
To the Graduate Council:

I am submitting herewith a thesis written by Shuying Wang entitled "Disposition
of Chlorine-Containing Species in an MHD Coal-Fired Flow Facility". I have
examined the final copy of this thesis for form and content and recommend that

it be accepted in partial fulfillment of the requirements for the degree of Master
of Science, with a major in Chemical Engineering.

AtuI C. Sheth, Major Professor

We have read this thesis

and recommend its acceptance:

J'/l / a ^ G-y ̂-f?* i-r (.
J

Accepted for the Council

Associate Vice Chancellor

and Dean of the Graduate ̂ hool



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a Mas

ter's degree at The University of Tennessee, Knoxville, I agree that the Library

shall make it available to borrowers under rules of the Library. Brief quotations

from this thesis are allowable without special permission, provided that accurate

acknowledgment of the source is made.

Permission for extensive quotation from or reproduction of this thesis may

be granted by my major professor, or in his absence, by the Head of Interlibrary

Services when, in the opinion of either, the proposed use of the material is for

scholarly purposes. Any copying or use of the material in this thesis for financial

gain shall not be allowed without my written permission.

Signature

Date TuJ^ /q . / 9^



DISPOSITION OF CHLORINE-CONTAINING SPECIES

IN AN MHD COAL-FIRED FLOW FACILITY

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

Shuying Wang

August 1992



ACKNOWLEDGMENT

The Author would like to express her sincere appreciation to her major pro

fessor, Dr. AtuI C. Sheth, for his constant encouragement and invaluable guid

ance during this investigation.

The author is very grateful to Dr. Lloyd Crawford, for his singular role in

providing advice and encouragement in the pursuit of the Master of Science

Degree.

A special thanks is due to Dr. James Chapman for his time and many helpful

comments offered in reading and improving my thesis draft.

Many have contributed their time and considerable effort, to the author's

education. This thesis would not realized without their help. Among these ex

traordinary individuals are: Mr. Jeff Holt, Mr. Bill Milliard, Mr. Bob Douglas, Mr.

Brian Thompson, Members of UTSI chemistry laboratory.

A heartfelt thank you goes to the author's husband Jun Li, for the love,

support, and constant encouragement during the preparation of this thesis.

Sincere appreciation is also extended to the the United States Department

of Energy, who sponsored this project under contract No. DE-AC02-79ET10815.

11



ABSTRACT

Chlorine-containing species in an MHD Coal-Fired Flow Facility (CFFF)

could decrease plasma conductivity, release chloride gas emission, and cause
fouling and corrosion of downstream components.

Therefore, this thesis work has been conducted to characterize the disposi

tion of chlorine-containing species under CFFF conditions: to identify parameters

affecting gas phase chloride emission; to propose possible reaction pathways in

the CFFF system; and to rationalize chlorine mass balance across CFFF.

To achieve the above-mentioned objectives of this research work, extracted

gas samples and bulk solid samples were taken at certain major MHD down

stream components. Equilibrium concentrations of chlorine-containing species

in CFFF were calculated using NASA-SP 273 computer code. Bench Scale ex

periments were then carried out by simulating MHD downstream test conditions.

The results of the test sampling, the theoretical calculations, and the bench

scale experiments were compared. Based on the comparison results, possible

disposition and chlorine-containing species in the CFFF system were given in

this thesis. An overall chlorine mass balance in the CFFF was also attempted.
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CHAPTER 1

INTRODUCTION

1.1 MHD Background

A typical system consists of an MHD topping cycle for direct conversion of

kinetic energy of plasma into electrical energy, combined with a steam bottom

ing cyde for generating electricity with a steam turbine. In the topping cyde,

potassium in the form of K2CO3 is added to the fuel before the combustor to

increase the electrical conductivity of the combustion-derived gases. The potas

sium salt used is called seed. The seeded coal is burned fuel-rich in a primary

combustor. The electrically conducting plasma produced then passes through a

converging/diverging section surrounded by a strong MHD magnetic field at high

velocity. In the steam generation stage and superheat stages, the combustion

gases are cooled from more than 2200 K to less than 422 K to recover the ther

mal energy. A secondary combustion is carried out to burn the remaining CO and

H2 in the gas derived from the fuel-rich primary combustion. Steam generated

from the hot combustion gases can be then used to drive a turbine/generator

set to produce additional electrical power. A combined-cycle MHD system has

the potential of increasing the overall plant efficiency to more than 50 % [1].

One of the main objectives of the integrated MHD bottoming cycle program

is to develop and evaluate technologies on emission control, fouling, corrosion

prevention required for scale up to commercial plants [2]. Those objectives

are being accomplished at the Goal-Fired Flow Facility (CFFF) located at the

University of Tennessee Space Institute (UTSI) under contract from the U.S.

Department of Energy (DOE).



A schematic of the 28 Mwt MHD CFFF bottoming cycle system located at

The University of Tennessee Space Institute is shown in Figure 1-1. This system

consists of upstream and downstream components. The upstream includes an

oxidant preheater (vitiation heater), a primary combustor, a supersonic nozzle,

aerodynamic duct, and a diffuser to simulate gas flowing conditions of the topping

cycle. The downstream includes the radiant furnace, secondary combustor, su

perheater, air heater, Baghouse (BH), dry electrostatic precipitator (ESP), venturi

scrubber/cyclone system, and a stack. The near future plans include replacing

the venturi scrubber/cyclone system with a wet ESP.

1.2 Chlorine Occurrences In CFFF Feedstock

Chlorine-containing species are possibly present in the CFFF feedstock from

three different sources: coal, oil, and the seed. The chlorine occurrences in these

feed materials are discussed as follows.

Chlorine generally occurs in fuel in a form that is very easily decomposed

or vaporized during combustion. Cox et al. have presented a hypothesis [3] that

a coal sample contained a total of 0.52 wt% Cl, of which 83% was in inorganic

salt form, 17% chlorine was held by an ion exchange mechanism, and none was

covalently bonded chlorine. However, researches during the 1950's showed

that only a minor amount occurs as NaCI, with the most of the chlorine being

weakly bonded chloride ions distributed over the surface of the organic part

of the coal [4], while Pearce and Hill postulated that the chlorine is present

in one form uniformly distributed and linked ionically to the coal substance but

sufficiently labile to be evolved mainly as hydrogen chloride at temperatures

above about 170 °C and that it has no particular relationship with sodium or

other alkali/alkaline earth metals [5].
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Based on analyses of over 6000 samples of U.S. coal, It Is believed that

western U.S. coal basins average less than 200 ppm chlorine. While the Illinois

No.5 and No.6 coals from the Illinois Basin have a chlorine content varying from

about 100 ppm to 8000 ppm (dry basis). The chlorine content In Illinois coal

reserves Increases with the depth of the coal seams at about 2000 ppm per

100 m [4]. Two coals used at the CFFF In previous tests were Illinois No. 6

and Montana Rosebud, with chlorine concentrations about 0.2 % and 0.1 %

respectively.

In contrast to coal, the chlorine In heavy oils Is present as NaCI. Some of

this salt Is originally present In the oil-field brines and another source could t)e

the seawater contamination during shipment. The highest levels reported have

been about 150 ppm by weight [4].

