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ABSTRACTI

Slagging combustors with injected lime or limestone are being considered as

replacements for conventional coal burners. They have advantages in that they can be staged

to reduce NO, and SO, emissions. -Lime and limestone are the currently preferredsorbent

materials but iron oxide, as an alternative to lime or limestone may be effective not only as a

desulfurizin2agent, but, under the right conditions of oxygen potential, it can act as a flux to

l -producea _. This glassy slag should be dense and environmentally inert.

This project aimed to compare the sorption characteristicof lime and iron based

I sorbents in a novel double vortex combustor. The first phase of the project was the design

installation and commissioning of the combustor test rig following which sorbent test work

could be carriedout.

Due to a variety of unknown factors in the combustordesign/performancecharacteristics, it was not possible to complete all aspects of the sorbent test work as

originally planned.A considerable amount of experience has been gained in the operation of the

combustorand in understandingthe importanceof key design factors. It was found that a
narrowconical design for the combustor body gave significantimprovement in combustion

performance and in solids entrainment compared to a cylindrical form.
Tests with a glass combustor were used extensively to obtain visual insights into

] flameflowpatterns,structuralstabilityand generaloperatingcharacteristics. The double

vortex system prevents flame contact with the wall and permitted safe operation up to 1.6m

j Btu/hr in the glass walled combustors.
Several tests with entrainment of taconite concentrate into a double vortex flame were

accomplished but only one test was carried out in a flame containing sulfur. Due to time
pressure and termination of the project no material balance was possible on the final sulfur

run. Visual examinationof the solids product did however, indicate that surface modificationJ
of the taconite particles had occurred and that an Fe-O-S phase had formed.

The project has stimulated the interest of the local power utilities and it is planned to

move the system to a local power plant for continuing test work.
.¢
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i INTRODUCTION

] Prior to the 1973 energy crisis the majorportion of combustion research was directedt

towardhigh performancesystems such asjet engines, turbinesor internal combustion engines
1

and relatively tittle attention was paid to industrial coal burning systems. In more recent

times with ever increasing economic competition motivating the use of lower grade fuels and

•_ increased environmentalawarenessdemandingincreased pollution abatementtherehas been a
i

t

renewal of interest in coal combustion technology.

Sulfur emissions from coal burning power plants are of particularconcern.However,

" more progress has been made in flue gas desulfurizationand raw coal cleaning than in sulfur
4

removal duringcombustion. This latterarea has the potential to permit the use of low cost

, high sulfur coals for which currentenvironmental control technologies are prohibitively

costly. •

Aims for new combustion technology addressing these issues include:

• * high specific heat conversion rateswithout increase in blower horsepower.

' * Good mixing characteristicsunder both oxidizing and reducingconditions,

• Removal of slag and ash in the combustor without adversely influencing

combustionefficiency.--tw,.

• Capabilitiesof removing sulfur during combustion throughsuitable additives.

I "l%e.._eobjective can be sought in a variety of ways and most currentresearch and

development projects in coal combustion are based on one or more of threebasic principles

namely cyclonic flow, jet mixing and acoustical resonance.

"_ Cyclonic flow is the most widely adapted approachand a strong swirling motion is

used to facilitate particle disengagement by centrifugal force. Several systems use jet mixing

J 2
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I alone or in combination with swirling flow and seek the high degree of mixing and improved
L

combustion kinetics achieved with interactinghigh velocity jets. Acoustical resonance in!

i combustion systems has been known for some time but has only recently achieved increasing
!
j attentionas a potentially attractivetechnology to reduce both chemical and particulate
It

emissions. There is a general lack of theoretical knowledge in these areas and most recent

research has takenan empirical approach.

i In the area of desulfurizationthe currentlypreferred sulfurabsorbent is lime in one

form or another. By direct injectionof lime into the flame, underoxidizing conditions,
i

sulfur is captured as a solid calcium compound. A recent economic analysis of sulfur

sorbents is given in Table 1 and indicates that iron oxide could potentially be more cost

effective than the traditionallime approach.
I

Table 1. Cost Comparisonof Sulfur Removal by Different Reagents.
7

i
Basis: Coal Containing3% by Weight Sulfur

Cost for Cost for
cited % S 50% S

Reagent:Coal %S Unit Cost Removal Removal
_ Reagent Mass Ratio Removal S/ton S/ton coal S/ton coal Ref
4

Limestone 0.188 45 $18 $3.38 $3.80 1 "

' Lime 0.111 62 45 5.00 4.00 1

t
' Promoted 0.083 65 50 4.16 3.20 1

Lime

[ Portland 0.167 95 70 11.69 6.20 2
Cement

I¢

i Magnetite 0.10 89 30 3.00 1.70 3

3



, Interests in combustion technology at the Mineral Resources Research Center,
i

University of Minnesota have evolved from a long history of iron ore research including
i
t research in the area of coal based reductiontechnology. For optimal use of U.S. resources
1

an iron smelting system is required that can use fine domestic iron ore concentrates and

lower grade coals than _bosecurrentlyrequired for metallurgicalcoke production. One
1

approach to this problem is via flash smelting in which the fine concentrates are processed in

suspension in a gas phase of appropriatechemistry produced by the partial combustion of

Reactors designed to achieve these objectives have many points in common with

I
i slagging combustorsand slagging combustion technology has been reviewed with respect to

I its applicability in the taconite plants on the Mesabi Range in Northeastern Minnesota." The
i

motivation for this study was related to the fuel cost savings that would be achieved if either
l

[ Western coals (low ash fusion point) or high sulfur petroleum coke could be substituted for

! current fossil fuels. The study therefore sought systems that could achieve both

desulfurizationand slag rejection. In parallel with this paper study, practical work has been

I carried out relating to novel methods for suspending particles in a closed fluid dynamic field

and a University patent has been filed covering the concept of "dynamic containment"susing
i

! superposition of two vortex flows.

i The University also has a cooperative agreement with the AMAX company relating to
!

i the use of iron oxide as a sulfurabsorbent in coal combustion as covered by an AMAX

! Patent+.
i

Slagging desulfurization using the "dynamic containment" principle and iron oxide as

the sulfur absorbent is an advanced concept in coal conversion science and technology that

.t
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i requiresextensive research to identify its full potential and underlyingprinciples. Much of

this work is expected to be generic with respect to slagging desulfurization.

t The objectives of this projectwere to establishan operatingdouble vortex combustion
!

system capable of carrying out controlled desulfurizationtestworkand to use the system to

I compare the sorption characteristicsof lime, limestone and iron oxide.

!

BACKGROUND CONCEF_

!
t

SlafL,inf Combustion

i Current developments in high performance coal combustion aim to:

1 * increase the fuel residence time
t

• improve the separation of solid particles (slag or ash) from the flame, and
!

• reduce the productionof NO_and SOa.

Gupta_ discussed extensively various types of cyclone burnersand their special

characteristics. He distinguishes four basic types differing mainly in geometrical aspects of

i
the combustor tube and the air and fuel-air inlets. In principle however all cyclone burners

' have the following points in common. A strong swirling flow is established through

, tangentialand/or axial injection of air and fuel-air mixtures. In the case of tangential

injection the vorticity is determinedby inlet velocities and wall curvature. In the case of

t axial injection, vorticity is developed throughvane geometries and flow velocities. Strong

centrifugal forces are exerted on fuel and slag or ash particles which tend to be thrown to the
i
i

combustor wall. Due to high combustion temperatures these walls are often coated with slag

_,, inwhich thel_articleswillbedeposited.

5
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The gas velocity distributionof cyclone combustors can vary with the design as well

as operatingconditions. However in most cases, several distinct annularzones axe
L

distinguishable. These adjacentzones exhibit opposite mean flow directionsand are

i interconnectedby turbulentzones. Increases in the degree of turbulence, the extent of the

recircuiation zones and the frequency and amplitudesof any oscillatory motion in the vortex

core increase combustion efficiencies, burnoutrates and combustion intensities. However
!

i these factors can adversely influence separationefficiencies.

Combustor DesiLms

I
Some examples of combustors belonging in this class are the B & W cyclone

' combustor, Figure 1, Alcoa two-stage combustor, Figure 2, ANL two-stage slagging coal

combustor, Figure 3, Westinghouse two-stage combustor, Figure 4, Coal Tech cyclone

combustor, Figure 5, and the TRW combustor shown in Figure 6. The underlying concept

! common to all these designs, as outlined above, becomes apparenton examining the particle

, trajectories in each burner.

