · 

I~ tlSH 

o.oo. 0 .00•~0 219.oro o.!l Cll33E~ol 

2 •1\1 Oo05JIO . 2.08 .. 0.30 0.47tt76E-Ol 

zo.io 0.3809 1!5 •. 993 o.:un6E-ol 

lthll o.72Jo ~~.3)0 . O.llt!tUE-03 

!i, oC>Y· le050it Z3.ll83 o.s4U4E-04 

12.51 1e367'"t U.-9':'9 o.2nl9E-04 

8\la"tl le68t.l 5.~21 Oe12t99E-Oit 

IOc..OII z.ooc. .. l.S~2· n.3U95E-o5 

·u~.1o 2e3B·!I D.OC•O o.ooeooe 00 

WESTERN KY'• ASH 

MSS OF ASH ·CHARGED, 1 fills~ ' 9.181 

DIAMETER OF COLU~o fCMS J i 2.0000 

BED LENGTH,· fCMU 1.01.8 

BED POROSITVo. fYOJ.D· FRACTJo:IIIJo UOLIVOLJ; 0.61500 

BULK DENSITY OF BEDo IGIISJ'CC J I l-.091'86 

SUPERFICIAL li.NEAR VELOCI1Yo fCMS/NJNJ. ' )90.96910 

CA/CAO XB 

0.0000 - o.ooooo 

o.oooo o.~SZ99 

o.oooo 0.38092 

o.o9S8. O~lO.llS 

o.111os 0~89164' 

0.8861 0.94547 

0.9295 Oe9l48l · 

o.9n2· 0.99298 

1.0000 1.ooooo 



ViiLIJMt ltUC I'Lih• KAit: .rtf bt.~ t.J 
!.f'.H!I'.• r_,;t;ti.IHUNS,, Cl.L/.hlNI 

hl:. U•~At:ll f. Lo~ .\:;rt, c.;•1 MtoL /(;"1 .\!.ttl 
C:.lu. LL/L~ ~:.~ I 

P.IIN ~liMO t:l<: ~t, !I 

l?f.•'l.OI) 

Celi414F.-02 
;u;.~·l)!l 

T 1 P"t. C 11 I~~ I T..\ll ...... CA~II l.AI'A(JTYI "" IA~H (.(Ill( o .t 
'tc n<'S I;M MOL FEiOl 

/(,M ASH 

u.(;O o .• G,lJ(, .;(~0.073 ... o.!i'P07JE-o3 

Ja..:..l .tt .• C!>t,t. (.Jt..lo21 ~.">3Q!i·7t:-o::s. 

;((>~ )·0 \),.:4/lt> lu~otdll 1'1.311715E-03 
·4 • • • 

"-,.<~·:.. o. 7o'l':.: ~rt .• -,'~q Oel:'?III)E-03 

)J .no n.!!l td· 4!>oYUlo- !loi04'>4E-03 

U:.SeYd 1. i),! '~ l'oo:Hlo Oo'\2'!l04E-<'4 

uti.t.l 'I • ~~~"" ">.174 (1.11807E-Olo 

.. -, ... t. 1. !i~'lt.. 1. 'ltd 0.447471:'-05 

ll.J,:;tl 1 • fll I:'> 0.4(1t, l"e9?67?E-Ot. 

J:.u,Oil i:. .a& J,.. er.coo n.ocoooE 00 

"'EH£kl\l KY,o A!oH 

MAS!> Of A!>l1 ":fARGE.Do CGMSt 

lJIAHHER OF . COLUI4Jtt_; CC'4S t 

HEO LEJttGlHo ~~M!ot 

; 

bt:u POROSIJYo I VOID fkACUONto IVIlLriDLt·: · 

!IUI'!:Kf IC IAL lltlfAM. VELOC lTV,· CCMSIMII\I) 

CAICAO XII 

c..oooo o.ooooo 

O;.OCOO O.OS4Sl 

o.oooo 0.321 C>!l 

c.oc.:>o o.~6731 

o.oouo 0_.81'612 

0 .• 7112'9 Oa942S2. 

Oo940t. Oolt7931 

Oo9b41. 0.99216: 

Oa91177 0.998311 

1e00f•O 1.00000 

9ol8l 

z.oooo 

Doe>l~O 

lo0918Cl 

"' "' ...... 

·.··.·· 



CX) 
N 
N 

oooo•z 

19l"" 

03000°1 ouoo•t 

l7. 116t.• 0 Lq96"lJ 

·t<> t6e• o Loq&•~ 

LZIIQ6"0 t.tc;il•o 

LLI£11"0 l"'-0"0 

qqqoa•o oooo•o 

£.,osc;·•o •• t: OliOO •. O 

ooooo•o oooo•o 

Ill( (19)/W) 

1110/VlOJ\t 1f•N•lll".lflf:f 0'101\l 1AL1SOMOc4 O~q 

· ... 'C SW!)I ·~1 ~N:i'l (J:Jq 

I Sw:)l a,i11W01'in :.41.1 M'IJlW'IIiJ 

l~-W!lt 1fl'l!lHf~"J ~If :10· C:Sf"' 

ov 'IOUUwu•u o.uv·•u P•/.QO' {l>:;•»tT 

SO-:IU'rOl"O Q!;O,"I) l'lt)'l•t t;. "";•t c t 

'i0-3~u"'"""v 'It' • z· r r .;o:• T .!a,•c:;n 

"0-'l.,CSo;;t•v Z;t"l! QO,#,f; ·~ l?'#.Q 

.,0-:ll'IZ~"..:l 9'i(\"l~ '''Q"IJ F>'lt:. 

f.O-:IteHt"o hl'1"t.~ I .... Oil' () o~·rc; 

£1)-3C.U9l"O O'>O"<:.U '-(; <;<;. 0 o,t~· .. ~ 

r.•l-ilhi.I.,;J1t"U 'rr&·.;~l. -oro" •o ... c~··r.. 
... · .... 

H!;' IH~/ 

E07.H lOW ·W!l ;z~ ".)1 

I "JNO:l ··~', W" Ltd I)Y.t"J') 110:" I .... IH'l "'!Ill <1-lfl 

:·.·. 

t9t••n 
-c0:-3~flqtl•o 

.i: l<;IJ'O : 

I 14<;9 Wl/1, "OIC:t 
11~0:., "I"/ 1!:1 .. •.')t. 'I~";" ,., .A l f'Jw.4") ":.?IJ 

l'lfW/1:, ,•<;llf'l ll:l"J'l) ....... , ~ 
Ill '\1'1 ·0 ·11'111 ~!ll;l )lWFI~~<IllOII 



lNLf:l h~S C:UNtfllll RAJ 10Nt I VOLe fRAC: 1_10Na I 

~OLUM~1~1C ~LUW ~ATE OF GAS AI 
~TANOo CO~IJlONS, tCC,M&NI 

OilS. C:At!ACJT W Of ·UH, IGM flO&. ''" ASH I 
!SlOe t"GM ASH t 

RUN'NUM81RI 050 

o.ol51o 

1000.00 

o.o1oono 

0 e86-'20E -G3 
19.358 

TIME CHIN I IAU .. A CASH UI>AtlfYt .... lASH tONCel 
CC ltZS P MOL fE203 

ISM ASH 

.o.oo o.oooo ' U9e:tll O_.NlOf-03 

3o!>2 ·0.0772 114.125 ..... "1-Dl 

20.53 O.<t501 10..114 OeiiY611-DJ 

40.22 0.8811S """·21o6 o.ao;oHI-OJ 
5J.;,.,· 1.2583 2le04t> ~ .. ~,. .... 
..... o .. l.o.21olo . lle2!il 0.156761-0. ..... , le99)1t 5.1112 OeiN6JI-M 

107e9l a.l6n 2ell2 Oe,4UIE-o5 

12!11.10 ,_., .. ,. . 0.;505 0.1 JI)J2E-O, 

141.8'1 s.uo• o.ooo ·O.OOOOOE ·oo 

·WESTERN ll"Ye ASH 

MASS OF ASH CHARGED, CGMS) 

DIAMETER ·oF tOLUMNo CCMS) 

BED LENGTH, CCMS) 

BED PORDSITYo CVD·IO'.FUCTIONh fVDL,VOL)a. 

BULk DENSITY OF BED, CGMS,Ct) 

SUPERFICIAL LINEAR VELOCITY, CtM~MIN) 

CWCAO •• 

o.oooo . o.ooooo 

o.oooo ·Oe0l71J 

o.oooo o.-45011 

.. 0.53.51. .0.76631 

Oe8U9.. .O.e88884 ,' •. 

0.9.035 . 0.9 .. 058 ....... 0.969)1' 

.... ao 0.98747 

. ..... , 0.9973) ...... leOOOOO · 

9el'81 

z.oooo 

0.61500 



PllttTlCU: OIA14oo IC~S I . 