Chlorine in fresh (or make-up) seed can occur mainly as chlorides of potas

sium and sodium. In the mineral grade K2SO4 supplied by Great Salt Minerals

and Chemicals Corporation, chloride is reported to vary from 0.05 to 0.25%From

our analysis of the fresh K2CO3 (supplied as dense, anhydrous, granular, more

than 99.5 % pure by Continental Industrial Chemicals Company) used as seed

material In the CFFF, we have found that the chloride level is about 54 ppm [6].

During the tests conducted at the CFFF In UTSI, fuel oil Is first burnt with

oxygen-enriched air In vitiation heater to raise the temperature of the oxidlzer.

The vitiated oxidizer is then mixed with the mixture of K2CO3 seed and pulverized

coal to get the fuel-rich feedstock of the primary combustor. For the previous

Low Mass Flow (LMF) MHO tests on Illinois # 6 coal, the chlorine level In the

fuel/seed mixture was between 0.1 %to 0.25 % weight percentage.



1.3 Effect of Chlorine-Containing species on MHD System

It has been recognized that chlorine in coal can contribute to the formation

of a corrosive atmosphere during combustion and most of the chlorine can be

driven off as HCI while heating the coal in air at 473 K, irrespective of the initial

form of the chlorine [1,7]. 0.2 % - 0.3 % Cl by mass is recommended as the

maximum level that should be present in routine combustion procedures [8,9].

Many corrosion problems have been observed in coal-fired utility systems and

in coal conversion process equipments [10-12]. Chlorine-containing fuels are

reported to have caused fireside corrosions whether in a conventional boiler,

fluidized-bed unit, or a waste incinerator [4,13,14]. Moreover, in a lime/limestone-

based Flue Gas Desulfurization (POD) system, high chloride levels are generally

thought to be detrimental to the SO2 removal efficiency [15-17].

Components of the MHD bottoming cycle are basically identical to those

of a steam plant. However, much higher temperature exists in the combustion

process and there is a significant difference in the gas chemistry of the combus

tion gases due to the presence of potassium in the MHD system. Therefore, it

is inappropriate to extrapolate completely from whatever is known about the ef

fects of chlorine in the conventional power generation system to advanced MHD

system.

First, potassium salts used as seed material in the coal-fired MHD system

are recovered, regenerated and recycled for economic and environmental rea

sons. Such recovery/regeneration operations with MHD spent seed materials

raise a potential problem of causing coal-derived chloride build-up in the MHD

seed system after recycling many times. Ash deposition, corrosion, fouling, heat

transfer and particulate collection in MHD downstream can be affected signifi

cantly if the seed material is recycled without controlling/removing chlorides [1].



Being an electro-negative atom, chlorine also traps free electrons and, thus, re

duces the plasma conductivity [6]. Sheth et al. have identified several options

to control the build-up of chlorine-containing impurities in the recycled seed [18].

Second, as a result of the Clean Air Act amendment of 1990 based on

the municipal solid waste incineration the emission of HOI (hydrochloric acid)

gas/aerosol from a continuous source must be reduced from 17 tons/year to

less than 10 tons annually [19]. This criterion is equal to about 19.03 g/min,

on a basis of 365 days/year of continuous HOI emission. From the samples

taken from the MHD LMF4 series tests conducted in the OFFF, we found that

the HCI-emission levels of some tests, which used Illinois No. 6 coal as fuel and

low potassium-to-sulfur (K2/S) ratio, appeared to be far beyond this proposed

criterion of the EPA regulation. For example, during Test LMF4-U, the emission

level of HOI was 36.26 g/min, which is about 19.06 ton/year on a continuous

emission basis. In this case, the emission level of HOI was about 90.6 % higher

than the proposed criterion of New Clean Air Act amendment.

1.4 Objective and ADProach

The current study aims at evaluating the disposition of chlorine-containing

species in the CFFF, which will provide valuable information for the determina

tion of acceptable level of chloride in the MHD system and for the evaluation of

the effects of chlorine-containing species on the performance of various MHD

bottoming cycle components. Related objectives include understanding the chlo

ride chemistry for the CFFF, analyzing the different factors affecting the chloride

emission from the coal-fired open cycle MHD power generation system, and

reaching a reasonable overall chlorine mass balance in the CFFF.

Three major approaches have been used in this project. Extracted gas



samples were taken at certain MHD downstream components, equilibrium chlo

ride concentration profiles in the CFFF were calculated using the NASA SP-273

computer code, and a controlled bench scale experiments were also carried out

by simulating the test conditions for the MHD downstream particulate control

device. Temperature, potassium-to-sulfur ratio, and the stoichiometric ratio used

in the MHD tests are the major parameters investigated in the above-mentioned

approaches. The stoichiometric ratio of oxygen in a combustion process is de

fined as the weight ratio of oxygen actually used to oxygen theoretically needed

to convert the combustible elements contained in the fuel into their stable oxides.

The results of the test sampling, the theoretical calculations, and the ex

perimental results have been compared. Based on this information, an overall

chloride chemistry profile in certain MHD downstream components was devel

oped. A sensitivity analysis of the different factors affecting chlorine emission

from the CFFF was carried out. An overall chlorine mass balance in the CFFF

was also attempted.



CHAPTER 2

CHLORIDE MEASUREMENTS FROM CFFF

2.1 Samplinq Locations and Methods

2.1.1 Extracted Gas Samplings

Extracted gas samples were taken at the outlets of superheater test module

(SHTM), baghouse, and ESP. The SHTM outlet samples served as the inlet

sample for the baghouse and ESP.

These samples were collected using a sampling flow train consisting of a

stainless steel nozzle, in-stack primary and backup filters, heated stainless steel

probe, glass tubing used to transport the sample through the heated section of

the sample case, four 250 ml impingers and an EPA Method 17 control unit. The

first impinger contained 100 ml of 0.1 N H2SO4 solution. The second and third

impingers contained 100 ml each of 0.1 N NaOH. The fourth impinger contained

200 grams of silica gel. Data collected at the CFFF indicate that measured CI2

concentrations are below our detection limits. Therefore, all gas phase chlorine

data are assumed to be as HOI, although it is recognized that there may be some

CI2 present. A schematic of the flow train and related control unit are shown in

Figure 2-1.

2.1.2 Condensed Phase Chloride Sampling

Grab samples of bulk solids were taken at Feed Tank, Baghouse, and ESP

outlets every two hours. A Feed Tank sample is a mixture of pulverized coal and

seed being fed to the primary combustor, therefore. Feed Tank chloride level
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basically represents the total chlorine input level to CFFF. In the LMF Series

tests carried out so far, since no recycled seed material is used, the Feed Tank

chloride level would not show the effect of chloride build-up.

Besides the bulk solid samples mentioned above, composite samples were

also taken from the Superheater Ash, Air Heater Ash, and the Radiant Furnace

slag. Particulate samples of the entrained material at SHIM outlet were also

obtained by collecting the filter cakes from the sampling probe described earlier.

2.2 Analysis of Gas Sampiina Results

2.2.1 HCI-Emission Dependency on Temperature and K9/S Ratio

All gas phase chloride measurements for LMF4-Q to LMF4-T tests were car

ried out using the UTSI HCI/CI2 sampling train providing mass loading data along

with the chloride concentration (PPM) data. Results of these measurements are

shown in Figures 2-2 to Figure 2-7.