It was shown' that at increased gas velocities secondary circulation patterns appear
!

which increase mixing and flame stabilizationthroughrecirculationof hot combustioni

products. These secondary circulation patterns however tend to work against the slag/ash
J

removal capabilitiesof the combustor and therefore its usefulness can be greatly reduced in
!

i controlling the fly ash and its potential for reducingthe sulfur content in the combustion

' product. Not much information is available on the relationshipbetween secondary flow

patterns and particle emissions in combustors. However since the combustor design is based
Y

on the same principles that apply to cyclone separatorsthe informationobtained from

6
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t cyclones9,1°'11can be used to gain insight into this phenomenon.t

, By multi-stagingthe combustor, which is easily achieved, the combustionprocess can
I

be divided into two or more stages_a first stage with slightly reducingatmosphereand a

second one operating underoxidizing conditions. In this way NOxand SO2productioncan|

be greatly reduced. Also, the two-stage systems generally provide betterash/slag removal
than a single stage.

The EERC combustor Figure 7 is a deviation from the standardcyclone burnerand

comprises a cyclonic burnerof very large diameterto length ratio a_ched to a relatively
short, conical slag disengagementsection similar to a classical cyclone. The advantagesof

this approachseem to be the absence of secondaryrecirculationflows and very high swirl

numbers. Both contribute to high specific heat release and good slag/ash removal properties.

The Avco burner(Figure 8) uses jet interactionas well as wall impingement for its high
!

J combustion rate and ash removal properties. Two separatering vortices are set up through
.g

wall interactionwhich should aid wall scrubbingand recirculationin the first stage of the

burnerand slag/ash separation in the second stage.

t The Solar Turbines combustor(Figure 9) also relies on jet interaction and impact

separation. It is different from the Avco burnermainly in chambergeometry and ash

removal mechanism.

.i

Although there has been a great deal of researcheffort and funding invested in the

design, development and testing of these slagging combustors there has been little

! commercial applicationand it would appearthat an optimal solution combining low cost,

simplicity and high performance efficiency has not yet been achieved.

It should also be noted that the first stage of a two-stage slagging combustor operated

i 8
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i underreducing conditions is operatingas a gasifier. The first stage performancecan

, therefore be optimized for either slagging combustion or slagging gasification.

t

Slag Rejection

I Few details have been reportedon the removal effic_enciesof slag or ash particles
from the combustion gas in relation to operatingconditions or combustor geometry.

i However, considering the underlyingbasic design concepts of different combustors, it can be

! deduced that the designers intendedto improve collection efficiencies with two mechanisms,l
throughincreased vorticity or by direct impingementof gases onto combustor walls or

|

i special baffles.

Increased vorticity can be achieved througha combinationof increased inlet velocities,i
reduced combustor diameters, restrictionin outlet opening and change in outlet geometry.

These approachesfollow standardparticle control measuresas they are usually taken in dust

control devices, such as cyclone or impingementseparatOrs,n However, since the main
!

objective in a combustor is to recirculategases for flame and ignition stability, a compromise
!

I has to be reached between collection efficiency and combustionperformance.

In practice, the problembecomes quite complex. Most high performance combustors
• •

r operate at temperaturesat which the resulting slag appearsin the form of liquid droplets.
i
' Under less than ideal conditions these droplets will begin to solidify, attach themselves to the
!
t wall _d gradually deteriorate the performance of the burnerto the point where the burnert

has to be shut down and the slag physically removed. In additionto this so-called "ringing"
problem severe mechanicaland chemical erosion of the ceramic combustor lining can be

!
i

i expectedt3, especially underhigh velocity flow conditions. Increase in wall temperaturesto

; 10
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i

i keep the slag in liquid form is not always feasible, especially under varying load conditions.

The load dependentsecondary flow patternscan create temporal and spacial nonuniform

l
temperaturedistributionsthat will add to the "ringing"problem.

T
$
i

Dvn_mle_Containment
In general terms the concept of dynamiccontainmentcan be considered as a meansof

retaining material in a given space using velocity dependentforces only.

The dynamic containmentconcept, first developed in plasmaresearch to contain high
temperaturegases with magnetic fields, was invented in the USSR in the mid 60's and

resulted in the Tokamak reactor._4 In principleby replacing the magnetic fields of this

reactorwith fluid dynamic fields, a more generally useful dynamic containmentvessel can be

obtained. This can be accomplished with the superpositionof a ring and a line vortex.

The line vortex is mainly responsible for particle circulationaroundthe main axis of

the dynamic containmentvessel and the ring vortex component of the flowfield contributes to

the end to end circulation. Superimposingthese two movements results in a double vortex.

In practice this double vortex can be generatedby superimposing two concentric flows with

opposing mean velocities, the outside a potential flow, the inside one a rotating flow.
one,

In order to understandand use the fluid dynamic containmentsystem in practical
applications a more detailed look at the various forces that are involved is helpful. An

analytical or numerical approachto model the double vortex is extremely difficult and has

not yet been attempted. Therefore a rather simplified qualitativeapproachwill be presented
here by considering the dynamic containmentstructuredivided into four regions as shown in

!
i Figure 10. These are:

'r

II
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_, Alf/tloo Air
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o

Figure 10
, Single-stage Dynamic ContainmentCombustor

Showing Four Basic Regions.

Figure 11.
, Two-stage Dynamic ContainmentCombustor
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1 a low pressurecorel

I 2. the vortex mixing/containmentzone itself
i

3. the top region defined_as the area adjacentto the outerjet.
!

t 4. the bottom region, the area surroundingthe innerjet.|.

l In each region different forces dominate.
.Thefirst region, the vortex core is a low pressurezone. Fluids are transportedfrom

l

t this zone into the containmentregion (zone 2) by the rotatingflow. In this process the

element of fluid begins to rotate and at that point centrifugalforces aid the entrainment
process.

The containmentzone is characterizedby two forces in balance. One force, generated

by the outer flow field, is proportionalto 1/(R-r)2and is directed towards the center of the

vessel (centripetalforce) (R - radius of physical vessel, r - distance from the axis). The

second force is produced by the central rotating flow and is proportionalto 1/r and is

away (centrifugal force). A or solid particle will
directed from the center of the vessel fluid

therefore move on a mean circle with radiusRm which is defined as the locus where

1
centrifugal and centripetalforces are in balance.

In the two end regions adjacentto the outer and innerjets respectively flow patterns

are dominatedby entrainmentforces as defined by Weeks theorem|s. This entrainment

mechanismwill reverse the axial velocities of the approachingparticlesand thus a closed
!
l particle trajectory perpendicularto that in zone 2 is established. The superposition of these

! two trajectoriesresults in a double spiral. As indicated earlier the actual processes are much
it

more complicated and as yet are still incompletely understoodespecially as to the mechanism
i
_ of the end zones.

T
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More informationabout the main containmentzone (Zone 2) can be gained by

t returningbriefly to the model of superimposed line and ring vortices. Line vortices show a

detailed structurecomposed of smaller line vortices, rotatingabout their own axes and
t
l
i simultaneouslyabout the main vortex axis.16 This complicated structurecontributes to high

shearand mixing forces within the containmentzone. The high stabilityof ring vortices_7
contributes to the overall stability of the containmentregion and it is especially importantin

preventing particle escape from the end zones.

1 From these descriptions a numberof conclusions can be drawn regardingthe
i

characteristicsof fluid dynamiccontainment systems:
!

i 1. Fluid dynamic containmentvessels are in principle independentof physical

! enclosure and are solely defined by jet interaction. However, it can be

, expected that suitableenclosures can increase the efficiency with which the

' dynamic containment region can be generated by the jets. Furthermore, since
I

the influence of enclosure wall on the dynamic containmentsystem is of

. secondary importance, it can be expected that with decreasingvolume to

' surface ratio of the enclosurevessel the establishmentand maintenanceof the
!

i dynamic containmentregion will become increasingly unstable. The corollary

to this is that the larger the volume to surface ratio becomes, the smaller the
g

influence of disturbances will be on the stability of the dynamic containment

Y
I zone.

II 2. Combustion reactions will be mainly confined to the containmentzone.
t

Therefore there will be little or no convective heat transfer to the wall. With
I

non luminous flames the enclosure walls will remain relatively cool despite
t

° 14
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!
I high combustion rates. The dynamic containmentdoes not influence radiativei

heat transfer, and with luminous flames the wails will heat up. However, fuel

and ash particles spiraling on the outside of the containmentregion will absorb

some of this radiation. In addition, the potential flow cool the wall
will

I somewhat and thereby reduce heat losses and temperatureloads. There should
be no abrasiondue to fast moving slag, ash or fuel particles and the enclosure

!

t vessel can be constructedof light sheet metal insteadof refractoryor heavy

v castings.
I

3. The ash generatedduring burnoutof fuel particles should melt in the
l
i concentratedflame in the dynamicallycontainedflame zone. These molten

slag dropletsshould agglomerate with other dust or liquid droplets and, as they

grow, be droppedout in one of the end zones of the containmentregion. The
!

i end zones can be aerodynamicallydesigned to remove particles predominantly

'* at the front end, that is the end opposite to the potential flow jets. In the

returnflow the panicle will be in the relatively cool potential flow region,

solidify and due to its increasedweight avoid re-entrainment. The ash/slag can
!

be removedat both ends of the end zone and therefore good particle removal

, can be obtained.