APPAR~Nl ~ARlltL~ UEN~ITYoCGHSiCCI 

8to TtHt't:I<ATUo<tt COt:l>o f) 

lNLt:T Hl~ CONtt.h.lkAT IOI'It (VOLe FRAC.IlJNI& 

VOLUI1t.,KIC. FLOI!I RATE Of :GAS Al 
.S·JANU. ·CONOl'l JOt. So I (.(./MINt 

rtl!> .CAI"AC.JJY Ut- .ASrt, .([;H 110L 161M ·ASHI · & 

l~to. CC/GH AS• • I 

RIJtt· NUMBER & 051 

O.DU10 

z.e36o 

Jono .oo 

o.o1oono 

O.B6709E~3 
J9.4Z3 

H~E IH IIIII -TAU lolA C A$H C APA CIT If t WM .fASH COht.l 
CC·IWS GM MDL FE203 

/QtASH 

.o.oo o.oooo LB'ile9b9 ().43355E.-OJ 

. 2.2'1. ·O.O!iDl L80elt57 o.UI84E.-03o 

19.;.08 -o.~ouz 110.718 : O.;.l5268E-O~ 

ll.81t o.s;;·l~t .. 7' .• 457 . O.IOUIE-03· 

5 ... 119 le2C·l2 181.681 Oe42b41E.-G4-

ll-.18 1.5!iol 8.970 . OelO•IilZE-o4 

87.22 .1.9\!lO ... oo7 Oe9211112E.-G5 

U'i.95 2obl21 0.247 o•5o2'9ZE-D6 

llo.oo 2o9llb o.ooo o.oooooe .oo 

WE S TERM K·Y • ·ASH 

MASS OF ASH c.HARGE:O, IGitSI 

.OIAMHEft ·OF COLUMN, CCICS t 

BED .LENGTH, fCMSt 

BED POROSITY, (VOID Flt~TIONlt· fVOL·IVOLt.a 

BULK DENSITY OF BEDt (G.'tS/C·C t 

.SUPUFICIAL lltfEAR VELO:;:T't', ltMS/MINt 

CA/CAO )(8 

D.OOOO OeOOOOO 

o.oooo o.o5007 

.o.oooo 0.41118 

.0.3165 . .0.75019 

o.a1u . 0.90163 

Oe90lo . 0.9527~ 

0 .• 9512 .0.97859 

Oe9921i> Oe99870 

leOOOO 1.ooooo 

9.781 

z.oooo 

.O.ol!iOO 

390.9097~ 

1\) 

w 
0 



lNL L I tU:; C.litll.LI.I "A lllMt I VOL o fKAt I.JONJ: 

·~ULU:4LlrUC t-Li 1h >!Aft. Of' ·.,A:. AI 
.~JAf.;,r. LUI'LlllfONSt lt..:./HINI 

ri~~ (A~~tJIY ~f ~~It IGM'MO~ /~M A~HI 
t':Ol&Jo CC/bM A!.H I 

tnn(I.OO 

Oo0t'OOS81t0 

Ool002_7F-O? 
??.461 

... 

I i ML I>HI• l I' I-ll ... II.~H ~AJ'ACITYI WM lASH tUNC.I 
u: Hl!i- GM Mill fE~t13 

/GH A Sit 

(,.')() o. ::JllOO <'.)'l.c.tll Oo'!I013'1E-03 

Lc.t.O 0 oll'tZ l zao ..... 3 fto4R1!?.7E-()3 

1 ... .,o o.3~;,b l4lo<j7l Oe121olllE-03 

~:..oo o·.~.:; ,., 7Q~.'527 Ooll465E-03 

jo.O:J n.t.70b lioHO Ool6Sil-E-03 

~.i: .I u o • .,.·n ~ ;,o.:;oo ~o6--0l01:-0't 

oo~h., ·1. 2111 ., 1 '> .>21 Oo349C.bt'-04 

o:.. ~-o 1.!:>11£<> & o."::>'l~ c.111999E-Oio 

ll~J,.,u 1 • !1/r'/•J 4 •. ~Al n.1 "n1n-o~o 

,.,, ... .: <' • ~.;,IJ I 0 .-.<~1 Ool131t7E-,C!o 

J:.;,.u., ~ .~ .. Ylf u.toc C.O"~C':)£ (1!) 

~lt.SS Clf A~H (.HARGEI>~ IGHSI 

·OJAMLT~R Of COLUHNt 'ICHSI 

lli:O POKOSllYo IVOJO ·1-RACTJQ!>j), IVOL/VOLII 

.tULK. OEN~lTY Qf bf.O, ·IGMS/CC I 

SUI'ERflClAL LINHR VELOCITY, ICMS/HtNI 

(A/tAO lib 

o.oooo 0 .ooooo 

o.oooo o.o~ozo& 

o.oooo Oo3537b 

o.oooo 0.65lt.b 

c.o210 -0.67058 

Oob911o OoR6?36 

Oo861o8 Oo9302C. 

Oo92'li!o Oo9b2ll 

Co959l 0.911003 

Oo'ilb~l.i . o. 9'i117'o 

1.0000 1.00000 

'~• 781 

2 .oooo 

Ooc.1:>00 

lo0¥18o 

::t'il0o9o970 

N 
w 
...... 

. •. _. 



YllLI)Mr.l-.(.C i-LIJII !IAfL ot- lot.:. A.l 
:.r .. •w. LC.';i,tllu••:., l·l~/!~·HH 

11/:. l.lor'>.l.-1·1 1 l.tl' A~lto luM· Mill /1,11 A~lt.t 

.,1 !>ll!o C.tliul'l Ao:OII· I 

M~N NUMOlKZ C~l 

C: ... c;oot.F.-113 
<'2.1"7 

r c "'" 1,-ltf-. I T -''-' WA tA!:.H C..lPAtiTY I ..... l-ASH t.ONt o'l 
t;( rt~:) G" 1'0!- Ff~03 

/{;"! ASH 

t;,.l.fO · C,dl(,C' dC:..'J l 0 ll.~oc;o;·o3E-C3 

~ .lo 1,). '-"'~t. "~ij~~-, ... Oolo ·r'i 3:>£ -c~ 

1u.lb · 0,;'1-~o(;. L:'J. od2 0'."11K78E-0'3 

,v.o:. 'J •. t.,b,.!:,. <:ll'o&b'il ~-.l~l11E-Q3 

'~. , .. o. ',')')c. ~.. ..... oil 1. Col4t.2'>E-Go3 

~ :-,.:,o 1 .c l u:> 0:3·.-~)b 11 .• 5'!-lt.llt:-o .. 

-b~ -~~ •• ::.c fol UJ.-~ .. s . l'lo2<tf)b.,E -Or. 

bbo!>C> -l.t:..,lC · ...... l()' o.tr2')0f-C.<t 

·lOJ.t;o 1 ... :.:~tl . ~_ .• 110«> 0.41:2 2t>E...,OS 

·ll ... CI', .l· ... ~-, .. Jolo!lb ~.lJ!f(lJE-0~ 

1 ]~·. "t'J "L .-:.-, ,;. J.oor. (l .. t:t~one 0~ 

OJAM~fE~ OF COLUMN, 4t~51 

ll~O LEIIIC: THt CCM!> I 

• 

bEO I'O~r:~JTY, CYO·IO FkflC1JONI~ CWliVOLt& 

~Ul~ O~N~JTY Of ~EO, c;~~/[Ct 

!>UPfkFJCJAL l]Ni;AII V!'l,)C JTY, 4CMSIIHI\II ·z 

tAIC.AO JIB 

o.oooo c .ooooo 

o.oooo· o.o::t911l 

o.oooo Oo3Sb04 

OeOOOI) o.c.R2!1o 

c.0' ... !\4 o. 704!\5 

OoHlC Oell9140 

('.8791 o-.95139 

Oo9474 o .• 9l<t39 

(! • ., ...... 0.9'ilC.7 

0.91158 O.CJ97'7c. 

1.0000 1.00000 

o.ol!IOO 

·1.09181> . 

·li90 • .,,. 910 

·N 
w 
N 



l.lt:U h:tU'clfAh.I"L• IO<<>o 1-1 

VOLUMtl~lt fLU~ K~f~ 01- ~~SAl 
.~t·At.~Uo I.Ltl,ul'HiillS, .I t:CJMJN t 

rit!> -:AI>A~J r··f U,. A!>tio II>"' MOL ·ti.H AStll 

I' 

·tSllJ.·.'CC/GM AStl I : 

IOM.OO 

o.tc:l03E;.;.o.:? 
?j.63l 

r 1 h~ li'11. , •.• lAO "A h.Stt ,(.J.I'#CITY t W" CASH. Cll"'t·o) 
Cl HlS GM .MOl: Hitn 

/GM ASti 

o • .Jo eo.cooo aJ.-.s!>o Oo51'5lt>F.-Il3 

11 .ol C .::Oc. I H!>,,!l95 . Co400l'4E-03 

-~"·~0 ·Oob1~j 7l.tll'9 0 ol b4 Clt~-03 

.. !>.14 o.n .. b'1 .. z.t.os Oo9l'?HE.:.C4 

cl,)~ ·J.l!> 01 .Ja.o·cn (l.,lt li'III~E-Oit 

. -,b.Ol J .••• ,,b li.0 .. 4 Ool!!i.7H-Oit 

'ibo:., l.u4!1!;, .l. 303 Oo52559E-O~ 

11 ... :;. .. 1.14·"~ 0 .·ltt.2. ·o.tl'~.~Jt:-r.!> 

Bc..ot: .-·.;4!> 1;.: o. ceo o.ooo::~~t: 1)0 

WESHkN KYo A:.H 

.f'IAS) Of A~H (.HARGE:O, CGMSt 

'[.IJAMEJEM IJF COLUMI'h CCMS t 

bED UNGlh, .CCHSt 

.bt:U POROSllYr 'CVOJ[.I fAACTJON:t, ·IVOI.:/VOL): 

~~ii OENSJ1Y OF HE~: CGMS/CCl .I 

SU~E:kF.lC 1 Al Ll NEAk VELOC lTYr ·ICMS/MJNt . ·: 

(.A/CAO XH 

o.oooo o.ooooo 

o.oooo Do20o1l 

o .• oooo .O.t•l'~2l' 

o.45?·2 ·o.t~0152 

' ' 
0 ofll OJ 0,9.1&68 

·Oo901il Oo96344 

Oo9589 o.~989c.O. 