From Figures 2-2 to 2-4, it is shown that higher gas temperatures result in

higher concentrations of gas phase chloride at each sampling location. Whereas,

Figures 2-5 to 2-7 show that the emission level is inversely proportional to molar

Kj/S ratio, with the concentrations decreasing sharply at K2/S above 1.0.

The average gas temperatures at SHTM outlet, BH outlet and ESP outlet

are summarized in Table 2-1 along with the related HCI-emissions.

From Table 2-1, it is evident that the average temperatures are in a sequence

of SHTM Outlet > ESP Outlet > BH Outlet. However, the HOI concentrations

appear to follow a pattern of BH Outlet > ESP Outlet > SHTM Outlet. This is

completely opposite of the trends shown in Figure 2-2 to Figure 2-4. This
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Table 2-1. Temperature and HCI Concentration

at Selected Gas Sampling Locations

Sampling Location Temperature (K) HCI Concentration (PPM)

SHTM Outlet 460 50

ESP Outlet 440 94

BH Outlet 420 127

apparent discrepancy further shows the necessity of investigating the chloride

chemistry in BH and ESP. Therefore, controlled bench scale experiments were

carried out to study the chemical reactions possibly takes place inside BH/ESP by

simulating the BH test conditions. The results and analysis of these experimental

data are given in Chapter 5.

2.2.2 HCI-Emission Level from MHD Svstem and the Related EPA Criterion

Based on the municipal solid waste (MSW) incineration, the Clean Air Act

amendment of 1990 requires that the emission of HCI gas/aerosol from a contin

uous source must be no higher than 10 tons/year. HCI-emission measurements

from the LMF4-U and LMF4-V tests are converted to the unit of tons/year on a

basis of 365 days/year continuous operation. Comparisons of these converted

data and the proposed EPA criterion for MSW incinerations are then given in

Tables 2-2 and 2-3.

Table 2-2 shows that the average HCI-emissions from LMF4-U Test on an

annual basis is about 90.6 % above the New Clean Air Act amendment. There

fore, it is important to pursue research studying the factors responsible for MHD

HCI-emissions and then developing appropriate options to control the

14



Table 2-2. Comparison of LMF4-U HCI-Emlssions and

the Proposed EPA Criterion

Test BH Outlet ESP Outlet Total CFFF Proposed EPA Difference

Emissions Criterion

Date (g/min) (g/min) (tons/year) (tons/year) %

8/02/90 21.15 15.91 19.48 10 94.9

8/01/90 17.01 13.57 16.07 10 60.7

8/05/90 16.53 24.13 21.37 10 113.7

8/11/90 18.84 17.92 19.32 10 93.2

Average 19.06 10 90.6

Table 2-3. Comparison of LMF4-V HCI-Emlssions and the

Proposed EPA Criterion

Test BH Outlet ESP Outlet Total CFFF Proposed EPA Difference

Emissions Criterion

Date (g/min) (g/min) (tons/year) (tons/year) %

11/06/90 11.28 8.39 10.34 10.00 3.4

11/07/90 19.63 10.07 15.61 10.00 56.1

11/08/90 12.29 8.40 10.87 10.00 8.7

Average 14.40 8.95 12.27 10.00 22.7

11/11/90 2.87 0.77 1.91 10.00 -80.9

11/12/90 1.71 0.80 1.32 10.00 -86.8

11/14/90 1.26 0.59 0.97 10.00 -90.3

Average 1.95 0.72 1.40 10.00 -86.0
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HCI-emissions from the f^HD system.

Table 2-3 shows that the HCI-Emissions from LMF4-V Test are much lower

than LMF4-U test. During the eastern coal burning period, the average HCI-

emission is 22.7 % above the EPA criterion. If western coal is used, the average

HCI-emission is only 1.40 tons/year, which is much lower than the EPA limit.

2.3 Sampling Results for Condensed Phase Chlorides

2.3.1 Results for Feed Tank Coal Samples

Composite samples of feed tank coals were analyzed for the LMF4-U, LMF4-

V, and LMF4-T tests. The analytical results are shown in Table 2-4.

Table 2-4 shows that chloride input levels for LMF4-U and LMF4-V tests

are quite close, which are 2223 ppm and 2107 ppm respectively. However,

the K2/S ratios for the two tests are significantly different (i.e. 1.05 and 1.10,

respectively). This difference may explain why LMF4-U and LMF4-V tests had

different HCI-emission on the yearly basis (see Tables 2-2 and 2-3).

2.3.2 Results for Radiant Furnace fRF) Slaa and Suoerheater/AIr Heater

(SH/AH) Ash

In Table 2-5, TS1, TS2, and TS3 refer to the test sections 1 to 3, TDM refers

to the test drum module, and CS1 to CS10 refer to the cooling sections 1 to 10

in the CFFF, respectively. This table provides the data that can be used later

on for the overall chlorine mass balance across the CFFF.
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Table 2-4. Chloride Analysis for Feed Tank Coal

Test No. Sample No. K2/S Ci (ppm)

LMF4-U FC 90390 0.98 2136

FC 90391 1.09 2288

FC 90392 1.10 2228

FC 90393 1.04 2240

Average 1.05 2223

LMF4-V FC 90400 1.01 2223

FC 90533 1.15 1981

FC 90536 1.14 2034

Average 1.10 2107

Table 2-5. Chloride Analysis for Composite RF Slag

and SH/AH Ash Samples (LMF4-V)

Average CI Total

Location Concentration Weight

(ppm) (lb)

RF Slag 49 55160

AH Ash 2136 6128

TS1, TS2. TS3 77 2427

Transition Section 69 1196

Ash/Slag Hopper 192 6631

TDM 1096 2078

CS1 - CS10 2012 17830
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2.3.3 Condensed Phase Chloride in Solids from Outlets of SHTM.

BH. and ESP

Table 2-6 shows that the average 01 concentration In the condensed phase

follows an order of BH Outlet < ESP Outlet < SHTM Outlet. The measured gas

phase 01 concentration, however, behaves in the opposite way as BH Outlet >

ESP Outlet > SHTM Outlet (Shown in Table 2-1). This will be explained later

based on the bench scale results and equilibrium calculations.

Table 2-6. Condensed Phase Chloride Concentrations

at Different Sampling Locations

Composite
Sample No.

SHTM Splids
(ppmr

BH Solids
(ppm)

ESP Solids
Ippml

1 1525 1141 1367

2 2845 1283 1470

3 2464 1246 2045

4 1945 1503 1700

Average 2195 1418 1646
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CHAPTER 3

EQUILIBRIUM CALCULATIONS

3.1 NASA SP-273 Equilibrium Code

A theoretical distribution of chlorine-containing species and potassium species

in the CFFF was studied by using NASA SP-273 Equilibrium Code [20]. The equi

librium composition was established by minimizing the total Gibbs free energy

of the system.