4. Dynamically containedcombustion has certain similarities with large scale

i forest fires, which can be viewed as heat engines. Therefore it can be

, expected that this combustor will show similar features, that is convert some of
t

the heat released into mechanical energy, namely vorticity thatwill stabilize

the dynamic containmentzone and reduce the jet energy needed to sustainthe

9

15

!



i .

i ,

i system. This mechanism should become more and more prominent with

I increasing volume to surface ratios of the combustor.
It can be expected that increased vorticity in the containment zone should result in a

!
I large central depression, that is increased amounts of air should be entrained from that zone

into the containment zone where it will be intimately mixed. In other words the burnerwill
use a portion of its released energy to drive the mixing process. This is an almost ideal

condition for the second stage in a multipleburner combustion system.

1
Previous Work

Prior to the currentproject, a dynamic containmentcombustor had been tested with

different materials over a period of about two years. Most of the test were performed with a

sawdust sand mixture. Due to lack of suitable instrumentationthe resulting observationscan

1 '
be considered only as qualitative. However they do corroborate the predictedcharacteristics

of the combustor and can therefore be used as a basis to develop in depth investigations intoi

the physical and chemical processes involved in this combustor. In the initial work a series
i

of combustorswas built with varying diameterbut fixed diameter to length ratio of 1:3. The

i combustor concept was tested with a 24", 12" 8" and 6" diameter system. It became evident

! that it was increasingly difficult to achieve stable operating conditions with reduced
1

diameters. Operating conditions were considered acceptable when; stable burner operation

could be achieved, sawdust fuel ignition could be achieved without auxiliary fuels, the off

I gases were devoid of detectableparticle emissions, and the combustor would work

unattended over a reasonableperiod of time.

It was possible to achieve these conditions for each of the given diameters. However

16
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in the larger systems the influence and absolute amountof jet energy generatingthe

necessary potentialand rotating flow fields could be varied to a large extent, without
negatively affecting the overall operationconditions. The 6" model worked stably in a

narrowrange of adjustmentfor all parameters(potential and rotating jet energy, potential and

rotational flow rates, total fuel input).
Throughoutthe testwork little wear was observed either on the inside of the combustor

walls or at the end plates. By contrast, in one test an elbow in the fuel feed line failed due

" to abrasion after a couple of months.

All slag/ash removed was in a granular form that indicatedprevious melting,
3

supporting the arguments developed in the discussion above. The actual formation of slag

' andits disengagementfrom the combustionzoneremainsunknown.

In testswith naturalgasthe flame remainedstableup to 12MM Bra's,(the limit of

•_ the test set up) and the combustorshell and mouth section remained relatively cool at all

times.

A 2 stage model, Figure 1l, was also tested and an extremely clean flame was

obtained even during temporary solid fuel overloadconditions.

Inspection of solids collected in the second stage, especially from tests where the first

, stage operated under reducing conditions, showed similar characteristics to those discharged
i

from the first stage operation.
V

!

Y Desulfurization

The need to reduce sulfur emissions to the atmosphere has been recognized for some

time and considerable abatement has been achieved through flue gas scrubber systems and

17



I improved coal cleaning.

! Coal cleaning reduces the sulfurcontent of the fuel supply while flue gas scrubbing
i
&

removes the sulfurfrom the gaseous productsof combustion. There are technical limits to

I coal cleaning by simple mineral separationprocesses since this approachdoes not appreciably

1 remove organic sulfur. For flue gas scrubbing the cost of sulfurremoval becomes
t

prohibitivelycostly as the sulfurcontent of flue gas increases. As a result of these factors

there are many U.S. coals thathave moderatelyhigh organic sulfurcontent that cannot

t achieve environmentalcompliance economically. One solution to this problem lies in sulfur

removal during, or immediatelyafter, the combustionprocess and considerableattention has

been focussed on this technical field in recent years.19

Most of this work uses calcium chemistryand a majorthrustin sulfur absorption
1

using lime is the Lime Injection Multiple Burner(LIMB) technology. This is of major

i interest for retrofit applications in Europe2°and results from a U.S. demonstrationproject

' have been recently reported21. SO2removal in the range 50 to 60% is achievable but Ca/S
t

stoiehiometri¢ ratios on the order of 2 are required.

Some of the reactions involved in sulfur transferto limestone sorbents are as follows:
!

i CaCO3--> CaO + t202 1

! H2S 4" 0 2"--> H2O 4" S 2" 2
1

CaO + S2._> CaS + 02" 3

i CaS+ 2o2--> CaSO, 4

, 2CaS + 302--> 2CaO + 2SO2 5
1

Major rate controlling steps are the diffusion of S2"species from the surface to the
iP

interior of the solid and the diffusion of 02"species from the interior to the surface.

w

_. 18
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Reactions 2 and 3 occur in the surface diffusion boundarylayer. The influence of chemicali

) and microstructuralcharacteristicsof limestone sorbentson desulfurizationhas been studied
|

in the Netherlands22and it was shown that sulfidationconversion was higher than sulfation

t conversion for all sorbents and thatconversions could vary by over a factorof two depending

! on the particularsorbentused. In a similar U.S. stud]F it was also shown thatsulfur
i

captureby limestone sorbentswas greatly influenced by the sorbentcharacteristicsand that
y

the Ca/S ratio in sorbentproducts could vary over a two-fold range.

Reactions 4 and 5 are also importantwith respect to overall sulfur captureefficiency
since underadverse operating conditions the reverse reaction 5 leads to SOalosses and

inefficient use of the sorbent.

Reaction kinetics and overall absorptionefficiency can be improved by using a finer

particle size but this has to be balanced against grindingcosts and increased dust loading.

i Significantprecipitatorfouling has been reportedfor a full scale LIMB test in Germany_.

! Lime is the currently preferredsorbentsince its is a readily availablebulk commodity with

, reasonably low cost. There are, however, hidden costs associated with the large volumes of

solid waste generated and associated environmentalcontroland with the additional CO2
Y

released to the atmosphere from the productionof lime from calcium carbonate.

! This has led some researchersto seek an alternativeabsorbent and iron oxide appears
t

to be a candidate with some potential. A cost comparison for several absorbents shown in

i Table 1, and shows magnetite (Fe_O0 to be cost effective relative to the lime based

) absorbents. This is of particular interest to Minnesota since very large tonnages of fine
J

1

magnetite concentrate are produced on the Mesabi Iron Rangeas feedstocks to the taconite

i pellet indurationplants. Due to the decrease in demand for steel in the early 1980's there is
,)
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i considerableexcess concentratorcapacityand an additionaloutlet for 0tis product would bel

welcomed. Sulfurabsorption into an iron based absorbent is achieved by the formationoff
i

low melting point iron oxysulfides which are stable over a wide temperaturerange. Also,

I since molten dropletsare formed, mass transferis expected to be more rapid than in the case

of absorption onto a solid as in the lime case.
Preliminarywork carried out at the AMAX R & D laboratories3 to examine the use of

iron oxide for desulfurizationduringcoal combustionconfirmed the basic concept and a

I patent6 was issued in 1986. The work at AMAX was discontinuedwhen the principal

investigator left AMAX to take up a faculty position at the University of Minnesota and a

i cooperative agreement was drawn up between the University and AMAX to permit

! continuationof the work at the University.
It

Basic work on the sulfur absorption capacity of iron oxysulfides has been carried out

' by Turkdoganand Kor2sand Sherman, et. al.26. Figure 12 reportedby Hepworth and
!

Wickes3 shows the sulfur/oxygen chemical potential diagramat 1200°C for the iron-oxygen-
J;

sulfur system using the H2S/H2and CO2/COpartialpressureratios. The stable iron

' oxysulfide region is indicated and contains a heavy dashed line representinga fixed iron to

, sulfur molal ratio of 1.5. This line indicates that the optimal sulfur removal (lowest log1

! pH2S/pH2)is achieved at low oxygen potential (i.e., underreducingconditions). A slagging
8

desulfurizing burner using iron based sulfur absorbents would therefore require two stage
f

combustion with the sulfur absorption in the first, reducing stage. A two-stage burnerof this

type would have the additional benefit of maximizing slag removal in the first stage, and also

have the second stage for back up slag removal. Two-stage combustion is also preferred for

minimization of NO_ formation and reduction of CO emission due to the improvement in

20
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overall combustion efficiency.

The basic concept of iron based desulfurizationin a two-stage slagging combustor
using the double vortex dynamic containmentprinciple is illustratedin Figure 11.

Evaluationof the potential for this novel approachto sulfur removal duringcoal

combustion requiresresearch in several topic areas includingdetails of the fluid dynamic
principle and their applicabilityin coal combustion systems, the behavior of solid and/or

liquid particles in double vortex flow fields and the performanceof potential sulfur

adsorbentsunderappropriateoperating conditions. Considerableprogress in understanding

the Fe-O-S system has been achieved during the time frameof this project in a parallelDOE

projectalso at the University of Minnesotac_.