Oo91162 0 .99791· 

l'oDOCIO t.ooooo· 

2.~0000 

.O.ol!>OO 

'lo09186 

~90o9b'i70 

t\.) 

w 
w 

.. 
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PAkTIC.L~ DIA"•• lCMSI 

APPAMtr.T PAk UCLE UENSITYt lGMSICC I 

,INLf.l H2S C.UNCthlkATIONt '4VOL. fRA.tllONII 

~OLUHElRIC. FLUW RAlE ·of·G'S AT 
STANO. COhOillONS, ICCIMINt 

HlS CAPACITY Uf ASH, IGH MOL /bH ASHI 
· lSTD.·CC/GH ASH t : 

RUN NUMBER I OSS 

2.8360 

. 900.00 

c.OI004BO 

413 .• 1!1 

o.90415E-03 
20.MJ 

TIME &MJNt .uu ... lA &H UP.HJTY t 11M USH CONt. J 
CC H25 G ... MOL FU03 

IGM ASH 

o.oo 0.00000 .l'18.0E8 0.45ZOlE-G3 

19.2b 0.4043 "11B.002 o.269'30E-o3 

3~.37 0.7425 o2.UiO o.J419lE-o3 

!Sl.l'l t.on·et . 31~0!> o.n6liE-04 

·t.l.40 . 1.4148 18.210 0.41559t-04 

Bleb't 1.7!>S7 10.!>~ 0.2408lf-04 

99o9't 2.0979 5eBS2 o.n355E-04 

llbeb!> 2 .4't87 2eBOl Oeb39:S4E-05 

133.3b 2.7994 O.l!Sil 0.1?155E-05 

11t9e'l2 3.1429 o.ooo o.oooooE ·oo 

WESTERN K Y • ASH 

MASS Of ASH CHARGEDt .IGMSt 

DIAMETER DF .COLUMN, ICMS t 

BED LENGTH, ICMSt .. 
BED POROSITY, IVOID FRACTI·lfth IVOL,yc)LJI 

BULK DENSilY OF BEDo IGMS/CC t 

SUPERFICIAL LINEAR· VELOCITY, f(MS/MINt I 

CA/CAO XB 

o.oooo o.ooooo 

o.oooo o.~to43o 

0.3334 0.68610 

0.7426 .O.B4146 

0.8610 0.90807 

0.9122 0.94673 

0.9491 0.97046 

0.9631 0.98586 

0.97?9 0.99621 

1.oooo 1.00000 

2.0000 

1.091B6 

'364.19090 
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w 
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..... 

A~PAKcNI P~hllLLt U~N~l1YtlbM~/lLI 

V~LUMclKJC ~LUW MATE·Dr·b~S Al 
~)IAfcUo LUhlillilJI'<St £LL/MII'.I 

H2~ LAI'•tJTY Ut A~Ht IGM MUL IbM AShl 
ISIU. CC/GM ASH I 

' RI)N 'lliMfi t:K :_ 051. 

O.Ol0Z090-

Oo9Y24t-f-03 
22.231-

1 I ~t IMJr..:l l·i<U WA I ASt1 C AP~CITY I -WM USH CONC • l 
((. HlS GM 1'10l FEl03 

/GM ASH 

(. ~'"' o.c:eo;; 2l7o4~9 0.49b24E-CI3 

' 1 ... ..~~ 0. i:"l to 1:.&.1<>!> n.3o09t.E-03 

J.:::-.~-J 0 • .,,; ~' 1'J. 310 Oo1Rl.05E-03 
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This program converts the raw breakthrough data 
. I 

and generates the data sheet's presented in Appendix C ~ 

The raw data is read in using data cards .. The raw 

breakthrough data is read in as time on stream (mi~) vs. 

(CA/C
0
). The program.uses the trapezoidal rule to evaluate 

the area unqer the curve (~sh H2S.capacity) defined by 

equation ( 6-1). The important variables used. in the 

program are defined below: 

INPUT VARIABLES 

T(I) 
Y(I) 

DP 
RHOP 
TEMP 

.VOR 

CAO 
AM 
DCOL 
BL 
EPSB 
NDP. 
NSET 

OTHER VARIABLES 

RHQB 
vo 

SLV 
SCAP 
SCAPV 
TAU(I) 
WA(I) 

raw time, min 
CA/Co . 
particle qiameter, em 
particle qensity, gm/CC 
desulfurization temperature, °F 
volumetric flow rate of fluid at room 
conditions, CC/min 
inlet H2s·concentration, vol. % 
weight of ash charged, gms 
diameter of reactor, em 
bed length at mini~um fluidization, em 
bed porosity at minimum flui4ization 
n.1.miber of da.ta points · 
number of data sets 

b1.tlk density of bed, gms/CC 
volumetric flow rate of fluid at 
standard condition~, SCC/min 
s~perficial, linear velocity,. em/min 
capacity of ash bed~ g mole H2S/gm ash 
capac~ty of ash bed, ~CC H2S/ ·gm ash 
dimensionless time· 
rema~~ing H2s capacity of who~e bed, 
~cc H2s 



. WM(I) . . . , .... 
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ash ~~d Fe2o3 .conc~ntration, g mole/ 
gm ash 
solid. ,conv~rsion 

"• .. 
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3 .. 
5 
6 
7 
8 
9 

10 
11 
1Z 
u 
14 
15 
16 
u 
10 
19 
20 
21 
22 
23 
24 
Z5 
26 
27 
28 
29 
30 
31 
32 
33 
34 

. 35 

\',· 

36 
37 

3. 
39 
.. o 
41 
""2 

$.108 

102 

101 

201 
8 

100 

104 

1005 

lOll~ 

1001. 

56 
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i . ~ ,_, 

REAL KMtKK 
QIMENSION HEADlCZO) .· . . . .,• 
DIMENSION TAU(20), WMtZOJ.tXBCZOJ.WAIZOJ ,RTAUUDt.RYlZO),RBIZO) 
DIMENSION TCZO),YIZO) 
DIMENSION WMGIZ50),X8GCZ5QJ,RBG1250) 
DIMENSION SClOJ,JNDEXtlOJ 
DlMENSIOrt · TlMEI250) t Nl250) ,COrtCl250) 
COMMOrt/FOATA( TAU,WMtXBtWA . 
tOM~N/PLOTl/TlM~,WtCONCtfftZ . 
COMMON/EXDATA/T,Y, CAO,Y09NDP,AM 
COMMON. /PARA/4/. . KM,KK .... 
WR1TEI6tl02) . 
FORMAT I lttl ) 
N$eTalO 
NSET•2 . 
NSET•1 
NS~Tii10 

DO !55 JK•1• NSET 
READ 15t101) HEAD1 
FORM4 TC 20A4) 
WRITEI6tZ01J HEADl 
FORMAT 15 1 X, ZOA4t ,1.) 
CONTINUE 

... 

READ 15t100) NDPtiTIIJ,YCI),I•l,NDPJ 
FORMATII10t7fl0e5t.lti8Fl0.5)) 
REAOCStlO""JDP,RHOP,TEMP,VOR,CAO,AMtDCOLtBL,EPSB 
FoRMATe 8F10e5) 
RHOB•Ct.O-tPSBJ•RHOP 
YO.YOR*I460.0+~2.0).1C460e0+75.0J 

,., ... \ 

·. f'-

SLY •CVO*I4e»OeO+TEMP).II460.0+3Z.OU .I I 13.14l/4.0t•IDCCL**ZJ) 
CALL EDATA 
SCAP • NM.IlU0.5 
SCAPV•wA I 1) .lAM 
WRITE I 6, 1005) DP,AM,~P ,oc'OL, TEMP,BL ,CAO,.EPSBtRHOBtYO,SLVtSCAPt 
$SCA~ . . · · 

FORMATI.I.I/.I,T2r 1 PARTICLE OIAM., fCMSJ 1,T4Z,•z~,F14.5tT70t 
1 •MASS oF ASH CHARGED, cc.Ms·• •,ruo. •: •.F.t4.3,.u, · · · 
lTZe 1APPAR~NT P~~flCLE DENSITY,IGMS.ICCJ•,T42••i•,F14•4 tT70t 
0 'DIAMETI!A OP CQLUMNe 'fct-tsn,JUo,•:•,Fl4.4t//, , 
2T2 t 'BED TEMPERATURE,· lDEG. F) •, T42i> •s ', Fl4e2t T70t 
9'8ED LENGTH, ICMSJ•,T110t 0 : 1 ,F14e3e.l.lt 
oT2, •tN"ET HlS taNCENTUTlDN" 1 vru~ ~acTtOMJ•, T4J, •' • .Fl·"t.7,T7·0· 
1 •SeD POROSITY, CVOID FR~CTtOflfp., CVOL/YQq•tTUOe•:•,Fllte5t.l.lt 
3TZ,•VOLUMETRIC FLOW RATE OF GAS ·AT 1 ,T70, . 
2 "BULK DENSITY OF BeD, CGMS/CC·)•,nlO,•:•.rFllt.;t.l; 
..,,-.,•ST.II .. Oe COioluiT.iUN~t H~l;I'I1I!'U •,T,.2, 1 t 1 ,F.14•2titf. ~' . 
t •suP!fl.P'IClAL l.lN~A~ ya.o~ltv, ICMS/MINJ •, TU~• •: •,P'14.,,.,T2, 
S '"2S CAPACITY OF ASfft IGM MOL /GM ASH) •,T4Zt •: '•El4e5t.lt ·. 
ST~3,t tSTD~ CC/GM A£H )•,f'•~• "••,rt4~:h,., . . . . . ' 
$///) 

itRITE l bt 1002) 
FORMAT l/71/.I,TS,•TIM! lMIN)*,T2lt 1 TAU 1 tT31, '"A lASH CAPACITYp, 

sT51, 1 11M USH CDIItt~t~rT70e'CA/CAO',TB!,•XBi,/;n5, 'CC !'QS'rrna· 
S'G~ MOL FE203 1 ,~,T,l,•I'GM ASH-~iiJ ' 

DO ·56 J•lrNDP . 
WRITE C bt lOOU TlJ), TAUC J), WA (J t,wMf JJ ,y C.U ,xa (.I.) 
FORMAT CT5,F6e2t TZl, F6-"'t T31tt Fl0 .• 3, T4e, El4e5t no,F6 e4t TSO tF10eS s,n · · · · · · · · · · 
CONTINUE 
CA~L. SCALfRC2~tO•OihOtOe0) 