The Gibbs free energy per kilogram of mixture for a multicomponent system

is represented by a summation over the mixture chemical species,

N

9 = (3-1)
j=i

where nj is the number of kilogram-moles of species j per kilogram of mixture,

Hj is the chemical potential per kilogram mole of species j. To reach chemical

equilibrium of the mixture, the minimization of the mixture's Gibbs free energy,

g, is usually subject to certain constrains such as the following mass balance

constraints:

N

^aijnj-b°i=0 i = (3.2)
i=i

or

bi-b1 = 0 i = l, I (3.3)

where the coefficient a^j is the number of kilogram-atoms of element i per

kilogram-mole of species j, 6° is the assigned number of kilogram-atoms of
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element i per kilogram of total reactants (fuel and oxidant), and

N

bi = ̂  Oijrij 1 = 1,.../ (3.4)
j=i

Is the number of kilogram-atoms of element i per kilogram of mixture.

Defining a term G to be

I

G = g + Ai(6i — 6°) (3-5)
t=i

where is Lagrangian multiplier, the condition for equilibrium then becomes

N  I I

SO = -I- ̂  Xiaij)6nj + ̂(6, - b'i)6Xi
j=l 1=1

= 0 (3.6)

Treating the variations buj and 6Xi as independent of each others gives

I

f^j+ ~ ̂ j = l,....iV (3.7)
«=i

and also the mass balance equation (3.3).

By assuming all gases to be ideal and the interactions among the phases

being negligible, the equation of state for the mixture is

PV = nRT (3.8)

where P is pressure (N/m^), V specific volume (m'/kg), n moles (kg-mole/kg), T

temperature (K), and R gas constant (il=8314.3 J/(kg-mole)(K)). This equation

is assumed to be correct even when small amounts of condensed species (up to

several percent by weight) are present, since the volume of condensed species

is very small.
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Based on the above assumptions, the chemical potential of species j may

be written as

fij = /ij + RTln{nj/n) + RTln{Patm) 3 = 1, -Ng (3.9)

where Ng is the number of gas species and pressure Patm in the above equation

must be in units of atmospheres. The unit of pressure must be the same as that

used in defining at the standard state. The /Xj is defined at 1 atm In the data

set used for thermodynamic properties.

For condensed species (j > Ng),

/X,- = /xj j = N, + 1, ...N (3.10)

where /x^ is the chemical potential in the standard state.

In this paper, we will assign temperature and pressure to specify the ther

modynamic status of the mixture. The given temperature and pressure together

with equations (3.3), (3.7), (3.9), (3.10) will thus permit the determination of

compositions of the mixture. The output of the NASA SP-273 gives the mole

fractions for each species in both condensed phase and gaseous phase. The

mole fraction is defined as

X, = ̂  (3.11)
n

Output has different n for equations (3.8) and (3.11). In equation (3.8), only

total moles of gas species are included. In equation (3.11), sum of all moles,

including condensed species, are included.

It should be also noticed that an iteration procedure is generally required to

obtain the solutions of the above-mentioned equations. In the iteration proce-
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dure involved in the program, it will be convenient to treat n as an independent

variable.

3.2 Parameter Determination

To set up the Input data in the required format for NASA SP-273 Code,

a FORTRAN Program named Coal [21] was developed at UTSI. The modified

form of the Coal program [22] has been used in this paper. Besides the coal

analysis data, this modified Coal reads in: (1) fuel oil analysis data based on

ASTM standard: (2) fuel oil-to-coal ratio (by mass flow rate); (3) K2/S ratio,

which reflects the stoichiometric amount of seed needed to convert all the sulfur

into potassium-sulfur compound, such as K2SO4; (4) primary stoichiometry ratio

(SRI) and secondary stoichiometry ratio (SR2), which will be defined later in this

section.

The equilibrium calculations were carried out under the typical LMF4-U test

conditions shown in Table 3-1 and Table 3-2.

In these two tables, stoichiometric ratio of oxygen in a combustion process

is the weight ratio of oxygen actually used over the theoretical oxygen required

to convert the combustible elements contained in the fuel into their stable oxides,

such as CO2, H2O, and SO2. The theoretical amounts of oxygen needed can

be calculated from the flow rate (by weight) of combustible elements (C, H, S)

and the stoichiometry of the complete oxidization of these elements. At CFFF,

the primary stoichiometric ratio (SRI) is generally less than one, providing the

primary combustion with reducing conditions. On the other hand, the secondary

stoichiometric ratio (SR2) is generally greater than one, making the secondary

combustion under oxidizing conditions.
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Table 3-1. Typical Operating Conditions for Primary Combustion

from Individual Run Schedule for LMF4-U Test

Parameter Value

Peak Temperature (K) 3000

Pressure (atm) 1.0

Stoichiometric Ratio 0.85

K2/S (molar ratio) 0.85-1.30

Coal/seed/moisture(lb/sec) 0.90*

Fuel oil(lb/sec) 0.40

Air(lb/sec) 3.5

O2 (lb/sec) 1.5

Upstream Purge N2(lb/sec) 0.10

*Where K2/S ratio is about 1,

Table 3-2. Typical Operating Conditions for Secondary Combustion

from Individual Run Schedule for LMF4-U Test

Parameter Value

Peak Temperature(K) 1500

Pressure (atm) 1.0

Secondary Air(lb/sec) 2.2

Secondary Air Temperature(K) 590

K2/S Ratio 1.0

Secondary Stoichiometry 1.05- 1.10

Downstream Purge N2(lb/sec) 0.30
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In the calculations, temperature, Kj/S ratio and stoichiometric ratio are cho

sen to be the major variable parameters. The situations before and after sec

ondary combustion were considered respectively by assigning different set of

parameter ranges. Two sets of parameters used in the calculations under con

ditions corresponding to LMF4-U test data are shown in Table 3-3 and Table

3-4.

In both Tables 3-3 and 3-4, ROC is defined as the weight ratio of oil to

coal. In Table 3-3, a temperature range of 1500 - 2400 (K) is chosen to cover

the normal CFFF test operation conditions before the secondary combustion.

SRI is selected from 0.80 to 0.95 in steps of 0.05, and K2/S ratio is from 0.75

to 1.3 in also the steps of 0.05. In Table 3-4, the temperature range of 350 -

1500 (K) is chosen to cover the normal CFFF test operation conditions after the

secondary combustion. SR2 is selected from 1.05 to 1.30 in steps of 0.05 and

the K2/S ratios remain the same as those in Table 3-3. Besides the major variable

parameters (Temperature, K2/S ratio, SRI, SR2) used in the calculations , the

actual analysis data of coal, ash, and fuel oil from LMF4-U test were also included

in the input file of program Coal. The weight ratio of oil to coal (ROC) was

calculated using the LMF4-U test data [23], and a value of 0.564 was introduced

into the Coal program. The analysis data of coal, ash and oil are shown in Table

3-5 and Table 3-6.

It should be noted that the actual chloride level used in our calculations with

the NASA SP-273 was 2506 ppm obtained from the composite sample analysis

of the feed tank coal.

In addition to those above-mentioned parameters, the effects of nitrogen

purge and potassium loss were also considered in the calculations. Based on

the earlier UTSI study, seventy percent of the raw coal ash is assumed to be
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removed from the radiant furnace as slag, and 10 % of the seed potassium is

considered to be lost as K2O in the slag [22].