] APPROACH
_t

This proj_t is related to an overall program aimed at achieving a combustion system

i with the following characteristics:

* and burnoutrates undervarying loads and conditions.good mixing

* Superior specific energy release.
• Reduced thermal and mechanicalcombustor wall loading.

* Good slag rejection characteristicsundervarying loads.

* Suitabilityto suppressSO2formationthroughthe efficient use of suitable
sorbents.

f

i In order to achieve these objectives it was felt thata departureform the current

] approachof high performance combustors based on the standardcyclone principle was

warranted.
w

The double vortex dynamic containmentcombustorhas provided considerable initial

] 22
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promise towards achieving these objectives, different between this approachand
The main

existing combustor concepts lies in the fact that in the dynamiccontainmentsystem all
processes and circulations within the combustor are directly producedby powerful fluid jets,

and not throughjet wall interactions. _herefore all fluid and solid particles are subjected to

and can be influenced directly at all times by jets. Any jet wall interactions will be
l

secondary, serving only to improve the jet efficiency.
!
t In conventional high performanceburnersthis is not the case, since most flow patterns

are created by the interactionof input flows with combustor walls. Secondaryflow patterns
are mainly producedby vortex breakdo_mmechanisms,n

Preliminary testwork has indica_i low thermal loading and abrasionon the combustor

walls, the ability to reject slag in granularform and favorablescale up characteristics.

Furtherdevelopment of the dynamic containmentcombustor for potential slagging

desulfurizationapplicationrequiresresearch in the following three main areas,

* Basic coal combustion characteristics

• Slag rejection performance

* Sulfur sorbentbehavior.

Data from these investigations are expected to provide a maximum returnon the

research effort, provide insight into possible practicalsolutions to pressing combustion
problems and provide importantinsight into the basic principlesof dynamic containment.

]" Bearing in mind the basic concepts outlined above, the purpose of the currentproject

I was to design install and commission a double vortex combustion test rig that could be used
1

for sulfur sorptiontests using lime, limestone and iron oxide as potential sorbents.

l
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I
!' COMBUSTOR DESIGN AND TEST PROGRAM

Design Consideration

i The basic design of a dyna_'c containmentcombustor is deceptively simple

comprising a front plate with a centralexhaust orifice and a peripheralgas inlet system to

provide the outer vortex drive, a back plate with a gas inlet to provide the inner vortex drive
and a cylindrical body separatingthe two end plates as illustratedin Figure 10. Fuel can be

introducedaxially through the backplate (preferable)or peripherally near the back of the

cylindrical body.

Unknown factors influencingthe performance of the system include:

* length to diameterratio

, * outer vortex drive design

' * inner vorter_drive design

* drive flow angle (tangential/axialflow)m

" * drive velocities (inner and outer)

* drive volumetric flows

* exhaust diameterto end plate diameter ratio

tP

The project was not funded for a detailed systematic study of those factors and an

_ empirical approachwas adoptedbased on experience gained in earlier work. The main
i

objective of this approach was to simply establish an operating system in which some

preliminarycombustion anddesulfurizationtests couldbeperformed. Optimizationof design

t 24
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and operating variables would have to wait for more detailed fundamental studies in the

future.

i

It has been shown that dynamic containment can be achieved by controlling the

leakage flow that normally occurs in the end-wall boundary layers and is mainly responsible
i

for any particle escape from a confined vortex. 2s The two end-walls usually found in a

[ combustor (the front wall, incorporating the burner mouth and the back wall) assume

! different fluid dynamic functions in the dynamic containment scheme and therefore are
i

controlled differently. As described by Leaner et al.2n, any confined vortex creates, through

i centrifugal forces, a pressure maximum along the periphery of the confinement vessel. The

resulting forces are balanced throughout the vessel by centrifugal forces, except in the end-

wall boundary layers. Here, by def'mition, the tangential velocity vanishes and therefore the

peripheral pressure can accelerate the fluids radially inward.

i

v This leakage flow, under certain, conditions can be substantial_ and is the primary

cause for the escape of matter from confined vortices. The radial acceleration in the front
!

i end-waU can be reversed in its direction by applying internal suction along the end-wall

! periphery. This can be accomplished (based on ejecLor technology) through a ring-jet
I

entering the combustor along the periphery of the front wall, with an axial momentum

Y
i component directed towards the opposite end. This jet, by entraining gases from the

immediate surrounding, will generate a secondary flow at its base with a flow direction 900

to that of the jet. In other words, the entrained flow will come predominantly from the

• boundary-layer region. This effect is desirable in that it reverses the normally occurring

25
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i flow from radially-inwardsto radially-outward. It has been observed thatthis suctioncan be

I strong enough to entrainair along the entire front wall through the burner mouth.

This effect also has the additional benefit of cooling the burner mouthand alleviating

I the necessity of refractorymaterialsin thatarea. As in conventional ejector technology, it is
It

also importantin dynamic containment technology to match the fluid dynamic conditions of

the ccombinedflow (primaryand secondary flow) to those prevalent in the surroundingbulk

fluid. In the dynamiccontainmentcombustor this is achieved in two ways:

* By impressingon the primaryjet a rotationalvelocity higher than thatof the

surroundinggas. (This will tend to keep the primaryjet from dissipating its

momentumtoo rapidly into the surrounding gas column.)

1
* By designing the burnerside-walls in a conical form, with the of theapex

truncated cone at the front end of the combustor. (It was shown by Volchkov
et al?°, that the ideal contourof the side walls does not take on the form of a

straightcone, but follows a hyperbolic function. To date because of theiri

! -" simplicity, only straightcones have been tested. This geometry appearsto

increase the suction pressureclose to the burnermouth, reduce the overall

T
t effect of the front end wall and improve the "coupling"of the "frontejector"

! flow to the bulk flow within the combustor.)

7

,i As the flow from the burner front reaches the back wall, it will be decelerated by
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i

friction and spiral towards the center. Simultaneouslyduringthis process, the predominantlyi

1 potential-flow will be converted into a rotating flow for which, by definition, the vorticity is
i

non zero throughout the fluid.
!

A,

This conversion process establishes the vortex core, whose diameter appearsto depend
to an equal degree on the burnermouth opening. Controlover the fluid dynamic conditions

within the core and by extension, over the flow within the back wall boundarylayer, can be

gained by injecting vorticity into the core. Througha rotating axial jet, fluid is entrained
from the surroundingboundarylayer and accelerated towards the front end of the combustor.

Also the geometry and momenta of this primaryjet are chosen such that the resulting mixed-

flow will couple easily with the bulk of the gases in the burner with a minimumof losses.

, This description of a dynamic containment flow-field can be summarizedas super-

: position of three distinct circulationpatterns:
,i

* the confined vortex flow,

* the front-to-backrecirculationalong the burner wall
f

* and the back-t_-front recireulation, increasing the vortex core diameter and

, simultaneouslyre-dispersing the matter flowing through the rear wall boundary

" layer (In other words, two perpendicularlyrotating recirculationpatterns.)
!

|

As a result of research completed to date the existence and control of the so-called
dynamic-_ntainment flow-regime have been experimentally and practicallyproven. The

actual processes appear complicated, and in order to describe the behavior of the system as a

g
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F
!_ combustor, a numberof different models have been invoked to highlight specific aspects of

the system. These models have been formulatedbased on well-established information
gatheredfromvariousbranchesoffluiddynamicandcombustionresearch.Althoughsome

l of the observed burner characteristicscan, in principle, be described with reference to these

models, it is necessary to investigate these phenomena in detail in order to fully develop the
dynamic containment combustorto its perceived practical potential.

Conceptual Models

Some of the highlightsof the dynamic containmentcombustor and the respective,

possible processes involved, can be described with the following three models:

l
I) Uniform Internal Mixing through Micro Vortices and Acoustic Resonance.

A good analog to the two rotating fluid columns generatedby the frontjet on the

outside and the core, largely driven by the rotatingcenter jet, can be representedby

two concentricrotating cylinders. The flow patterngenerated undervariousoperating
conditions between these cylinders have been studiedextensively"u,s2,and are known as

1

Taylor vortices or Cuvette flow, depending on the respective dynamic conditions. In

! essence, Taylor vortices can be described as double vortex cells stacked one on top of
i

the other along the entire length of the cylinders. At sufficiently high rotational
f

i velocities of the cylinders, these cells begin to show different structures,described in

the literature as standing or traveling waves32. Similar patterns have been observed in

a dynamic containment combustor o_rating with praise as fuel. These observations

! were accompanied by strong acoustic emissions. Largely due to the strength of these
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emissions and the correlation with the flame it isapparent structure, postulatedthat

these vibrationsappearto be in resonance with the flame itself. The benefits accruing
to the combustion process from these phenomenacan be deducted from experiences

gained with pulse combustorsn. The high specific energy release, as observed in the

dynamic containmentcombustor, can also be related to the above-mentioned flow
.patterns. In the dynamiccontainmentburner, the size of the flame, external to the

burner, can be influenced to the point that it can be totally withdrawn into the

combustor. This requiresthe capabilityof intense and rapid internal mixing, which
again can be explained by the formationof Taylor vortices and their various

structures. At least, in the case of gaseous fuels, the burner, under these operating

circumstances, appearsto perform similar to, what is normally described as a premix
burner.