43 
ltlt 
45 
'46· 
47 
48 
49 
50 
51 
5.2 

d 
; .. 
55 
56 
~1 
58 
59 

·2P2 

60 10 
61 
62 
~3 
64 
65 9 

•• b7 
68 
69 
70 
71 
72 
73 u 
74 
75 
76 
77 
78 
79 
80 
81 
82 ·12 
d 
a;.· 
85 
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CALL BOX 
~LL PLOrEM c•o•,TAUtYtNDPI 
C.ALL GRAPH l'DJMENSlONLESS TIME• ;18, 1 CA/CA0•,61 
wRITEii.,2QH HEAPl·. ' 
WRITEI6t202) 

. FORMAT(////1/i· 
.CONTINUE 
CONTIIiiUE · • 
STOP 

END 
SUBROUTINE EDATA 
COMMON/FDATAl TAU,~M,XB,WA 
coMMONiexoATAn,v. tAo,vo.NDP,AM · 
DIMENSION TIZOJ,YUi:U. 
DJMENSJOM TAUCZO) t WMI201tX8120I,NAC20) 
DJ .. ENSION QCZOt.YltZOitDELXI ZO .. NCf_:!(;j,TMCZOJ 
DO 10 J•ltNDP . 
CONTI ~WE 
DO 9 J•ltNDP 
FAO • VO•CAO . 
TMIJJ • T.(JJ•YO· 
YlCJI • u.~YCJU•CAO· 
CONTINUE 
SUM • 0.0 
K.aNDP-1 
oo. 11 J• 1tK. 
OELXCJI • TMCJ+li-TMIJJ 
IIICIJI ·a ·oaxc-J'J*CCYltJJ + YUJHU 12.0) 
QC J I . • SUM+ IIIC'l J J 
SUM • .QCJI ... 
CONTINUE oa·u-'J.-.1,..,, 
w•o • SUM · 
··wAC 1 I • .WAO 
QfNDPJ•WAO . 
WAIJ+U • NAO-QIJI 
TAUIJI .•. TMCJI•CAQ/~AO 
~MC~J •INAI.JI•0.51/~Z.2400eO•AMI 
X!5 CJ I • tWACMIAl JJJ/\ifAO 

.CO_NT It;tUE . 

.CON.TINUE 
· RETtiRN .. 

END 

SiNT~Y 
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Computer Program for the Pseudo-homogeneous Model 

This program solves equation (5-32) using the 

Fourth Order Runge-Kutta numerical routine. The Fe 2o3 

concentrat.ion of the solid is thus obtained as a func~ion 

of time. These values are then put in equation (5-28) 

to obtain the corresponding exit H2s concen~rations. 

The two subroutines MODEL 1 and FUNC contain .the Rung~-

Kutta rqutine. 

DELT 
KM 

KK 

SI 
YO 

TO 
TD1E (I) 
CO~C<I> 

w 
z 

The· important variables are as follows: 

increment in dimensionless time 
the mass transfer parameter ~ 
the kinetic parameter ·Kk 
the index m in rate equation (5-l) 
initial solid Fe2o~ concentration 
(at time 0) -
initial time (= 0) 
dimensionless.time, 
dimensionless exi~ H2s concentratio~ 
dimensionless .~plid Fe2o3 concentration 

dimensionles~ reactor position 
• • ~~... • l 

In the program listed, the breakthrough curves were 

simulated for various values of KK and SI = 2, 3 and 1. 

The required KK values were read in from data cards. 
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'9 
1{1 
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·i.l 
u 
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· · , TIM£•12, 0 J o I 

K£AL. IC.M tltK. . 
ul~EN5ION HEAOlt20J 
~IMEN~ION Tt~OJeYCZQ~ 
~l"£NSlON Tl"ci2,0J,wt250I,CONCI250t 
toMON/PLuTUT!MEtlh~i:.NC.eNtZ . 
CIJIIIIMON/E~DA TA.'T t n tAO,-YOeNOP · 
tO ..... ON /PARAM/ II.Mtll.~e$i··· 
••U TEC ~.1'121 · · ·· '• 
FIJRJIIIA T I 1n.\l 
L • leO 
DELT • OeOI 
1\rlaOeOI 
~·ltl 

~J • .:.o 
'-IJNT lNUE 
~y )I JK•l•~ 
ii.UOt.C.K 

.. ' '. 
• '> 

: .. 

ruao.\J · ··· 

',>{ 

.·.: 

I,; . : 

· · · '.\ ·• YO•.LeO ' ' ·· 
C.ALL "UDE~liTOtYOeUELT)' 
tALL SC:ALEK I ~.~,O.Ot1.0 tO eO t. 

·c.A'-1..'80Jil' 
~LL PLOTCM I 1 +'eTIMEetDNCeNI . ' 
tALL WRAPW I'DlMEN~lQNLESS TIME 1 rl8e'CA/CAO 'tilt 
._ri.lTil •• !iQO~~~ I(Mt"l\tSl . . . . .. ". . 

!;00C2 fUitMATI/ 1/e.l.X, 1 1C.M• • tflO e5e 3x,·•KK•• tF 10 e5e3le 'S l•'t ~10e5e////t 
c;.o,.u~c · · ·· ,. · · 
58 C..DNTINUE 

. til 

Sl•leO 
t«•2 . 
U0 CIO . JK.•l t f« 
IU:AQ,t(K 
ro-o.c 
YO•l.O 
CALL MODELliTO,YO,~ELTI 
tALL SCALcRCleoeweOtleOtOeOI 
tALL DDX . . 
C~'-~ PLOT~ l'+'eT1MceCONteNI 
tALL &RAPW t'DlMtN~lO~LE~S TINE'ellt 1 CA/CAO 
MklTciCie~OOOZI ""'~te..Sl 
~:JNT:&.NIJE 

Sl•laO 
M-o 
iiC Cll JIC.•ltNIC. 
Ki:AOtiC.k 
r~-o.o 
YC•l.G 
'ALL ~COcLliTO,YO,OELTI 
'ALL.lCALt~l~.e,u.u,.L.c,o.cl 
tAu. sax· 
CAL'- ~LOT£M 1 1 + 1 ,T1Mcet0Nte~l 
-~ALL '~APW l'uiMe~~~~L~SS TI~E'•l~t'CA/CAD 
•klTct6rSOQO~I ~.~K.~t . 
C:.Cl'tTir.uc: 
~TOP 

eND 

WbROuTlhc MOC.cLlt lOt'-"OtOCL Tl 
.1\CAL Kl1t K.l(. 

UiMtN~lON Tl~c(i,OJ.~I2SOI•CJ~Cf2501 
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WMMUN/PLOT1.1 JlMcr it,C.CNC. r:O.rl 
C.~~N /PARAM/ 4M•4~r$i . 
Hal 
C.Cit4 T1 M.tf 

· l• TO.· ... ,,. 
W.at40 .•.:.. .·. 
C.ALL FUNC. (.C.A·rTrF).· 
A"-l • F.Of;LT .. . .. 
t• • ~·o •c~i/ 2.01 
T a TO + CD~LT/2e01 
C.ALL FUN~ ICAtTeFI 
AK~ a F•Ot:L T 
C.A a '-"0 + lAKe/leO) 
'ALL fUNC. CC.AtTtfl 
At..l • F•C~L T . 
1 • TO + IJI:LT 
,,. • -;.AO + A"- 3 
C.ALL ~uNC. CCA,TrFI 
M..., a J-• OcLT 

~ • f 

·-· .. ) ,; ··~ 
', 

~~A a Cle016e01 • CAK1 + 2eO•A~2·• ZeO•AKl + ~-~ 
.~AO • C.AO + D~L'A 

· TO • TO + aE·I. T . ·. .: 
Y • EXP CC-tt4••~11•LI I CKM*CC•••SJ) + KKI) 
UMECNiaTC ,_.,. 
C.QNC. ll'd • Y · • 
•CNI •C:.AO •. 
lF,,fYeGEel.eCI GO TO 20 . , .. 
1~ &TOe ~c .·2e5 I ~0 TO 20 

·1io C~ei:Qel5CII GO Til lO 
N•N+l 
IN TO 10 
C.:JIItTI Nuf; 
itcTU~N 
t:NU 

~U~~OUTlhc FUht &C.~t T, .F) 
ReAl. K.Mt.C.IC. •. 
'OMMON./PARA~/ KMtKKtSl 
F- • C:APct.C~IC.A,-S11) I J(KM•fCA••SIJ + KKI)) -1e0 
1\~TURN . . . .: . ". '·: 

t:ND 
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Com uter Pro and Other 
Unsuccessfu 

... ' 

This program solves the unreacted-core models 

discussed in _qh.apte(· 5\ _ Th~ mo~·~l.s. a~.e prograrmn~4 in as 
. . . . . ~ . 

.. ~ . ~ 

subroutines. The MODF;L 1 list~~ .. is t;~e program for the 

special case pf m··==·l in the·' p·seudo-homogeneous model. 

MODEL 2 is .a~pther ~p~cial case::_of · th~ pseudo-hom~geneous 
' . ". 

model' with m' = i and chemical _re~_ction controlling 

(Kk>> ~); with these assumptions., equation (5-32) is 

solved explicitly to qbtain 

1 - E~P( -1_(I~k) 

1 - EXP(-X/Kk) 

MODEL 2 thus solves this equation together with equation 

(S•28) with m = 1 to obtain the breakthrough curves. 

MODEL 5 solves the general case of the unreacted-core 

model; equation (5-38) is solved using the Fourth Order 

Runge-Kutter numerical routine together with equation 

(5-35) to ·obtairi' the breakthrough curves. The special 

case of chemical reaction controlling is solved by 

MODEL 3; equations (5-41) and (5~40) are solved. 