Table 3-3. Major Parameters Before Secondary Combustion

Parameter Value

Coal Illinois # 6

Fuel Oil Fuel Oil # 2

Seed K2CO3

Temperature (K) 1500 - 2400

Pressure 1 atm

K2/S Ratio 0.75- 1.30

SRI 0.80 - 0.95

Oil/Coal (Wt, ROC) 0.564

Table 3-4. Major Parameters After Secondary Combustion

Parameter Value

Coal Illinois # 6

Fuel Oil Fuel Oil # 2

Seed K2CO3

Temperature (K) 350 - 1500

Pressure 1 atm

K2/S Ratio 0.75- 1.30

SRI 0.85

SR2 1.05- 1.30

Oil/Coal (Wt, ROC) 0.564
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Table 3-5. Coal and Ash Analysis for Test LMF4-U

Proximate and Ultimate Analysis Coal Ash Analysis Wt%

Carbon (wt %) 66.60 Si02 50.15

Hydrogen (wt %) 4.43 AI203 20.67

Nitrogen (wt %) 1.67 Fe203 12.85

Sulfur (wt %) 2.39 Ti02 1.03

Moisture (wt %) 3.30 CaO 3.27

Ash (wt %) 10.11 MgO .89

Heating Value 11,032 Na20 0.51

(BTU/LB) K20 6.67

Chlorine (ppm) 2569 803 4.13

Table 3-6. Fuel Oil Analysis for Test LMF4-U

Component Wt (%)

Carbon 86.89

Hydrogen 12.92

Nitrogen 0.15

Sulfur 0.17

Heating Value 19,900

BTU/LB
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3.3 Na-K-CI Species Considered in Equilibrium Calculations

In this paper, the equilibrium release of alkali metal species is also consid

ered in order to investigate the disposition of chlorine-containing species. Tables

3-7, 3-8, and 3-9 show the potassium-containing species, the sodium-containing

species and the chlorine-containing species which have been included in the

equilibrium calculations.

The thermodynamic data for the species listed in Table 3-7 to Table 3-9 are

included in the data base of NASA code. The calculated results and related

analysis are presented in the next chapter.

Table 3-7. K Species Considered In Equilibrium Calculations

K KO KOH KCI

K2 K(s) K(l) KON (s)

KON (1) KON KH KOH

KOH(s) KOH(I) KN02(s) KHC03(s)

KHS04(s) KN03(s) KN03(s) KN03(I)

K02(s) K2G03(s) K2C03(I) K2C2N2

K20(s) K202(s) K202H2 K2S04(s)

K2S04{s) K2S04(I) K2S03(I) K2S03(s)

K2S(I) K2S(s) K2SI03(s) K2SI03(I)
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Table 3-8. Ci Species Considered In Equilibrium Calculations

TIOI TiGI2{s) TiGI2 TiGI3

TiCI3(s) TiGI4(l) T1GI4 TiOGI

T1OCI2 AIGI AIGI2 AIGI3(s)

AIGI3(I) AIGI3 AlOGI AI2GI6

CGI GGI2 GGI3 GGI4

GH3GI GOGI G0GI2 G2GI2

GaGI GaGI2(s) GaGI2(l) GaGI2

Gl GIGN GIO GI02

GI2 GI20 FeGI FeGI2(s)

FeGI2{l) FeGI2 FeGI3(s) FeGI3(l)

FeGI3 Fe2GI4 HGI KGI(s)

KGI(I) K2G12 MgGl MgGI2(s)

MgGI2(l) MgGI2 NOGI N02GI

NaGI(s) NaGI(l) Na2GI2 S02GI2

SiGI SiGI2 SiG13 SiGI4

SiHGI3 SiH2G12 SiH3GI KGl

NaGI

Table 3-9. Na Species Considered in Equilibrium Caicuiations

Na NaO NaOH Na2

NaGI Na(s) Na(l) NaGN(s)

NaGN(l) NaGN NaH NaOH(s)

NaOH{l) Na02(s) Na2G03(s) Na2G03(s)

Na2G03(i) Na2G2N2 Na20(s Na20(s)

Na20(l) Na20 Na202(s) Na202(s)

Na202H2 Na2S(l) Na2S(s) NaS04
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CHAPTER 4

CALCULATED RESULTS AND ANALYSIS

4.1 Potassium. Sodium and Chlorine Containing Species at Equilibrium

Under the typical LMF4-U test conditions, the equilibrium distribution of

potassium-, sodium- and chlorine-containing species in the CFFF was calcu

lated. The results are presented as molar percentage of each species over the

total amount of their total inputs.

The original output form of NASA SP-273 equilibrium code is in molar

fractions of species over total moles of gas and condensed phase species.

Modifications have been made in the Subroutine OUT of the NASA code, in

Subroutine OUT, possible potassium-, sodium- and chlorine-containing species

are searched first. Total moles of potassium-, sodium- and chlorine-containing

species are then calculated. Dividing moles of a particular chlorine-containing

species by total moles of chlorine-containing species gives the molar percent

age of that particular species. Similarly, molar percentages of other species are

calculated. In the same Subroutine, the molar ratios of total chlorine-containing

species and potassium-containing species in gas phase and in condensed phase

are also calculated.

It is noted that the term molar percentage mentioned above is better to be

referred as atomic percentaoe because some species such as chlorine could

exist in diatomic forms. Therefore, atomic percentage(s) is used throughout the

following text.

The following subsections will demonstrate the prevailing potassium-, sodium-

and chlorine-containing species existing in CFFF at equilibrium as a result of the
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NASA code calculations. The typical CFFF operating conditions before and af

ter the secondary combustion are both included in the equilibrium calculations.

The parameters chosen for temperature, potassium-to-sulfur ratio, and the sto-

ichiometries are shown in the tables contained in the following subsections. It

should be noted that the gas phase species are listed just by their molecular

formulae, while the condensed phase species are listed by their molecular for

mulae followed by parentheses, in which the state of the species is given. For

example, KCI represents gas phase potassium chloride, whereas KCI(s), KCI(I),

and KCI(c) represent liquid, solid and condensed state of potassium chloride,

respectively.

4.1.1 Potassium-Containing Species at Eaulllbrlum

Tables 4-1 and 4-2 list the atomic percentages of potassium-containing

species at equilibrium before and after the secondary combustion, respectively.

A chlorine content of 2506 ppm based on the feed coal analysis is used as the

chlorine input in the calculations. It is of interest to know whether the compounds

of potassium will be present in the aerosolA^apor phase or in the condensed

phase at different temperatures under the typical CFFF operating conditions.