2) Gas Acceleration by Direct Conversion of Thermal Energy Released in the Flame

into Kinetic Energy.

Measurementstakenon the dynamic containmentcombustorwith and without flame

indicated that the core depression did not change significantlybetween the two
conditions. Assuming, conservatively, a gas expansion of at least 3 to 4 times its

original volume, the combustion gases must be acceleratedsubstantiallyin order

maintainthe core pressureconstant. The associated increase in kinetic energy a_s
to be derived from the thermal energy released by the flame. The velocity increase is

also easily discernable throughan observed accompanying rise in sound frequency and

29
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[ level. The occurrence of gas accelerations, due to direct heat release within the gas,

I havebeenpredictedand verifiedina numberofreports_3_. Two conclusionscanbe

i made:

I * A substantial portion of the mixing process is directly driven by the

flame itself, without additional power input; and
• the containment of matter in general, but especially the retention of

T
t particles, is increased after ignition.

: The first point again indicates that the burner operates in a similar fashion as a premix
i

burner, with the mixing occurring within the flame itself. This eliminates the addition
7

of secondary or tertiary air and the associated mixing problems and should prove

: beneficial in dual fuel operations. The second point has been observed during the

initial dynamic containment combustor development, which showed that especially fine!

i particles, that tended to escape from the combustor under a particular set of dynamic

conditions, appeared to be completely retained after the flame had been established.

3) Integral Ejector Drive of the Dynamic Containment Combustor with High
!
i Pressure Steam or Hot Water.

i
High pressure steam, and to a lesser degree, high-pressure hot water, are frequently

I
used to provide reliable, maintenance-free suction or compressor services, if, of

' course, low cost steam is available n'39'4°. It has been shown that the dynamic
|

containment burner can be driven successfully with high-pressure, high-temperature
m

saturated or unsaturated steam. This made it possible to achieve very high dynamic

3O
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I containment velocities without the necessity of expensive and maintenanceintensive|

, compressor equipment.
l

i Using well-designed ejectors properlymatched to and integrated with the fluid

dynamicsoftherestofthedynamiccontainmentsystem,aroughcalculationindicates
thattheenergyconsumptioncanbeexpectedtobefavorable,comparedwiththat

needed when mechanical equipmentis used. The steam, after spending its free energy

accelerating the combustion air, is reheatedin the combustor to flame temperatures
thatare substantiallyhigher than the original steam temperature. It enters the heat

exchange portionof the burner with the rest of the combustion gases where it emits

most of its heat and finally is discharged at the stack temperature with very little

remaining enthalpy.

It is reasonable to this with an "integratedtop cycle'. In order tocompare process

reduce operating costs even further, the steamcan be used to heat water, as it is

usually available in cooling towers, under sufficiently high pressure, which in mm

will flash into steam in the ejector nozzle. This concept was successfully employed in

France to drive very economically high velocity wind tunnels. The water that did not
l

flash into steam, or recondensed prior to entering the combustor proper, can of

I course, be recirculated. If wet scrubbing of the exhaust gases is employed, no

additionalnetwaterconsumptionisrequired,sincethecombustiongasesultimately

arereleasedtotheatmosphereundersaturatedconditions.

r
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i

i Besides expected reduced initial and operatingcosts this approachpromises additional

benefits. It can easily be seen thatthe fluid dynamic effects, discussed earlier, can be
substantiallyinc_, without the penalty of substantialequipmentand operating

!

1 costs. Therefore more power can be made availablewithin the combustor itself for

.. ti
pollution control purposes. It was also shown in the literaturethat mjec on of steam

into combustors can reduce the productionof NO, and CO simultaneously. This is not

]" entirely attributableto a lowering of the flame temperaturebut seems to be connected

v with the oxidizing properties of water at high temperature.
|

Thedynamiccontainmentcombustor,dueto its dynamicand relatedproperties,some

V of which have been pointed out above, appears to be well suited for a broad range ofi
industrialand commercial applications. Since it is expected thata great deal of pollution can

' be eliminated within this burneritself, it seems to be well suited for dual-fuel or multi-fuel

! applications.i

Glass Model TestsS

Figure I0, depicts the cross-section of a single-stage cylindricalof Dynamic

! ContainmentBurner. In this Figure the burneris shown in a horizontalposition, but it was

actually operated in a vertical configurationwith the flame emitted from the top. Air and fuel
a

is injectedalong the center-line of the burnerat the left (bottomof the burner) with a

t swirling action. The fuel was either propaneor propaneplus acetylene (C_Hz). Acetylene

! was employed for two reasons:
|

* to simulate the hydrogen-to-carbonmolal ratio in coal;

i * since acetylene has a higher enthalpy of combustion than propane, the
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! additionalenthalpyenables steady-stateoperationat temperatures approachingt

1400_ even underthe highly sub-stoichiometricconditions requiredfor

desulfurization.

16

Although coal should be the fuel which is to be utilized by this burner, the tests which
i!
l

were planned for this work were for a gaseous fuel rather than a solid one in order to avoid

the additionalproblems of combustion of coal. This additional complication should be

included in furtherstudies and is not partof this project.
,t

The diagram shows an "air/slag"exit port designed to permit discharge of quenched

_ (iron-oxysulflde) products from the feeding of iron oxide to the acetylene/air flame. If and

when coal is fed as a fuel in later studies, the oxysulfide will be combined with the ash

' constituents of the coal.

!

, The fuel/primaryair mixture follows the swirling trgjectoryshown by the black

arrows in the center of the burner in Zone 1 where it is met toward the end of the path by

the primary air stream added tangentiallyby a headerpiece with tangentially-boredholes for

, ingress air. The motion of the air is shown by the _ arrows. The motion of the

combustionproducts is shown schematicallyin Figure 13.

Preliminarytests were carried out in a cylindrical glass test model and demonstrated

the basic stability of the dynamic containmentcombustion system. Figures 14 and 15 show

examples of the flame geometry obtained in the cylindrical glass unit.
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Jr Figure13 Flow Patternsin the DynamicContainmentBurner
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I ,

Subsequenttests demonstratedt_tata conical configurationwas more stable and hence

; a glass version was constructedto view the flow patterns.The dimensions of this glass

! version were:
i

Top I.D. 4.5 inches

Bottom I.D. 9.0 inches

! Cone length 18.0 inches

Cone angle .. 30°

_t

The outer-drive nozzle assembly has:

v Tangential velocity control: scJrolltype diffuser with adjustablenozzle ring;

' Axial velocity control: adjustable gap between inlet section and cone.
!

! The inner-drive nozzle assembly has:
A

One and a half inch Whirljetspray nozzle from Spraying Systems, Inc;
f

i Several differentjet geometries (axial versus rotational flow) which can be obtained

, with different nozzle geometriq_.
i

t At this stage of the developmentof a practical combustor unit for high temperature

I sulfur removal, the details given above represent the best combination of design parameters

obtained to date and were used in the stainless steel prototype burner used in subsequent

testwork.

Y
I
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, Glass Model Results

Cold testing using magnetiteparticles was conductedin the glass model. Figure 16 is
a photographof the assembly. Figure 17 is a photographof cold testing with sawdust

showing the swirling action produced. Figure 18 is a test at temperature (flame temperature

approximately 1500aC) in which the pyrex glass walls remained relatively cool.
The experience and informationobtained from the glass model work can be

summarizedas follows:

I) Establishment of Dynamic Containment Zone, Particle Retention, Wall Abrasion,
Convective Heat Transfer:

1
In prior tests using sand-contaminatedsawdust as fuel, the inside of the burnerwalls

a_ed to be covered with a thin carbon deposit (black sheen) with no scouring

marks observable. Fromthis observation, one can deduce that the fuel as well as the

ash/slag particles did not touchthe wall but were, however, suspended within the so-

called Dynamic ContainmentZone. There is also the possible inference that

convective heat transferdoes not occur between the flame zone and burner side-walls.

Although the operating time with solids was very low in the current project these

observations were not contradictedin any of the testwork.

!
2) Visual Observations on the Dynamic Containment Zone and Convective Heat

I Transfer.