MODEL 4 solves the special case of diffusion through 

product-layer controlling; equations (5-44) and (5-43) 

are ~olved in this case. 
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-~ome of the important variables l,lsed .. in the p_ro~ 
', ·"'•"·.. . . 

grams are listed below: 

DELT 
I(M" 

l<K 
KD 

DA 
. BI 

YO 

TO 
CONC(I) 
TIME(!) 
w 
z 

increme~t in dimensionless time · · 
the mass transfer· paramet.er ~ 
the kinetic paratriete'r Kk · .. ' .. ·.· 

the di~fusion pa;-ameter K0 
Damkohler number 
Biot ri\lmber for mass tran'sfer · · : . 
in~tial_ Fe2o3 con~en~ration of· solid . ,. 
at ·tim~ · • 0 · . ·. · · · · 

initial·:time (=0) ·. .. 
dimensionless exit HzS concentration 
dimensionless time, ~ 
dimensionless solid Fe2o3 concentration 
dimensionless reactor position 



0001: 
oro2: 
01]03: 
Ot'04: 
ono5: 
OI!Oti: 
001!7: 
onoe: 
0009: 
0~10: 

oou: 
O.t112: 
01'13: 
OCi4: 
1!1!15: 
oc16: 
0017: 
Ot118: 
iJ1:'19: 
0020: 
00211 
on22: .. no23: 
0,24: 
01!25: 
0"26: 
OC27: 
on2e: 
0029: 
01)30: 
01'31: 
0032: 
oou: 
0034: 
Ot135: 
ocu; 
0057: 
0~38: 
0039: 
OIHtO: 
0041: 
01'42: 
0('43: 
ncctct; 
0045: 
iJOIJ6: 
(1(147: 
,(litiS~ 

OCII9: 
onso: 
0051: 
t)t52; 
0053: 
OC~Il: 
(!~'s: 

. or-5&: 
0~57: 
oose: 
0(159: 
onu: 

SJOB 

102 
8 

202 
50 

1(1 
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REAL Klolloi<KoKD 
DIMENSION TIMEI2~01,~i250loCONCI?~61 
COM~O~/PLOT1/TIMEo~oCrNCoMoZ 
COMMOIUPARAM4/l<D 
CO~MON /PARA~S/KKiD~oBI 
wRITEI6o1021 
FOR1'4AT 11H11 
CONTWUE 
z = 1.0 
OELT : Oo01 
TO:O.O 
YO : 1.0 
KM=Oo2 
KK : \lo1 
oa = so.o 

BI : 1U0Uo0 
CALL MODELS CTO•YO,OELTI 

. CALL SCALERI3o5oOoOo1oDtOoOI 
CALL !OX . 
CALL PLOTEM C'+'oTIME,CONC,NI 
CALL PLOTE~ C'~'•TIMEtWtNI · · · 
~ALL ~RAPH C'01MENSIONLESS.T1~E'•18,•CrNCENTR6Tl~N~,)JI 
WRITEC6t2021 . 
FOR~ATC Ill /II) 
CONTIUUE 
CONTINUE: 
STOP 

END 
.sUBROUTINE MOOEL~CTOoCAOoDELTI· 
REAL Kl'4tKK 
DIMENSION TI~EC2~0loW(25DioCONtc2501 
t6M~CN/PLOT1/TIMEo~oCONCo~oZ .. 
COMMON/PAR~M/KM,KK 

N=1 
CONTINUE . 
T= TO 
CA:CAO 
CALL FUNC CCAoTofl 
Al(l : F•OELT 
tA • cAo +CA~li ~.o1 
T : TO + COELT/2o0l 
CALL FUNC ICAoToFI 
AK2 : F•DELT 
CA = eAO + CAK2/~o01 
CALL FUNC ICAoT,Fl 
AK3 : F•OELT 
J • TO ·t O[L T 
tA : CAO + AI"! 
CALL FUNC CCA,~,Fl 
AK4 : F• CELT 
OELCA = Ct.0/6.01 • I~K1 + 2.0~Al<2. 2.C*AK3. AK4)· 
tAO : CAD + DELCA 

TO.: TO ~ CELT 
Y: EXP CI•CA•ZI I I ~<M•CA + ~~)) 
TttJE:C~tJ•TO 
CONCC\11 = Y 
1111~1 :CAO 
IF (Y.GEo1oOI GO TO 20 
IF ITn. GE • 2.5 I uu TO 20 



oou: 
OOE2: 
:1063: 
006 .. : 20 
0!!65: 
0(.!66: 
nn&7: 
oou: 
oc69: 
0070: 
0071: 
0072: 
0073: 
007": 
00175: 
0076: 
OD77: 
0078: 
0079': 21 
ooeo: 
0081: 
0082: 
0083: 

·008,.: 
oDes: 
ooe6: 
00!7: 
ooea: 
00~9: 
009D: 
oo91: 
Ol!92: 
!Jn93: 
009": 10 
oo9s: 
0096: 
01),7: 
ot~'?a: 
Otl99: 
0100: 
1)101: 
0102: 
01C3: 
oto,.: 
0105: 
t)101H 
0107: 
otca: 
0109: 
ouo: 
0111: 
0112: 
0113: 
I'll,.: 
ous: 
o1i6: 
CU7; 
one: loll 
0119: 
o~!!o: 
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IF fN.E~.2~0) GO TO 2~ 
N:N+l 
GO TO 10 
CONTINUE. 
RE:TUICN 
[NO .. 

SUBROUTINE M00EL2 
REAL KNol<l< 
Ol14ENSION TIMEf250) olilf250J ,·coNCUSOJ 
COM~ON/PLOT1/TIMEoWoCONCoWoZ 
COM~ON /PARAM/ ~~tKK 
111(1) = 1.0 
00 21 N:1ol20 
IFfW(NJ.~E.OoOJ 6~ TO 21 

·TIME HI) : 1. 0 . •W IN) +I(K•:ALOG (.( 1, 0- U:XP ( •1. 0'/KI< ).U) 

~- KI<•AL0Gf1.0~tEXPl•WfNJ~KKJ)J 
CONCfNJ : EXP((~N(NJ•lJ I IKM*~fNJ +.1(1()). 
~(N+1J : ~(NJ•0,01 

CONTINUE 
RETUICN • 
END 
SUBROUTINE FUNC ICAo t, FJ 
REAL l<"'ol<l< 
COM~ON /PARAM/' KM 1 KI< 
F: EXPif( -CA J I IK~*CA +-KKJ)J •1,0 
~ETUICN 

END 
. SUBROUTINE ~90£;t.3 CTO.eCAO •DEL TJ. 

REAL KM~KK 
DIMENSION TIMEC250JeWf250J CONC(250) 
COMMON/PLOT111I~EoWoCONC~~ Z 
COMMON/PARA~i~~~KI< . . 
N=l 

'CONTINUE 
T: TO . 
CA:CAO 
CALL FUNC2CCA~T,FJ 
AK1 : F•OELT . 
CA : CAD +IAKl/ .2.DJ 
T : TO + IOELT/2•DJ 
CALL FUNC2fCAoT~F) 
AK2 : F.•OELT 
CA : CAD • (AK2/2o0) 
CALL FUNC2CCAeTofJ 
Al<3 : F•OELT 
T : TO • CELT 
CA : CAD + AK3 
CALL FUNC2CC~oToF) 
AI<,. = F• CELT 

'OELCA: fl,0/6oOJ • IAKl + 2,C•~~2 .. + 2,0*4~3 + AK"J 
CAO : CAO + OELCA 

TO : T~ + CELT . . 
Y : £XPl•KK*(CA••0.,666671•Z1 
TII-4£HJI:TO 
CONCHII : Y 
ill t ~JJ :cAu 
wRITE f~tlO.IJ) N,TI,.,E(''! tC(:IIIICINI ,~nq 
FOR~AT ii4o3FlS~~J . 
IF ! ~(Nl.LEo 0,0001) GO TO 20 
IF lY.G't.l • .JI GO TO 20 



~121: 
0122: 
0123: 
012~: 
0125: 20 
0126: 
0127: 
0128: 
0129: 
0130: 
0131: 
0132: 
oi33: 
01~~: 

0135: 
01~6: 
0137; 
0138: 
oi!9: 
oi~H 10 
a14J.: 
01~2: 
01~3: ' 

. 011&~: 
011&5: 
C11!-6! 
oun 
0!.48: 
014CJ: 
0150: 
0151:. 
01!!2: 
0153: 
015~: 
0155: 
0156! 
1)1,~7: 
0158: 
C!1SCJ: 
0160: 
Oi61; 
0162 

· C163 
0!&~ 100 
Ol~~ 
0166 
0167 
0168 
0!1!.' 
:.~170i 
(!171: 20 
0172: 
0173: 
0!74: 
oi7s: 
Q 176: 
Ul77: 
0!.78: 
0179: 
llli!O: 
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I~ CTO. GE • 2.5 I GO TO 20 
. IF CN.EQ.250J GO. TO 21) 

Ni::N.+.l. 
GO TO 10 
CONTif.IUE 
RETURN 
END 
SUBROUTI~E FUNC2·CW oToFI 
REAL KK 
COM!o10N /PI\RAM/. Kl"'oKK \ 
~ ~ EXP C•KK•(W••0.6666711 •1.0 
RETUHN 
E:ND 
SUBROUTINE MODEL~ tTOoCAOoCELTI 
REAL K~oKKoKO ~ 
DIMENSION TlMEC250),~C2501oC6NCC250J 
CO~~CN/PLOT1/TI~£sWtC~NCtNoZ 
COMMON/PARAP44/I<D 
111=1 
CONTINUE 
l= l"u 
CA:CAO 
CALL F~NC4CCAoToFI 
Al<l : F«OELT 
CA : CAO +IAK1/ 2.01 
T = TO + IOELT/2~01 
CALL FUNCe&ICAoToFI 
AK2 : F•O£LT 
CA : CAO + (AK2/2e01 
CALL FUNC4CCAoT,FI 
AK3 : F•OELT 
T ; TO ·• OE:LT 
CA : CAO + AK3 .:. 
CALL·F~NC4CCAoToFI• 
AK4 : F• CELT 
bELCA·: Ct.ti/6.01 • ~nKt + 2.0•AK2 + 2aO*A~3 + AK4~ 
~AO.= ~AO + OE:Lr.~ . 