From the above calculated results, a relative distribution of potassium-containing

species between the gas/aerosol and the condensed phase can be seen. Before

the secondary combustion, the gas phase potassium species consist primarily

of KOH, K, and KCI. When the temperature is above 1900 K, potassium com

pounds are completely in gas phase. But as the temperature drops to 1800 K,

K2Si03(l) is formed and remains at about the same level. K2CO3 reveals in the

condensed phase only after the temperature has lowered down to 1300 K. This

is shown in Figure 4-1 (a).
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Table 4-1. Atomic Percentages of Potassium-Containing Species

Before Secondary Combustion (K2/S=1.00, SRI =0.85)

Species
Atomic Percentage(%)

2200 K 2000 K 1800 K 1700 K 1600 K 1500 K 1300 K

K 41.95 34.76 18.63 15.77 12.88 10.06 4.76

KO 0.08 0.02 0.00 0.00 0.00 0.00 0.00

KOH 54.17 61.27 47.89 50.72 53.59 56.40 55.46

KCI 3.77 3.94 4.00 4.02 4.04 4.04 4.01

KH 0.03 0.02 0.01 0.01 0.01 0.00 0.00

K2C03(I) 0.00 0.00 0.00 0.00 0.00 0.00 6.09

K202H2 0.00 0.00 0.00 0.00 0.01 0.02 0.19

K2Si03(l) 0.00 0.00 29.47 29.48 29.48 29.48 29.49

Table 4-2. Atomic Percentage of Potassium-Containing Species After

Secondary Combustion (K2/S=1.00, SRI =0.85, SR2=1.10)

Species
Atomic Percentage(%)

1500 K 1300 K 1100 K 900 K 700 K 500 K 400 K

K 0.02 0.00 0.00 0.00 0.00 0.00 0.00

KOH 11.28 0.17 0.00 0.00 0.00 0.00 0.00

KCI 4.69 3.92 0.27 0.00 0.00 0.00 0.00

K2S04(S) 0.00 95.91 99.73 100.00 100.00 100.00 100.00

K2S04(I) 48.81 0.00 0.00 0.00 0.00 0.00 0.00

K2Si03(l) 35.20 0.00 0.00 0.00 0.00 0.00 0.00
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After the secondary combustion, if K2/S ratio is equal to 1, potassium species

mainly exist in the condensed phase. Here K2S04(c) dominates and reaches

about 100 % after the temperature decreases to 900 K. Above 900 K, low levels

of K, KOH, and KCI still exist in the gas phase. Meanwhile, if K2/S ratio is greater

than 1.06, condensed phase KCI(s) also exist, making up of about 5 % of the

total potassium species at temperatures below 900 K. This Is shown in Figure

4-1 (b).

4.1.2 Sodium-Containing Species at Eaulllbrium

Table 4-3 shows that before secondary combustion, sodium-containing species

are completely in gas phase. NaOH and Na prevail the distribution with more

than 95 %, whereas NaCI takes about 2 - 5.5 %. The distribution of sodium-

containing species after secondary combustion is shown in Table 4-4. The

gas phase mainly consists of NaOH and NaCI in 1500-1400 K temperature

range. Then NaCI and K2SO4 dominate the gas phase in 1400-900 K tem

perature range. Dichloride of sodium {Na2Cl2) is also formed at temperature

between 1200-900 K. Table 4-4 also shows that as temperature drops to 700 K,

sodium-containing species are converted completely into condensed phase as

of NaCI(s).

4.1.3 Chlorlne-Contalnlna Species at Eaulllbrium

According to Table 4-5, KCI dominates the chloride distribution with 92 - 99

% of the total chlorine-containing species before secondary combustion, and the

low levels of HCI, NaCI, Cl, and K2CI2 make up the rest. No condensed form of

chlorides is revealed before the secondary combustion. This is shown in Figure

4-2 (a).
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Table 4-3. Atomic Percentage of Sodlum-Contalning Species

Before Secondary Combustion (Kj/Ssl-OO, SRI =0.85)

Species
Atomic Percentage{%)

2200 K 2000K 1800 K 1700 K 1600 K 1400 K 1300 K

Na 67.40 62.50 55.73 51.44 46.89 35.78 29.65

NaO 0.12 0.03 0.01 0.00 0.00 0.00 0.00

NaOH 30.16 34.95 40.78 44.23 48.56 59.10 64.89

NaCI 2.24 2.44 3.43 4.29 4.51 5.09 5.43

NaH 0.07 0.07 0.06 0.05 0.04 0.03 0.02

Table 4-4. Atomic Percentage of Sodium-Containing Species After

Secondary Combustion (Ka/Ssl.OO, SR1=0.85, SR2=1.10)

Species
Atomic Percentage(%)

1500 K 1400 K 1200 K 1000 K 900K 700K 500 K

Na 0.56 0.10 0.00 0.00 0.00 0.00 0.00

NaO 0.02 0.00 0.00 0.00 0.00 0.00 0.00

NaOH 70.89 35.25 0.36 0.01 0.00 0.00 0.00

NaCI 27.79 63.21 99.07 76.82 25.90 0.01 0.00

Na2S04 0.73 1.06 0.28 13.95 59.06 0.01 0.00

NaCI(s) 0.00 0.00 0.00 0.00 0.00 99.99 100.00

Na2Cl2 0.00 0.01 0.29 9.22 15.03 0.00 0.00
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Table 4-5. Atomic Percentage of Chlorine-Containing Species

Before Secondary Combustion (K2/S=1.00, SR1=0.85)

Species
Atomic Percentage (%)

2200 K 2000 K 1800 K 1700 K 1600 K 1500 K 1300 K

KCI 92.87 95.29 98.36 98.99 99.33 99.46 98.73

NaCI 0.14 0.14 0.22 0.23 0.25 0.26 0.33

Cl 0.21 0.08 0.00 0.00 0.00 0.00 0.00

HCI 6.78 4.49 1.41 0.76 0.38 0.18 0.03

K2CI2 0.00 0.00 0.01 0.02 0.04 0.10 0.92

The distribution of chlorine-containing species after the secondary combus

tion appears very interesting as shown in Table 4-6. The condensed phase

consists of only NaCI(s) which is formed as temperature drops to about 800 K.

On the other hand, the composition of gas phase is more complicated. KCI dom

inates the distribution in 1300-1500 K temperature range, while NaCI maintains a

significant level at 900-1500 K temperature range. HOI increases to a prevailing

level when temperature decreases to 1100 K and the same pattern maintains

until temperature drops to 500 K. A significant level of Ob is present at about

500 K, and increases dramatically and remains dominant at 400 K. This can be

seen clearly from Figure 4-2 (b).

In the following sections, systematic studies to evaluate the effects of major

operating parameters, such as temperature, K2/S ratio and stoichiometric ratio,

on the concentration of potassium- and chlorine-containing species of interest

are carried out. More emphasis will be applied to chlorine-containing species

such as KCI, HOI, and CI2 since these species are the most important from the

standpoint of chloride distribution and/or HCI-emissions.
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Table 4-6. Atomic Percentage of Chlorine-Containing Species

After Secondary Combustion (K2/S=1.00, SR1=0.85)

Species
Atomic Percentage(%)

1500 K 1300 K 1100 K 900 K 700 K 500 K 400 K

KCI 96.69 80.72 5.47 0.00 0.00 0.00 0.00

NaCI 1.98 6.78 6.93 1.87 0.00 0.00 0.00

01 0.01 0.04 0.05 0.00 0.00 0.00 0.00

012 0.00 0.00 0.00 0.02 0.18 8.16 54.41

HOI 1.25 12.03 87.39 97.03 92.69 84.71 38.46

K20I2 0.07 0.44 0.04 0.00 0.00 0.00 0.00

NaOI(s) 0.00 0.00 0.00 0.00 7.13 7.13 7.13

Na20i2 0.00 0.00 0.12 1.08 0.00 0.00 0.00

4.2 Distribution of Chloride Species Before Secondary Combustion

4.2.1 KCi Behavior

As described in Section 4.1, KCI is the dominant chloride species before

secondary combustion across the entire temperature range, it comprises of

about 90 % or higher of the total chloride species present in this region. This

indicates that chloride has a very strong affinity for potassium radicals/species

in the topping cycle of an MHD system.