!
i

A 4-inch diameter, 12-inch long combustor, using compressed air and propanewas
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operatedat an output of about 1 million Btu. After an operating time of about 0.5 hours, the

outside wall of the combustorstill showed no sign of heat-upbut remainedcool to the touch.
I
.; Immediatelyafter shut-down, condensed water from the compressed air line collected at the

I burnermouth in the form of dropletswithout any visible sign of boiling or rapid evaporation.
t

The visual observations of the flame zone indicateda well-defined containmentzone. It was
I

i also noted that the frontjets not only expandedthe flame diameter in the vicinity of the

' burner mouth, but also entrainedoutside air throughthe burner exit opening along its wall in

a flow counter-currentto the exiting gases. Again this observation explains the lack of heat
!

i build-upon the combustorwall and corroboratedthe above-mentionedobservations and

deductions.
t

!
' 3) Direct Conversion of Heat into Kinetic Energy

i

Pressure measurements taken before an after ignition from a location on the rear

section of the core region showed no appreciablechange. The measurements were

T
i takenoutside the immediate influenceof the rearnozzle assembly. Assuming a

conservative expansion of the combustion gases due to the flame temperature rise

(about three times their original volume before ignition), a core pressure rise should

be expected; however, this pressure rise was not observed. It was also noted that the

I inlet pressures remained constantbefore and after ignition; therefore, the gas/air flow
i

rates throughthe nozzle assemblies remained constant. One conclusion that can be
!

drawn from this observation is that the rotatingvelocity of the burned gases increased

f
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in such manner so as to counterbalanceany volumetric increase resulting from the

temperaturerise. The energy to accomplish this can only come from the thermal

energy released in th_ combustion process.
r

i

I 4) Fuel Residence Time and Total Fuel Loading

T
i In the model described above, the combustorwas loaded with about one poundof

sawdust and operated for about one hourwithout flame (See Figure 4.) During this
i

operating time, no significant loss of solids was detected. The amount of solids

i suspended at any time was clearly dependentupon the gas/air velocities at the end-

! wall (situatedopposite to the burnerexit), and therefore was dependentupon the outer
t

jet velocities. The distribution of the suspended particles through the Dynamic
!

Containmentzone is also a function of the dynamic conditions.
!

5) Alternative Nozzle Drive
t

An alternative to compressed airjet drives for both nozzles is high pressure steam.t

I Properly designed steam ejectors can supply the requiredair for combustion purposes
1

and deliver this air with the necessary momentumto both nozzle assemblies. By
V

I carefully designing the ejector as well as the interconnectingducts and the nozzles

! themselves, the efficiency of such a system can be maximized. Such an approachhas
l

several advantages, some of which are:
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* Reduced overall combustor complexity and service requirements.

* Reduced NO, productionduringcombustion.1
* Excellent particulatecontrol and corms_nding fly ash reductiondue to

potentiallyvery high jet momenta.

|
A 4-inch diametercombustor with a cylindrical 12-inch long burnertube was used in

I the proof of this principle. Although the 180 psi steam which was use was saturated

and no provisions were available to remove any condensate prior to entry of the s_
i

into the ejector,a stable operation of the burnerwas achieved with propaneas a fuel.
!

i As expected, all moisture was fully evaporatedin the flame.

This approachwould not be appropriatefor use in systems in which iron oxide in the

sorbentdue to the adverse effect of high hydrogenlevels on the equilibriumbetween sulfur

and hydrogen sulfide in the gas atmosphereand subsequentdepression of the sorption

._ potential.

i Stainless Steel Combustor Tests.

q_

i

Following the closure of the Mineral Resources Research Center the stainless steel
!
, conical burner test fig was moved to the High Bridge power plantof the NorthernStates

Power Company for furthertestwork.

v

The system consisted of a verticalconical burnerhaving the dimensions described
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I previously, and air in combinationscould be added to the bottom
Fuel various both and the

! top of the burner. Off-gas analyses were performed using infra-redspectrometrywith a
i
i

mobile probe. The probe positions with r,'_t to exit location enabled gas assays to be
!
[. takenwith the re,sults being mappedas shown in Figures 19-26.

I Stainless Steel Combust3r Results
.The results of these burnertests are presented in Tables 3-14, while Table 2 outlines

burnerconditions and the related figures.

Table 2. BurnerConditionsand Related Figures

Table # Fuel Rate Addition Air Rate SCFM Figure #
! SCFM Point Top/Bottom
i

3 Propane 2.4 Bottom Variable -
Acetylene 3.6

4 Propane Variable Top 50/50 -

i 5 Propane Variable Top 60/60 -6 Propane Variable Top 80/80 -
7 Propane 6 Bottom Variable 19

, 8 Propane 7 Bottom Variable 20
: 9 Propane 8 Bottom Variable 21

I0 Propane 9 Bottom Variable 22
' II Propane 6 Top Variable 23
, 12 Propane 7 Top Variable 24

13 Propane 8 Top Variable 25 -
14 Propane 9 Top Variable 26

i

Figures 19-26 contain a matrixof black squaremarkerswhich representactual data points.
!

The curves throughthe data are locii of equi-volume ratios of C0/C02 and therefore

represent regions of constantoxygen potential. These plots permit operationof the burner at

the oxygen potentials required to maintainthe pre-calculatedoperating conditions for the!

l
formation of an iron ox:'sulfide phase and optimal pickup and retention of sulfur by liquid

T
iron oxysulfide droplets.
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Table3
, Table4

i
Burner ConO_ionm:Effectof Vitiation of Air . Burner Con¢:littont;Effectof VttJlltOn of Fuel

| Fuel ACl0eOwith BottomAir FuelAOOeaw_tnTop Air

Fuel: Proplne plusAcetylene',Flows Mainteinea Cormant Fu_: Prop4ne
Propane'.2.4SCFM + Acetylene: 3.MCFM BottomAir: SOaCFM+ Top kr: SOSCFM
SloicfltometricAir Requirementl: Air FIoMI Mecmainla Conltlnt

| Propane: 2.48CFM Acetylene:3.075CFM
1 Air: S7.1SCFM Air: 42.(aCFM SCFM Aluy Vol% RIItJO

Fuel CO CO2 CO/CO2
00FM Air Alley VOl% RatiO 8.7 13.28 8.42 2.07

Bottom Top CO CO2 CO/CO2 a 11.01 5.80 188SO 70 0.01 4.77 0.00 7 8.91 61.99 1.27
40 70 0.01 S.31 0.00 6.8 t%.26 8.38 0.63
30 70 0.01 S.13 0.00 e 3.38 10.2! 0.33 ,

80 80 0.01 S.8e 0.00 S 0.00 10.84 0.0i40 80 0.01 0.23 0.00 4 0.01 7.97 000
30 60 0.01 S.N, 0.00 3 0.01 s.e7 0.00
40 SO 0.09 8.80 0.01

30 SO 0.33 6.42 0.0830 40 1.80 S.4g 0.33
30 30 3.01 4.77 0,63

ComDu_on Constant Olte:Densityllo/It3 Snt_alpyStu/lt3
_opane 0.120 2S_
ACMylef_e 0.070 1499

1

l
Table 5 Table 6

Burner ConcUtionl:Effectof V_lrletionof Fuel BurnerConclltlo_: Effectof Vtuletionof Fuel • '
Fuel A¢IOeOwitl_Top Air Fuel Addedw_1TOpAir

Fuel: Propane Fuel:Propane
Bottom Air: 80SCFM + Top Air: 808CFM Bottom Air:808CFM + TopAir: 808CFM
Air FloweMaintainedConstant Air FIOwl MBhltah'ledConltlrlt

SCFM Al=_/VoI% Rltlo SCFM AtomyVo_
,i Fuel CO CO2 COICO2 Fuel CO CO_ COICO2

8.5 842 0.81 1.27 8.8 1.80 11.08 0.18

Il 8 7.45 7.19 1.04 8 0.49 11.92 0.04
7 2.08 10.21 0.20 7 0.09 11.05 0.01

6.8 0.86 i1.70 0.07 e 0.01 6.80 0.00
6 0.08 I 127 0.00
5 0.02 8.87 000
4 0.01 6.42 0.00

46



[

Table7 F_gure lg

Bum_ Conamons:Effec_of Vart|_onof AirFu_A_:qKt w_ EkXI_nAw Propane 8CFM Added wtth Bottom Air
30 40 60 eO ?0 SO SO I00

Fuel: ProGInl; Flowt _ConllUint Loo_.r, , , _...,.... ,_., r, _, .... , , , , i ,-_ , , , _• _.,j _oo

I_opane: 68CFM _,

j -

\
SCFM Air _ Vo4% R_o _ \ eo

Bottom Top CO C02 COTCO2 "_)_ CO/COB Volume RIUo80 80 0,01 7.28 0.00

80 70 0.01 8.90 0.00 SO , • • • • I0
70 80 0.01 7.48 .0.00
60 80 0.01 8.27 0.00
50 80 0.01 8.77 0.00 ._I

i 40 80 0.89 12.47 0,07 _ "tO_- • * • • • 'tO
30 80 722 8.e7 O.B3 h.
70 70 0.01 7.87 0.00

q 60 70 0.01 8.87 0.00 o. aO , • , IO
so 70 O.Ol 9,e9 o.oo

' 40 70 0.01 1105 0.00

30 70 0.01 10.52 0.00 "_.
' eO 60 0.01 8.77 0.00 so % , •

so 60 0,0t 10.73 O.(X)