TO = TO + OELT 
Y: EXP ((KC•ZI I (loO•ICA••C•0,333331111 
TtM!: c ~u =ro 
C:ONC Hn : Y 
wUJI .;;;CAO 
wRITE 16o1001 ~.TI~EINioCCNCC~I.wiNI 
FORMAT 1!4o3F15,=l. 
IF ( iHN) oLE. O.IJ02 .I r.c Tn ~n 
IF CY,GE.l.Ol GO TO ~0 
IF ITO. GE • 2~5 I Ga TO ~0 
IF IN,EQ,250l GO TO 2" · 
rJ=N+.I. 
t;O TO lU 
CONTI~JUE 
KETUktJ 
ElllC 
SUBROUTINE F~NC4 !w,T,Fl 
~EAL !<r<!oKKoKO 
COM~O~/PAqA~4/~0 

F : IEXPlKC/Il.O•I•*•I•0.3333)lli)- 1.r-
RETUR~ . 
ENO 
SUSRCUTINE MODEL~ CTD~CAQoCELTl 



01&1: 
ois2: 
0183: 
o1e-: 
018~: 
0186: 
0187: 10 
oaa: 
01!9: 

·019Q: 
oicn: 
019~: 
01.93: 
0191+: 
01;5: 
0196: 
0197: 
one:~ 
0199: 
0200: 
0201: 
0202: 
o2o3: 
0201+: 
020!5: 
0206: 
0207: 
0208: 
o2o9: 
(!210: 
02i1: 
0212: 
0213: 
0211+: 
11215: 
0216: 
0217: 
0218: 
0219. 
0~20 
o;21 
0;'22 
022:5 
022c+ 
022!5 
0226 
0:'.27: 
Oi'2S: 
0229: 
o2!o: 
02!1: 

100 

20 
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REAL l(~oKI<oKO 
Ot~ENSION TtMEC250j,Wf2~0)oCtiNCC2S0) 
CO~~ON/PL~Tl/TI~E.~oCnNCoNoZ 
CO~MON/PARAM~/KO 
COM~O~ /~ARAM5/KKo0Ao8t· 
ill=l 
CONT I~JUE 
r.: TO . 
CA:CAO 
CALL ~UNC5iCAoToF). 
AKl :. F•OELT 
CA.: CAO +IAKl/ 2,0) 
T : TO + IO£LT/2o0) 
CALL FUNC~ICAo~oF) 
AK2 : F•OELT 

. CA·~ CAO + (A~2/2,0) 
CALL ~UNC5CCAtToF) 
A1<3 : ~•OEL.T 
T : TO + iJELT 
CA : CAO + IIK3 
CALL FUNC5CCAoToF) 
AKI+ : F* CEL.T 
OtLC. : Cl.0/6.0) ~ IAKl + 2,naAK2 + 2~0*AK3 + Ak~J 
CAO : CAO + OELCA 

TO : TO + CELT 
P : C.l•a0,33333 
ETA : leO + CbA~IloO•Pt•Pi + fOAtetJ•CP•Pl 
Y: EXPC •CP•PI•Z I C~K*ETA)) 
Tt~ECNJ:TO • 
CONC (1.1) : Y 
i1 HJJ :CAO 
~RITE C6o100) NoTI~EiNjoCCNCC~),~CNJ 
~ORMAT II~o3F15.5) 
IF I ~INJ.L£,· O.U2) GO TO 20 
lF IY,GE.l.DJ GO TO 20 
I!=' CTf1. GE • 2~5-) GO TO 20 ·. 
IF IN,£Q,250J GO TO 20 1 
I~=N+l 

GO TO 10 
C:ONTir-IUE 
RETURN 
ENO 

.SUBROUTINE :~UNCS IW oTo~) 
~EAL i<M oKK oi<C , 
C:O~MON/PARIIM~/1<0 
C:OF-IMOiJ /PARAM5'/KK oOAoet· 
p = 10••0.3333 
ETA: 1 1 0 + (OA•Il.~~PI•Pl + (C4/~Jl•(••P) 
F: EXPC•P•PifKK*ETAJl • 1,0 
~ETIJHr~ 
END 

0232: SSTOP 
0233: ,. 
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.. · :.." 

l' 

APPENDIX F 

SUMMARY. OF MODEL PARAMETERS AND 
DETERMINATION OF MODEL PA:.~'!ETERS 

BY CURVE MATCHING 

,. 

.:;-~ .... 
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Summary of Model Parameters* 
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m = 2 for W. Ky Ash and m ~ 3 for Elkhorn and Montana 
Ashes. 
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1..i.IUi • 
IJMf 

uOYI.II1F 

CPS 

CAKD • 
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AliJ 
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1\TCl 
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ll.ilA 
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~AM~ AS AoOYEo FQR Q2 

APPARA.t~T DEN$.lTY OF ASHo LiiS.IC!FT• 
ilt::l POROSITY 

Cit:UfiCQ SOLI.O C.CNVER·SlON IN ADl>llRBcito 
FI\AC l1 QN . . 
SAM~ A~ ASOYEo IN RE~oieEUTOR, FRACTION 

H~Af LOSf fO A~OSPHER£ PER LB MOLE OF GAS 
PRUtcSScO IN THE REGENERATOR, iiYU 
1nt ~Me lN THE AOSDRBER 

Ml~I~M FLUlOill~~ Y£L. OF ASHo FT/HR 
AT 6.000 F. 

~AT!O.OF ACTUAL SUP!A~ItiAL LINEAR Yf:LOC.lTY 
11) {nf: ,.INIMU~ FLUIDIZI~ VELOCITY ~1 lOOa F 
hEAl CAPACITY OF TW! SOLIDo STUILB F 

SP&:ClFlE~ FLOW RATE OF SCLlDSo LB/hR 

uht..klPTlCN IJPUTS 

i. - lC 
11 - 20 
21 - 30 

1 - 10 n-io· 

1 - 10 
u- 20 

~,..,,.0 

u,-20 

11-20 
21-30 

r,.Ali '""~"- I!€1.Q(ITY 4,T A(I.S0il.8611. •JI.HLiiT Ll II!O,LiS/~R 
A:in f&.OW f•.'ATI: . LBSI'HR 
~-~ ~~~P. AT ADSCRBER ~UTLET ~E; F 
Tt:M~. 01- SOLIDS IN REGE~EKA10R DE~ F 
T~M~. OF SOLIDS IN AOSO~oER DE~ F 
T~M~. ~~ GAS AT REGE~ERATOk INLeT OEG F 
~u4 WNI.N. A I Kt:GI::Nt:ltA IUR. 1NLI: I ~lc FRAt J ION 
COAS AASS vELOCITY AT· REGENERATOR iNLET ..:a "'OLES/HR . 
'"S MASS 'IELOCITY AT ~ECENEIUTOR O.IJ.JLET l.a ... Qi..ES/IiR 
~u2 CONC•'II; AT REGE~RATC~ 'OUTLc:T !'OLE' F"AC.TlON 
C.;.S lei'IP. AT'Ite~E!ItEUTM Jl.lfLEf DEG-F' --
,..A&/j, \li:LU!;lTY OF !;.loS L!:A'Jl~ REGE!'IERATOR · . 
Af ftliCYCL.c eUNCI't - . . . LB "'0LC:~hlt :· 
~~~" t.w~(;~~ H 'REGE!'IERATOR RfC.YI:.LE: POlM ~LE .FRAC. TlO:II 
;;.,.~ lEMP. :AT REGENEIIATC~ ~!:CYCLE POINT Oe·:.· F 
fKAI.ilON'OF ~A~ L~AVl~~ Kc~ENt:kAIUR . 

- l . 
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1 
2 
l ... 
; 
0 

1 
d 
~ 

1C 
.11 
1~ 
l.J 
1 .. 
1! 
1o 
17 
lo 
l'Ji 
iC 
2i.. 
u 
2J 
z .. 
i!l 
1.~:J 
Z7 
:!b 
Z't 
Ja 
Jl 
l~ 
3l H.~;_, 

I. 

SR 

CAL..:l 

CUMP 

HeAT 

ASU.I: 

Ri:A~ ..0 
C.Jo'!,..ON Cllo ~) 
o;ljl'll'fO._ CONl-2 f 
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r;;u IS RECYCLED 
A~uVNT OF M2S'AOS0Ra~l 

FRACTION·. 
LB 110!-I:SittR 

Sutii\OU llNE FOR CAlCULA TIN~ HEAT CAPACITY OF 
G~_S lN THE AOSCRIIER 

SudRWHNE FOR CALCULATING 11EA 1 C~PACITY OF. CiASlN l)tE 
R i:_.cl'tERAJC.R· . . 

SuoKOUTi. ~E FOR CALCULATINCi-GAS CO,..PCSITIONS 

Suia.tCUHNE FOR c·A-LCUU TING 111:4 T OF llEAC:TION fOR 
~OJ" THe ADSORPTION ANO REGc~ERATION REACTIONS. 
AT A~t Ti:,..PERATURE' 

SY8KOUT1NE FOR CALCULATING' ThE REACTOR SIZE 
N~EUcO FOR ADSORPTION 

~l.liiRClJTINE. FOR. C.lLCULATtNG THE REACTOR SUE 
NtEutO FOR REGENERATION 

4JMilN' OiL . . 
LuMMON/SilE/M~~.~OKUStSCON 
0111cN.:01ul't ~it(~ J ,l.lcl. l ..:,3 h.lELT 12 J 

~~==~~I:-.:~~lt.' · . . 
~'"~~:.10~ SARcAl~J.~1AI2J 
u111cNSlON SI.;ONC21. ·. 
'cAUo.Af~oAY·t~TltAYOtAPR 
KcAOt ~(l)o"~t2) 
~cAUt110. . 
•K~Ai.loKYI't~At~Yu2At~f1AtRTA 9 RTSoRPR 
Rc.o.O, TriEtEAA1R . . . 
1\c:AUt Yt..lt.Y~2t YCOt Yr10:t Y(;t'l.r.t 'fi120,AYI 
1\CAOt ll.;.t;,,U,l:1t31t..l'"ltlJ . 
"c:-'u , ,..,c;.-., ... o.-~s · · 
~cAu, ~uhtl.J, SLu~'~' 
Rc:~~~ A~lt K~· . 
0\c:.o'u, u~F ~.;,c \I~I'IF ,t;;>:> 
~~~J.~ ... . 
ATS • ATl 
· .. ro • .-Ts 
~ ri = Troc 

o~~TQ • ATl 
Af~ ~ CAF!•&~.~-•Y!II /11.0-AYOI 
£~<= AF:•Arl -AFu•AYO 
x·a = SCON U J • .'IU 
A.l a :40- lSR/aJ 
1 t' U i .G T • ~ .u I '-" f U 12 
.,i<.Tc loolO;~, JU , 
i"U~ ..... 1 1///////. ~I.. I .. .,s C.CNC.!\1 JF JNC0111 NG •• /. 2 x, 