Figure 4-3 shows the effects of Ka/S ratio and primary stoichiometric ratio,

SRI, on the KCI atomic percentage of total chloride species. According to Figure

4-3 (a), KCI atomic percentage increases slightly with Ka/S ratio at temperatures

above 2000 K, and remains independent of the Ka/S ratio at temperatures below

2000 K because most of the chlorine may have been converted to KCI.

According to Figure 4-3 (b), the primary stoichiometric ratio has no effect on

the KCI atomic percentage.
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4.2.2 HCI Behavior

HCI is the second important chloride species before secondary combustion.

From Figure 4-2 (a), it can be seen that HCI atomic percentage decreases with

temperature from about 20 % of the total chloride species at 2400 K to about 5

% at 2000 K, and drops further to zero if temperature keeps decreasing.

Figure 4-4 shows the relationship between HOI atomic percentage of total

chloride species and K2/S ratio and SR1. According to Figure 4-4 (a), the higher

the K2/S ratio, the lower the HCI fraction will be, provided that the temperature

is above 2000 K. If however, the temperature is below 2000 K, the HCI atomic

percentage becomes so small that the effects of K2/S ratio can then be neglected.

Similar to Figure 4-3 (b), it can be seen from Figure 4-4 (b) that SR1 has no

significant effect on the HCI atomic percentage.

4.3 Distribution of Chloride Species After Secondarv Combustion

As pointed out in Section 4.1, the compositions of chloride species after

secondary combustion are more complicated. Both gas phase and condensed

phase species exist simultaneously. Interactions between potassium species

and chloride species, as well as between chloride species and other species

such as sulfur and carbon species, may well be taking place at this stage. In this

section, six chloride species, namely, KCI, KCI(s), HCI, CI2, NaCI, and NaCI(s),

which are the major chloride species in terms of the amount and reaction path

ways, are discussed. Their dependence on performance parameters such as

temperature, K2/S ratio, and secondary stoichiometric ratio SR2, are also fully

investigated.
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4.3.1 KCI Behavior

Figure 4-5 shows the effects of temperature, K2/S ratio, and SR2 on KCI

atomic percentage. According to this figure, temperature has a profound impact

on KCI atomic percentage. The KCI atomic percentage drops quickly from about

95 % at 1500 K to zero at 800 - 1000 K, depending upon the Kj/S ratio. This

indicates that a major chloride redistribution or a phase transition reaction must

be taking place in this temperature range.

According to Figure 4-5 (a), it can be seen that KCI atomic percentage

increases with K2/S ratio, but not linearly. K2/S ratio of 1.06 is a critical value in

view of the variation in the atomic percentage. Across this critical value, there

is a significant jump/drop of KCI atomic percentage with respect to K2/S ratio.

According to Figure 4-5 (b), the secondary stoichiometric ratio SR2 has no

effect on the KCI atomic percentage.

4.3.2 KCIfsl Behavior

As indicated in the previous subsection, if K2/S is greater than 1.06, KCI(s)

will also appear in the chloride species after secondary combustion. Figure 4-6

shows the effects of K2/S ratio and SRI on KCI(s) atomic percentage. According

to Figure 4-6 (a), KCI{s) atomic percentage increases with the K2/S ratio and is

very sensitive to the K2/S ratio. KCI(s) exists only at K2/S ratio equal to or above

1.06, and becomes the exclusive chloride species at K2/S ratio of about 1.15 or

higher. This indicates that KCI(s) is the most stable chloride species if K2/S ratio

is above certain value.

According to Figure 4-6 (b), the secondary stoichiometric ratio SR2 has no

effect on the KCI(s) atomic percentage.
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4.3.3 HCI Behavior

HCI is a major chloride species after secondary combustion. The effects

of major parameters (T, K2/S, SR2) on HCI atomic percentage of total chloride

species are shown in Figure 4-7.

The effect of temperature on HCI concentration can be distinguished in three

ranges. First, as temperature drops from 1400 K to about 1000 K, HCI fraction

increases quickly from zero to its maximum value. Second, at temperatures

between 1000 K and 600 K, HCI fraction remains unchanged. Third, as temper

ature drops further from 600 K to 350 K, HCI fraction decreases sharply. This

indicates that chlorine redistribution reactions, if there are any, most likely will

occur in the first and the third temperature range. As it will become clear in the

following discussion, such chlorine redistribution reactions may not necessarily

occur if K2/S ratio exceeds a certain value.

Also according to Figure 4-7 (a), K2/S ratio has a strong impact on HCI

atomic percentage. HCI concentration remains relatively unchanged at K2/S ratio

below 1.06. In contrast, as K2/S ratio increases from 1.06, HCI atomic percent

age decreases dramatically. At K2/S ratio of about 1.20 or higher, HCI atomic

percentage approaches to zero and the above mentioned three distinguished

temperature ranges disappear. Combining with the discussion of Subsection

4.3.2, it is clear that under high K2/S ratio, KCI{s) is the only stable chloride

species. This indicates that a phase transition reaction of KCI to KCI(s) is more

important than any other chemical reactions at certain K2/S values. However,

the possibility that this KCI(s) is converted from other potassium salts of weaker

acid, e.g. K2C03(s), should not be ruled out.

According to Figure 4-7 (b), SR2 has no effect on HCI atomic percentage.
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4.3.4 Clo Behavior

Following up the discussion of the previous subsection, CI2 appears only in

the third distinguished temperature range of 600 - 400 K (see Figure 4-8 (a) and

(b)). The lower the temperature, the higher the CI2 atomic percentage, provided

that the K2/S ratio is less than 1.1.

According to Figure 4-8 (a), CI2 atomic percentage is also very sensitive to

the K2/S ratio. At K2/S ratios below 1.06, CI2 atomic percentage is independent

of the K2/S ratio. In contrast, as K2/S ratio increases from 1.06, CI2 atomic

percentage drops quickly. Similar to HCI, CI2 atomic percentage also becomes

zero if K2/S ratio is above 1.15.

According to Figure 4-8 (b), SR2 has no effect on CI2 atomic percentage.

4.3.5 NaCI. NaCKs) Behavior

Although sodium species are not of any concern of the present study, NaCI

and NaCI(s) are involved in chlorine disposition chemistry and of major concern

in the fouling of the downstream equipment. Therefore, the behavior of these

two species is also briefly studied here. According to Figure 4-2 (b), NaCI and

NaCI(s) account for about 7 % of the total chloride species at low K2/S ratio.

A phase transition reaction is expected for NaCI species. As shown earlier,

KCI(s) is the only chloride species possible if K2/S ratio is about 1.15 and higher.

Therefore, it can be seen that NaCI(s) is a more stable species than K2S04(s),

and KCI(s) is a more stable species than NaCI(s) under the conditions considered

here.
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4.4 Selected Potassium Species Before and After Secondary Combustion

4.4.1 KCi Behavior Before Secondary Combustion

KCI comprises only a small portion (about 5 %) of the potassium species.