40 SO 0.01 1;L36 0.00 _ " _)

!0030

SO SO 0.01 11.06 0.00
40 SO 0.$7 12.69 0.04

30 SO 1.93 11.59 0,17 30 j , , _ ..... , L • , ,
40 40 2.22 10.42 0.21 30 40 SO IO ?O ll4 IO
30 40 8.17 7.38 1.11 Bottom Air SCFJ/
30 30 11.01 S.SO 1,88

T
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Table g

r
Z BurnerConclttmn|:Effectof Variationof Air

FuetAaaeo withBonom Air Ft gure 21
Fuel: Propane: FlOwSMluntlined Conetant

' Propane:8SCFM
Propane 8CFM Added with Bottom Air

+ $CFM Air Alley VOi% Ratio 30 40 5o Io 7o l0 oo 10OiSOBottom Top CO C02 COIC02 1oo
| oo go o.oi 12+eo 0.03 . .

eo gO 008 12.eo O.Ol
| 70 90 0.49 12.47 0.04 SO • • " • • SO

+ 60 90 5.26 9.38 0.N CO/COa Volume RsUo; SO 90 8.42 757 1.11
40 90 11.01 6.14 1.79

+ 90 80 . 0.02 12.24 0.03 eo , • • eo
| 60 60 0.33 12.69 0.03
| 70 80 2.08 11.59 0.10 pl

60 804.07 10.00 0.41 ._ ?0 ._ • • "to

T SO 80 6.09 8.77 0.70
[A

! 4o so sD.94 e.eo 1.45 ._ "_ +._
i 30 80 12.13 531 2.28 _ eo • eo

80 70 0+02 1192 0.00

l 70700.2012.6, 0.02 _ :.

60 70 2.08 12.38 0.17

SO 70 5.25 11.37 0.44 SO ' ' q'b _ SO
m

40 70 9.94 e.42 1.M
30 70 t0.21 e.33 1.el

! 60 60 9.42 6.42 1.47 4,0 • 44
SO 00 10.74 6.t4 1.78
40 60 11.01 5.86 1.M

30 60 11.01 8.8e 1.88 so ao
| SO SO 11.01 5.86 1.88 30 4,0 eo eo ?0 eo eo 104

40 SO 11.68 5.49 2.11
Bottom ALr SC_

30 SO 11.68 5.31 2.18

40 40 12.13 5.13 2.37

i
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Table 10

1
BurnerConOitt_nl:Effect ofVariationof A_r

Fuel w,hso.ore_r FtgureAOaeo 22

+ Fuel:Propane;FlowsMlintllne¢l Constant

Propane:9SCFM Propane 9CFM Added wtth Bottom Air

! SCFM Air Aslay Vol% Ratio 3o 40 so so 70 so 9o 1oob 100 100
| Bottom Top CO CO2 CO/CO2

100 100 0.01 12.69 0.00 _

gO 100 0.15 12.91 0,01 _,I__t__tl _._

! 80 100 0,57 12.35 0.05 90 • • • eo
_, 70 100 2.08 10.73 0.19 CO/COl VoLume Rltio

60 100 3.88 10.31 0.38

50 100 9.17 7.28 1.26 SO '.dr " ' " SOI 90 90 1.05 12.03 0.09#

| 80 90 2.05 11.18 0,19
70 90 4.64 9.27 0,50 ,a
60 90 7.69 7.87 0,98 ,_ "tO • , "tO

+ 50 90 10.21 6.80 1.50 _,

j 40 90 11.29 5.95 190 ;_
80 80 2.84 10.52 0.27 Q, eo llO
70 80 5.25 8.97 0.59

| 60 80 9.68 8.99 1.38 t._

! 50 80 9.84 8.80 1.48 50 _. SO
' 40 80 10.74 6.33 1.70

30 80 10.74 8.33 1.70 ,'_ _
t 70 70 9,68 8,90 1.40
+ 60 70 1129 5.68 1.93 40 • el
t 50 70 12.41 5.58 2.22

40 70 12.70 8.77 2.20
f 30 70 12.41 5.86 2,12 30 30
; 60 60 11.64 8.77 2.05 30 +0 _0 eo "to ao Io 1oo
| 50 60 12.41 5.40 2.30 Bottom Air SCFM

_em,

40 60 12.99 5.22 2.49

30 60 12.99 8.04 2.58
50 50 12,70 5.04 2.52

, 40 50 14.18 4.68 3.03
30 50 14.18 4.68 3.03

1 40 40 14.80 4.14 3.57

i
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I Table 11

! BurnerConaitlon|: Effectof Variationof Aar

j FuelAdaea w_ Top Air Ftgure 23D

Fuel:Propane; FlowsMaintainedConstant

i Propane:6SCFM
Propane 8CFM Added w/th Top Air

SCFM Air Assay VOl% Ratio 30 40 50 6o _,0 SO oo lO0
Bottom Top CO C02 C0/C02 loo L.' "J ' ........ " .... _ ' ....... ,., ..... , ,j _oo

80 80 0.01 7.38 0.00 t80 70 0.01 8.57 0.00
. BO 60 0.01 9.38 0.00 go so

80 50 0.01 9.89 0.00 _ CO/COs Volume RaUo80 40 0.01 _0.I0 0.00

E70 80 0.01 8.07 0.00
i 60 80 0.01 7.97 0.00 SO • • • • • • SO

50 80 0.01 9.17 0.00

I 40 800.01 10.25 0.00 _ _
70 70 0.01 8.97 0.00 _ ?0 • . • • . 70

_. 60 70 0.01 9.07 0.00

50 70 0.01 10.16 0.00 _ , ;.
40 70 0.01 11.70 0.00 = so \_ • • • • eo
70 60 0.01 9.58 0.00 _ \'
70 50 0.01 10.31 0.00 _o._

' 70 40 0.41 11.48 0.04 _ -_SO

60 60 0.01 10.31 0.00 50 • • "4

" 50 60 0.01 11,48 0.00
40 60 0.09 12.47 0.01 o,%

' 30 60 3.35 10.00 0.33 40 _ • •
60 50 0.09 11.27 0.01 / /

f 60 40 0.09 9.79 0.01 /,
50 50 0.33 12.47 0.03 30 L ..... _ _ I .... ...... _ ..... • _ 30
40 50 3.01 10.52 0.29 SO 40 50 6O ?o so so loo
30 50 7.45 7.97 0.94 Bottom Air SCFM

50 40 1.80 11,18 0.18
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Table 12

1
BurnerConclitions:EffectofVariationof Air

• FuelAOcleOw_ Top Air --__r_nur° 24

Fuel:Propane; FlowsMaintaineclConstant
Propane:7SCFM

Propane 7CFM Added with Top Air

SCFM Air Assay Vol% Ratio 30 40 50 so 7o 8o oo 1oo
_' Bottom Top CO CO2 CO/CO2 too L' '_ I"'''' _ ...... _,,,, ,', ,',",'_', , , ..... too

90 90 0.05 10.53 0.00
90 80 0.02 11.27 0.00 L

90 70 0.18 11.81 0.02 90 _ • • • •
I 90 60 0.31 11.70 0.03 _ CO/CO= Volume Rat./o

go

80 90 0.02 10.59 0.00

70 90 0.02 11.31 0.00 so _'o._
60 90 0,02 11.70 0.00 , _ • • • • • so
80 80 0.09 11.05 0.01 ,_ .
so 70 0.07 11.ss 0.01
so 60 0.33 11.59 0.03 ca "tO_- • • , , 'tO

! so 50 0.49 11.48 0.04 u_ L-,_o.=_70 so 0.01 9.58 0.00

60 80 0.01 10.52 0.00 e_ SO • _ • • " SO

_" 70 60 0.41 12.14 0.03 l

i 40 70 3.01 10.52 0.29 40 _Y_ • • ,, 44)

, o =,. ,o=1oo "60 50 6.09 8.46 0.72

SO 40 9.68 6.71 1.44 i .......... _, , , , , , I
60 30 10.74 5.58 1.92 30 40 _0 80 "tO SO 90 I0@
50 60 3.68 9.96 0.39 Bottom Air SCFM
40 60 6.99 7.57 0.92

| 50 50 8.91 6.99 1.27
50 40 12.41 5.53 2.25

i 50 30 12,82 4.91 2.61
40 40 12.41 5.49 2.26

I
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i Table13
1

Burner ConOitions:Effectof Variationof Air

FuelAddedwith Top Air Figure 25
Fuel: Propane;FlowsIVlaintaeneOConstant

Propane:8SCFM Propane 8C1_t4 Added with Top Air

30 40 _o ao ?o so oo looSCFM Air AssayVol% Ratio too loo
Bottom Top CO C02 C0/C02