:; .. 
35 lZ 
lo 
37 100~ 
:u 
39 1000 
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L '.ASH TO Ai>SuKblli:l\ IA.i.! ,. 'oElb.~t' L8 I'IOLES/L.8 ASH 1 t.lo2Xt 1 Xl IS 
~~~ATlVE Sl~e A~" FUJW ~ATE IWI IS TOO Llwe CHOOSE A HIGHE~ 
~~~L.uc OF •'•.1.1.1.1/.IJ 

IOU TO 104 
CO~Tl~UE 
IIR!TE I OtlCO~l 
F0KitATI 1 1 1 o,8Xt 1 1 N I> U T 0 AT A0 o/o59Xo'••••-•••••-•••••'l 
~K!TEio,lOOJJ AFltA~~,ATSoATitAWltY~,Yt02,YCOtYH2oYC~oAYloYH20 
~O~MATI////o2Ao 1 AOSUI\dE~ C~OITIONSIINPUT 0ATAJI 0 0//o~Xt . 
··~~~~ RATe Q~ iNLeT GAS CAFII •'• Fbe2t 1 L8e I'IOL.ES .I HRe 0 o.lt4Xo 
~~~~ES~U~c, CAPRI • •,~~elo' PSIG 0 t/o4Xo 
3°1t:.'~P. UF Stilt ·CATS) •'• F8elo° F 0 oio4Xo 
~•TC:MPe OF ltoLEl wA~oCATll a 0 ,FBelt° F 0 o/ o4Xt 
~·~EAT LOSS TO 4JI'IOSPI'ICAEoCAQll•1 , Fl2elt 0 8TU/L.d MOLE GAS 1

0 //oXo 
~ 1 !NL.c r IOAS COMI'ilSlT li:IIU 1 o/ol8X t 1 1'10Le F"~•' tlol2Xt 
7'"'l 'o F7 eieo/ollXo •cjz 'o F7e4o/o12X o 'CO 'oFT ... ,,, 12Xt 
a'"'" 1 oFTe•o/ollXo 1 tH4 °0 F'7•4o/e1ZXo 1 H2S '•F7•1ao/o12Xt 
'ir 11'12Q 1 oF7,-.o//~ · 

40 11Klft(ool00lJK1AoRPRoKTSo T~E.RQl 
4tl 1COl FCI\.,.Afl//olXo 'kiloicNi"ftATOR C:ONOITIOI'tS C l!'fPUT DATAl 1' 0// 0 4X 1 

:0. 1 TC:MPe OF l~cT Ali\oCKTAit • 'oF8elt° F 0
1 / 1 'tl(o 

L'ac~ ~~e~~u~. tKPKJa •,Fe.l,• ~SI~•,,,~ox, 
~ 1TEI'IPe OF ~~O,(RJ~l • 1 of8olo° F 0 o/o4Xt 
~•GAS Tii'IPo AT l'lcAT cAOtANGEil EXITt CTHEI • •·,F&el.e' F 1 o/oloX, 
=•ttcAT ~ll~S TO ATHOSPHtAEt CROll• 0 oF12olo 1 8TU/L.o I'IOL.i GAS't//1 

~2 ~111 • •llJo~.o 

~· h~l~l •-1.0~70.0 
~ ~· 298.0 
., ~~ lO l•lo3 
~o wc~lloll • 2eO•,I4oll + 3.~•CI!,ll - CC1oii • z.c-c:t2,!1- Ct3t11 
~7 ucL.tloll• • O•~•~lloll • C.t~ol) - le75*Ct7,J) • Ctboll 
~i 10 'J~TI~Ui 
~9 ~ 11 ~-1.2 
SO (lcL.TCII.) • OC:L.Ill.oU*S • IDELIK,21/2oOI•S•S + IOEL.lKt31/3eOI•S•s·•s 
!I~ l.wlloU J = nR tiC. I - Ocl H~) 
52 ll ~c~TJ~u~ 
~3 CALL. CJMP CY~ZtYC~'•'~•'H2oYCH4oAYI, YH20oAFloAFOo 

\.YN~Ot tt:::ZOt 'I'CJOo Yl"l22 t fCI140t YH200 I 
s~ c•LL ~L.Cl lt~~ofCu~ofCO,YhZoYC1'14oAVI oYI120,ATloACPGlt 
5~ CA\.~ CAL.CZ (RY~~At~YUZAtRYlAoRTA,RC~A· 
;)0 10 a :;z.c . 
57 ~~ C.JNTlNu~ 
;)0 

5<; 
ooi) 

~.. 'c 
b~ 
!»3 
0'9 

... :.. 
00 

1)7 
oo· 
0'>1 
7~ 
11 
72 
B 
7 .. 
75 
1r. 

"~<" .. o.a 
00 lOl r.l•l 0 ;t 
~T~,. ':' ;;.l 
C..:l:~TII'IUI: 
Uu lOC != 1,1:) 
""" • e.~333•~R ... ~~ = ISR•oi).1~ ~FAt /IRRA-leO l 
~~i • ~KA•~~U + Kf4 
R~~ a ~FO•tL.o- KRAJ 
II( y~~.J = c .J 
•t~2~ = II(FA•6.7'i! .I ~f~ 
t\YNl ~ (~KA•~~C•~Y~2u • ~FAan.791 /RFl 
"n:<t = I K~4 .. Ce£lt .I K~L 
i\TO:: a SK I ~FS 
1\f! a I~R~·~~~aRY~t I ~Fl 

A.,=A~ l•AFl 
.. .;. ..... ,.ltl'l 
•c~· a AFl•A~~~J•IAll·T~) 
'A~~ ~:Af IAIS,KfS,~nKt~MKI 
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77 ~.l~L ~~L'i IY~ZOtf'O~u,YCOO,Y~22,YC~OoAYO,YHZOO,ATOoACPGOt 
7b I.Ai.L .:.lLi;2 I k Y!'t2,1HO:O:,iU ltRT I ,II.CPGU . . . 
79 I.A~L I.AL~~ I~YN~O,RYUZJo~YOoRTO,RCPGOI 
~0 ~A~L ~AL~' IK1N20,KYOZU,RY~oTHE,RCPGHI 
~l AHK~ = A~K•S~ 
d2 K"~K~ RHK*S~ 
83 ATU = I I ~Fl*A'PG,•IAT1-TOJ • w•CPS*f RTO-TOI - I ·~R•SRI 

,_Aioo I '/ IAFO*AC.Piiu + o~•,PSI ) +32.0 
&~ ATS a ATO . 
a~ ·II.T1 a llli\~A•I(t=C.•RI.I'\1-ITHi:-TOjJ + IRFA*1tCPGA•IR1A•TOUI 

~~ I~Fl•R,?Glll +TU . 
8o ...,..i: aiRFO*ftRA•RC.,>Gil* IRTU-TOIJ•fRF~RA*RCPGH*I Tl1e-TOU 
d7 Ai:W "' At"O*ACP~aO•IATO-TOI 
88 ~~~~ • Rt'A*K'P~A•iRTA-TOI 
l.9 KctOU • Rf'~*~'PiiO*IkTO-TOI 
90 ~NtS a ~•,PS• IKTS-ATSI 
~1 lit..~•-UniC.UkHHoU 
9~ ut.!'tK • Rc~oO~cGl 
9! ~c~A• AeGU•Ac~l 
~~ tNG • A~bu·AC~'+Rc~O-ReGl +AQ + RQ +Q11E 
9S blVii a~AHRA + Ell!Si 
9o •kc~OV ••kHKK -K~-ENlS-~ENR 
•1 l~O 'ONTl~Ui: . 
9~ •UANT a A6S(~HE~Rc~ijVJ 
~9 !F CQuANTeLi:eCeOOl•QR~OYI ~0 TO 101 

lOu ,;; C-"c•lilewki:MOYI ~U TO 102 
lQl KR.l ~ ~RA + STtl' 
1.0~ i.F CKKAeGc. leOI GO TO 101 
lOl bU Tu 5C . 
10~ ~C~ 'UNTINUI: 
10; kkA • RKA- STeP 
10o Slt.P a O.l•Sl~P 
107 iFISTEP.~c.OeCCO~I ~0 TO 101 
10& 'KKA • KKA +SlcP 
10• bU TO ~c· 
llC lCl C.uNTikuE 
111 'AL~ AS1~£ (AfloAYl,ATSoAYO,MO,APR,UMF,uOYUMF~;,oiAM oXAI 
lll ~lACllaOIAM 
113 ALill=l 
li~ )AR~Alll = le4~1 • ~lAill *AZ(lJ 
115 lCi CONTINUE 
llt> "'UTE loo2~0ll ,; 
117 2C~• t"ORM4il'l't 5YAt'R E Si U ~ T S 1 , /, e.ox,••••••••aa•••••,/1//o 

l~t~ASH ~~OR kATitiRI : = 1 ,F8e2o' ~8Se / HR•'o///1 
41U ~~ilc lt>o~~C~I Alo4~tATSoATO,.lFO,YN20,YCC20iYCOOoYH,2oYC~~tAYO, 

CVnZJG,1'J~O · 
119 ZCOO F~~~Af( ,X,'A J S G ~ U E R :•,llt8X, 

A.t,-:.;;.s CUN~cNTt\;.li_.N Hi ASI'H', ltlbXo'l"'~ET lXII : '•FlCe8t 1 LD• .~•, 
~·u~:s I I.Se A:iM 0 ;/,1c.A, 'EXIT IXOI : •,FlC.a, 1 Li:le .''IC~ES / Lo• A't 
~·~"· ' 
~,/,dX,•Tc~t>. OF A:O" ocut!ATSI = •,F8elt' F0 ,/o8Xo 
C.'Tc.'IP. OF iX!T ~-":it CATOI :o: 1 ,F8elt 1 ;:o,/,SA, 
c'h .. Jw ,·,ATe ..If LA.ll' -.A;Io IAFOi • 'tF6•Zt 1 !..G• MOL~~/ HR• 0 o//1ollt 
F1 10A1T \OAS C:l11'u~1 T 1(..;;• : 'olt26X, '140~ FQ.CNe 1 o/,2C.A, 
.. 'Nl •,F7 .~,/,.:CA, •UJC; •,F7.~,/,2CX91 CO 1 oF7 ... ~/,ZCX, 
H'M2 1 ,~7 ... ~/o40Xr'Y1~ •,F7.~,/,20X, 1 H2S •,~7.~,/,ZCX, 
l'H20 1 ,F7.~,/tlCXo'COS 1 oF7.4,//I 

120 ~KlTE loo~~~~ AAt~ZilloO!Aill 
ill ~~2 FuKM•TI , .. x,•F!~A~ CuNiERSI~N ~2S : •,FlC.S,/,-X, 

l.'ocu nclbMT ~c~vl~co ~ •,Fl~.s, 'FT.•,/, .. x, 
C•Kc~Ui~cD ~1AMETE~ ~F AOSCRS~R = •,F1C.3,' FT.•, //1 
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122 itR~T~ C~o~OO~J RTloRfAo~FQ,RFI,RFS 
1Z3 ZC(;l fu1U'!Ali/·/,2Ao '" c ,_ i: Ill c R A T 0 R : 'ollotiX, 

14:-9 
~~5 2CO::> 

Uo 
121 
128 
ll<t 
1~0 

131 
132 10.l 

Ul 
.3 .. 2:JO• 

l'Tt!o!Pe olF liAS ... T bcO lNL.i:To IRTI) : • 0 oF8elo 1 F•o /o8~, 
~'Al~ ~LOw ~AT~, CRfAJ ~ 1 oF6.2o~ LBe MOLES I HR. 1 ,/,o~, 
.;;•~a .. ~ t"LCw ~ATi: AT aliu . .:x1r, IRFOI • •,F~.z. • LB. ~LES '"R•'•Io&x, 
~·~AS FLOM ~ATe AT ceO INLeT CRFI) • 1 oF6e2o 1 L8e ~OLES I hRe 1 olo~X 
~.·~AS ~LOit RAT~ •T liAlT AFTc~ RECYCLE 8RANCtt, lRFSJ a 0 oF6e2o ; 
~· LOe MOLi:S I ttKe 1 1 

oeoUTe looZOOlJ I\YN4:okYN20oRY02 t RY020oRYt t RYOoRH20t .Rr1200 
1'\lo\MA 1 "/,ax, 

C •GAS CuM~OS!Tl~ IMOLE FRACTION) : 'tlt26Xo 0 8EO lNLET't ~X, 
! 1 b~O cXlT 0 tltlCX•'NZ 1 oPTe4o8Xo~T.4olo20Xo'02 °oF1e~t8Xt 
lF-1 ... ,1, lOXt '~il2 •,F7 ... ,8XoF7,t,.,/',20Xo 1 tt20 1 , F7 .... 8XoF7eltt10 
~u~rozo · 
Rl~• RY02 
tALL A$lLEIKflt«lNoRTSoRCUoMO,RPRoUMF,UOVUMFoZoOIAMtXAJ 
AZI21•Z 
01A,H•Cil.ill'l 
w~!Tc lbo1021 AAoALC21t0lAI2) 
~OKMATI o•llo 1 FlNAL 'ONVERSlON 02· • 1 oFlOe5tltloXo 

~ 1$c0 HEl~"T ~c~ulKcO a 1 oFl4e5t 'FT•'ol'oltXo 
tlkL•UlReU OlA~~Tc" 0~ ~!~!H!R.T0~ 1 ,~10elo• ~f.•, //t 
~1\!TEC~,,OQ .. J AftkAteNlSoAOoOENA 
F Jk ... A T (t 1 1 , l.X , 1 1: N i: ~ 10 Y a A L A N C E : 0 1·1 /', 
~2Ao 0 ,uSOKDEK : 0 olloiA 0

1 HEAT GE~ERATED SY REACTION, IAHRAJ • ' 1 

'F~~.1,• oTu I' ""• •, ;,ex, 
J 1 ttcAT GlVt:N UP oY ASHo l ~IS I : 1 oF12 elo 1 BTU I ttRe 0 olo 8Xo 
•'HeAT LO~T TO AT~u~PHa<e, (AQ) • 0 oF12elo' aTUI nRe 1 o/'t8At 
:i 1 Eio!TriAL.~Y ;a,AJN OF ~A~t IOENAI • ·1 oF12.lo 0 STU I HR.~olt8X) 

ll~ ~!TfiOo~0051 ~HRRtcNlStR~oOENR,QREMOV,Q"E 
13o zcc~ PO ... MATCIIIolAo•R~~cNa~TOR :•, //',ax, 

11 rdo-'T IO~NtRATEil oY ltc~TION, IRHRR) • •,Fl2elo 1 IHU I l«o 0 ol'oeX, 
.;•nUT GAlNciJ oY ASH, lcNlSJ • 1 oFl2olt' 8TU I nR.•o/oiiAo . 
~·~cAT LCST TO ATMOAPntxc IRQ) • 1 oF12olo 1 BTU I HRo 1 tl't8X, 
~·c~TnAL?Y ~AlN OF GA~ l~cGcNe + RECYCLE), OcNR • •,Fl2eltlt8Xo 
5 1~~AT ~~-~lkcO 10 oc ~cMU~~O 8V H.E., CQREMO~I • 0 tFl2elt 
o• oTu I ~ko 0 olo8Ao 1~~T ACTUALLY RE~OYeO 8T He Cet CwhCI • '• 
7F1,.1,• bTu /' nRe 1 1 

137 11o\HE loo.:I:Ool GtN,c:N~ 
l3~ tCCo ~~RMATIII/o~t 1TOTAL tNTHALPY BALANCE CAOSOKIIcK + RcGENe) 1 1 t//oiA 

~,;,•li:J'fAI. ;,CAl IO~ei(ATc .. oY REACTIONS, CGa.l • ' ot'l2.lt 1 oTU I Hi\:.• 
CoiooAo 1 E~TriAL?Y ~~~E•SE OF GASEStiDE~A • C~NRJ . l 1 tlt 

uc; 1!; .. 

.. -
1 .. ~ 

l·•o. 
~-~ 
! ..... 
~·;;) 

l~o 
l<+( 
.... o 
l•'l 
l!i:.l 
~H 
~5~ 