90 90 0.01 7.48 0.00

I 80 90 0.01 8.36 0.0070 90 0.01 1000 0,00 90 • • • • • • =0@

60 90 0.01 10.95 0.00 '_ CO/COl Volume RaUo
50 90 0.03 12.91 0.00

40 90 2.37 9,58 0,25 80 • • • • 8030 90 4.84 8.97 0.54

90 80 0.01 8.77 0.00 =l o
80 80 0,01 10,31 0.00 _ ?0 '_ • , • "tO

I 70 80 0.01 1137 0,00 m60 80 0.01 12.91 0.00 ._
50 80 1.2g 12.35 0.10 <

=, 80 • 60
40 80 4.45 10.21 0.44 [_

I 30 80 7.45 8.27 0.9080 70 0.01 11,27 0.00
70 70 0.05 12.58 0.00 so • so
60 70 0.66 12.80 0,05

I 50 70 3.70 10.63 0.3540 70 6.54 8.97 0.73 4o 40
30 70 10.47 6.80 1.54
70 60 0.33 12.58 0.03

I 60 60 1.29 2.53 0.51

1 50 60 5.88 9.27 0.63 30:m 40 so S0 70 aO SO |so.O'l
40 60 8.66 7.57 1.14 Bottom Air SCFM
30 60 12,13 4.59 2.64

I' 60 50 4.84 9.58 0.51
i 50 50 9.94 6.80 1.40
i 40 50 11.01 6.23 1.77

30 50 12.70 5.31 2.39
50 40 12.13 5,49 2.21
40 40 10.47 6.52 1,61
30 40 13.28 4.95 2.69
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Table 14

BurnerConditions:Effectof VariationofAir

I FuelAclaeaw_J_Top AirFuel:Propane;FlowsMaintainedConstant

Propane:9SCFM Figure 26

SCFM Air Assay Vol% RatioBottom Top CO CO2 COICO2
• 100 100 0.01 6.61 0.50 Propane 9CFM Added with Top Air

90 100 0.01 6.99 0.00 loo=O 40 so 60 ?o eo go lOOoo

i 80 100 0.01 7.77 0.0070 100 0.01 9.48 0.50
60 100 0.05 10.95 0.00 % o
50 100 1.17 11.70 0.10 90 • " • • 90

I 40 100 3.88 10.10 0.38 C0/C0= Volume Ratio100 90 0.01 9.58 0.00

90 90 0.01 10.52 0.00 ao • • • • 80
80 90 0.01 10.95 0.00

I 70 90 0.01 11.81 0.00

; 60 90 0.2o 12.eo 0.02 _ "
50 90 2.52 11,16 0.23 _ ?0 _ • • "tO

! 40 90 5.25 9.38 0.56 ._
90 80 0.01 10.84 0.00 <

80 80 0.01 11.48 0.00 _. 80 . ,._,,.-oJll 6070 80 0.02 12.80 0.00 _ _,
60 80 1.06 12.03 0.09

i 50 80 4.45 9.89 0.45 50 SO
i 40 80 8.66 • 7.28 1.19

30 80 11.01 5.95 1.85
80 70 0.02 11.18 0.50

T 70 70 1.80 11.48 0,16 40 _ 4,0
60 70 4,84 9.48 0.51
50 70 9.68 6,61 1.46
40 70 11.01 5.77 1.91 3o SO

! 30 70 12.70 5.04 2.52 30 40 5o Bottom°°Air ?Osc]_M8o go lOG
t 70 60 0.68 11.92 0.06

60 60 9.42 6.80 1.39
50 60 10.21 6.42 1.59

T 40 60 11.84 5.13 2.31
30 60 2.08 1.80 1.16

L

60 50 8.42 7.38 1.14
60 40 5.25 6.61 0.79

i 50 50 10.47 6.05 1.7340 50 11.84 4.77 2.49
30 50 4.84 4.08 1.19
50 40 10.21 5.58 1.83

I 50 30 8.42 5.40 1,58
i 40 40 11.56 4.95 2.34

30 40 7.93 4.88 1.63
40 30 9.58 4.95 1.94
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l' Magnetite Tests

Due to the extended time requiredfor the design and constructionof an operating

L burnersystem it was not possible to carryout the high temperature sorption tests with the

injection of solids as originally planned.
However, in order to obtain an initial indication of system performance with the

i injection of magnetite powder several exploratory tests were done in the glass models to

! observe the retention characteristicsof fine dense powders. This work provided guidancein

selecting flow balance parameters to minimize powder rejection with the exit gas and
T

t maximize the retention of the solids in the dynamic containmentvessel.

t At the end of the projectperiod one very crude test was carried out with the injection

of a small quantity of taconite concentrate (95% magnetite) into a flame containinginjected!

i
H2S gaS. The solids were essentially retained within the burnerand showed evidence of the

formation of a molten phase at the cornersof the fine particles. In a later test at the NSP

: installation the exit gas sulfurcontent was decreasedby approximately50% after the
i

introduction of taconite concentrate into the burner.
!

, Apart from these two encouragingindications no furthersorptiontests were

performed.!
l
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i CONCLUSIONS

i This researchproject has lead to the following conclusions:

i 1. Stable Combustion in the dynamic containmentcombustor can be achieved
f

: undera range of operatingconditions. These include

a) complete combustion within the burner
i

b) partialcombustion within the burnerand completion of combustion in a

! flame ejecting from the burner.

c) substoichiometriccombustion in the burnerto maintain a reducing
i

atmosphere.

2. Flame stability is more easily achieved in larger burnerswith high energy

levels than in small burners.

3. Specific energy levels in the orderof 3-4 million BTU per cubic ft. of burner

- volume have been achieved in the present study with relatively small burners.

!
4. For the smaller systems used in this studyimproved performance was achievedz

, witha smallangleconicalcombustionchamberrelativetoacylindrical
4

' combustion chamber. This advantage may not be significant for larger
!
i combustors (5MMBTU or greater).

,, 5. The basic fluid dynamic characteristicsof the dynamic containmentburnerare

such that flame contact with the burnerwalls is prevented and low wall
i

i temperaturesare achieved.

! 6. Pressure measurementssupportthe conclusion that the rotationalvelocity in

the flame increases to counterbalancethe volumetric increase of the gases due

, to combustion.
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,

i 7. The dynamic containmentsystem is effective in retainingsolids within the

dynamic containmentvessel and has been proven with solids with specific

' gravities ranging from 0.8 to 4.5.
!

8. Steam is a practical alternativeto compressedair as a fluid for the dynamic

containmentjet drives.
t

9. Preliminarytests have indicated that taconiteconcentratecontainingover 90%

I of the iron oxide magnetite (F_04) is capable of absorbing sulfur from sulfur

bearing flames operatedunderreducing conditions to form an iron oxysulfide

compound.

I0. Although comprehensivedataon the sorptioncharacteristicsof solids injected

into a dynamic containmentcombustorwere not achieved in this project the
m

basic principles of sorbentretentionand sulfur removal have been

• demonstrated.

?
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t

! RECOMMENDATIONS

[ This project wu the most complex of a multilevel approachto exploring the potential

of the principlesof dynamic containmentand of iron oxide sulfur sorptionfor high

temperaturesulfur removal.
Due to the complexities of establishing a small scale dynamic containmentburnerthe

final objective of the original proposal -- to compare the sorpfionbehavior of lime and iron

oxide--- was not accomplished.
In a parallel project focused narrowlyon the kinetics and thermodynamicsof the iron-

oxygen-sulfur system considerableprogress was madeand a clear delineationof the operating

conditionsrequired for effective sorptionof sulfur from coal flames into an iron oxide
sorbent has been obtained.

]
t In order to complete the original objective of exploring the applicabilityof dynamic

! containmentprinciples for higher temperaturesulfur removal a considerableamount of work
t

is required to establish a more detailedunderstandingof dynamic containment fundamentals

| while at the same time establishinga pilot scale test facility.

] Recommendationsfor furtherwork are as follows:|

1. Basic fluid dynamic studies of the dynamiccontainmentsystems for
a) gas phase only -- no combustion

b) gas phase only-- with combustion

c) gas phase with solids injection - no combustion
d) gas phase with solids injection - with combustion

T
l
!
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2. Fundamentalstudieson theinfluenceofdesignvariablesonthe

fluid dynamics of dynamic containmentvessels.
3. Fundamentaland experimentalstudies of acoustic resonance in

I dynamic containmentcombustors.

t 4. Detailed practical studies of solid injection, retention, and
i

• removal from dynamic containmentvessels.
I
i 5. F.xperimentalstudies on the combustion characteristicsand

performanceof coal burningina dynamiccontainment
i

combustor.
I
i 6. Detailed theoretical and experimental studies of the practical

' operating regimes for steam driven dynamic containment.

7. Establishmentof a pilot scale test rig for one stage and two

, stage dynamic containment combustion test work.

' 8. F.xtensivepracticaltLstworkusinga rangeofpossiblesorbents
I

inthepilotscaleequipment.

i

!

i
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