~~~At 1 • nE•T KE~VEO oY ;,EAT eXCHANGER, CQHEI1 1 olt 
~1~Ao 1 + Hc~T ~~~T TC A1MOSPHEREt IAQ~QI 1= 1 oF12alt 
~· ~tu I nKe'oll/l/ll/111 

(;o.ihol U•Ut;. 
~H:iP 
:~ 

:.u!'.ti.Ou T 11":. LAL.C.1 I 't "'"" CoJZ t 1 Cllo ., P'!.i!oYCI'I&o Y H;t~ o fH.ZUo A I oAtPIOI 
f.:IA T •"c~ eO 1/' leo 
t•;o.:Z'+• l.i~~c-C~•T -0.001E-Co•T•T 
tc• ~.Zl-•l~.~1~t-~j•i -~.~'+5E-c6•T•T 
t~o.•~ ... zo• l.oo~E-O~•t -0.19bE-~b•T•T 
10 • ".<;-.1 ~ .... ool!-.:.~·n .. o.t~..SlE·•~•T•T 
tc z ~.~d.;. +~b.;~c-c~•T - 4e3CE-o~•T•T 
TF ~ oeeo, • ~.1~~c~o;•J - 0+854E-Q6*l•T 
,.~;1~ : ·il~~·'fi.•ii.Cl2•t.:. + 'f'(.C•'ft + Ytt2•YO • 'fC;, .... y~ + Y"2S•'fF 
i<..:luoH• 
.:: .... 



lSl 
Uioo 
155 
150 
157 
1So 
lH 
lf»C. 

!Oi. 
leal 1 ~. 

lbJ. 
lea• 
leaS 
1eaea 
1ea7 
leao 
lea 'I 

170 
171 
17i. 
173 
17 .. 
175 
1lca 
177 
171i 
179 

1110 
181 
182 1" 
U.l 
u .. 
u; 
Uo 

ut 
lilo 
U9 
~9C 
l'i'l 
192 
1'13 
1Y~ 
19~ 
lYo 
1Y7 
l'ill 
199 
zoo 
lOl 
2Cl 
203 
lOio 
ZO:t 
lCo 
207 
lOo 
20i 

301 

~uaKUuTlNc CA~'2 tKY~,.~voz,Rsoz,RT,ACPGI 
Tat~T+~ooU.C!/1.o 
U•oe!i2,.•1.25C.t:-03• f-(;eC01E-Oo•T•T 
va· a ea~l~o + 3.102E-u~T -0.92~E-~o•T•T 
YC a 7e70 + 5e~CE-O~•T -O.a3c-Co •T•T 
KCPG = kYN2•YA • RYOl•'l'b • RSOZ*YC 
~cTURN 

cNu 

So..l~~OuTltotc ~MI' 
p: 14 ;.I•A )/ Ai"O 
1.1 = (;.F1•81/t.FC. 
K"' I Afo 4•1:. 1/"FO 
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HEAT G~NcRAT:~ oY REACTION, IRI"'RRJ = Z6C5C6el.BTU /· Hk~-
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