Figure 4-9 shows the relationship between the KCI concentration expressed as

atomic percentage of the total potassium species and the temperature, K2/S ratio

and SR1. According to Figure 4-9 (a), temperature has no effect on KCI atomic

percentage before secondary combustion. This is also in agreement with the

results given in the subsection 4.2.1, indicating that chlorine has a strong affinity

for potassium radicals/species.

Also according to Figure 4-9 (a), the KCI atomic percentage decreases as

K2/S ratio increases. This is because that chlorine content is very low compared

to potassium content, and it can not catch up with the increase in potassium

content as K2/S ratio increases. Hence, the existence of this excess potassium

content would reduce the KCI atomic percentage.

According to Figure 4-9 (b), primary stoichiometric ratio SRI has no effect

on the KCI atomic percentage.

4.4.2 K and KOH Behavior Before Secondary Combustion

K and KOH are the major potassium species before secondary combustion,

comprising of more than 90 % of the total potassium species. Referring to

Figures 4-10 and 4-11, it can be seen that as temperature decreases, K atomic

percentage decreases while KOH atomic percentage increases accordingly. This

indicates that there is a potassium transformation reaction from K to KOH taking

place before secondary combustion, if temperature is below 1400 K, both K
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and KOH atomic percentages drop to zero and potassium will be in the form of

K2CO3 or K2C03(s).

According to Figures 4-10 (a) and 4-11 (a), K2/S ratio has negligible effect on

K and KOH atomic percentage either above 1800 K or below 1400 K. However,

at temperatures between 1800 K and 1400 K, both K and KOH fractions increase

with the K2/S ratio even though the K2/S ratio affects the K atomic percentage

less than the KOH's. Moreover, the impact of K2/S ratio on K and KOH atomic

percentages varies with its value, that is the K2/S ratio has a relatively stronger

impact on K and KOH atomic percentage when K2/S ratio is less than 1.

According to Figures 4-10 (b) and 4-11 (b), SRI has a stronger impact

on K and KOH atomic percentages at high temperatures (above 1800 K). The

higher the SRI ratio, the lower the K atomic percentage, and the higher the KOH

atomic percentage. This again indicates that the potassium conversion reaction

of K to KOH is taking place under the conditions considered. Combining with the

results shown in Figures 4-10 (a) and 4-11 (a), it can be seen that the potassium

conversion reaction takes place at temperatures between 2400 and 1400 K.

4.4.3 KG! fs) Behavior After Secondary Combustion

As discussed before, KCI(s) appears at temperature below 1000 K. If K2/S

ratio is greater than 1.06, KCI(s) will remain constant independent of temperature.

This is also shown in Figure 4-12.

According to Figure 4-12 (a), KCI (s) comprises at most about 5 % of total

potassium species. If K2/S ratio is greater than 1.06, then KCI(s) atomic percent

age is independent of temperature (below about 900 K). It is interesting to note

the K2/S ratio effect on KCI(s) atomic percentage. When K2/S ratio increases

from 1.06 to 1.1, KCI(s) atomic percentage also increases from about 1 % to
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5 % of the total potassium species. In contrast, when K2/S ratio is increased

from 1.1 to 1.5, KCI(s) is reduced from about 5 % to 3 %. It seems that there is

a particular K2/S ratio value that leads to the highest KCI(s) atomic percentage.

This is more clearly shown in Figure 4-12 (b). According to this figure, all the

six curves are very close to each other, meaning that temperature has very little

effect on KCI(s) atomic percentage. The K2/S ratio that leads to the maximum

KCI(s) atomic percentage is about 1.15. This indicates that when K2/S reaches

1.15, the KCI(s) atomic percentage reaches its maxima. Continued increase of

K2/S ratio above 1.15 only adds more potassium species to the system, thereby

reducing the atomic percentage of KCI(s) of total potassium species.

Calculations showed that SR2 has no effect on the KCI(s) atomic percent

age.

4.4.4 KoSO.fc) Behavior After Secondary Combustion

Figure 3-13 shows the effect of K2/S ratio and SR2 on the K2S04(c) atomic

percentage. As shown in this figure, K2804(0) is the dominant potassium species

after secondary combustion. It starts to form at temperature about 1600 K, and

then quickly attains its equilibrium concentration at about 1400 K, and remains

constant throughout the rest of the downstream region.

According to Figure 4-13 (a), K2S04(c) is the exclusive potassium species at

K2/S ratio equal to or less than 1. As K2/S ratio increases, the K2S04(c) atomic

percentage decreases because other potassium species such as K2Si03 (c),

K2C03(c), KCI(s) start to form. This indicates that thermodynamically K2S04(c)

is the most favorable potassium product.

According to Figure 4-13 (b), it is clear that the secondary stoichiometric

ratio has no effect on the K2804(0) atomic percentage.
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CHAPTER 5

CONTROLLED BENCH SCALE EXPERIMENTS

From the measured CFFF results discussed in Chapter 2, a discrepancy

appears between the dependence of gas phase chloride concentration on gas

temperature at one sampling location and the gas phase chloride concentrations

at different MHD downstream particulate control components. Figures 2-1 to

2-6 show that the measured gas chloride (ppm) levels are in an order of BH

outlet > ESP outlet > SHTM outlet, whereas the temperature at these locations

follows a sequence of BH outlet < ESP outlet < SHTM outlet. However, both

the measured data from any one of the sampling locations and the calculated

results from Chapter 4 indicate that the HCI concentration will increase as the

temperature goes up. In order to explain the discrepancy and investigate the

possible interactions between the gas phase and condensed phase chlorides

within BH/ESP, bench scale experiments were carried out by simulating MHD

test operation conditions at the BH.

5.1 Experiment Set-up

Figure 5-1 shows the bench scale experiment set-up used to simulate the

MHD test conditions at the Baghouse.

The experiments aimed at examining the possible interactions between the

flowing gas and the solid phase material while the gas stream from SHTM outlet

passes through BH/ESP. From the left end of the experiment set-up, dry gas

supply includes N2, O2, CO2, and SO2 cylinders. Each gas cylinder has a flow

meter installed at the outlet to control the composition of the gas mixture as

required. A calibrated metering pump is used to provide the input gas stream
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with moisture similar to that of the SHTM outlet gas stream. A temperature

controlled tube furnace with three heating sections was used in the experiments.

The first section of the tube furnace is used as the vaporizer of the pumped

water, the second section is used as the preheater of the moisturized gas stream,

and a two inch stainless steel reaction chamber with filters at both ends is placed

in the third section of the tube furnace. Solid samples consisting of K2SO4, KCl,

and/or K2CO3 were placed inside the reaction chamber to be interaction with

the passing gas mixture. A separate electronic temperature controller was used

to control the temperature of each furnace section, and a thermocouple reader

would indicate the temperatures set for the experiments. The gas stream out

of the reaction chamber will then enter the sampling train which contains four

250 ml impingers. The first three impinger contained ICQ ml each of 0.1 N

NaOH solution, and the fourth impinger contained 200 grams of silica gel. The

four impingers are held in an ice bath and the NaOH solution in the first three

impingers would extract the HCI from the gas samples. The collected NaOH

extract samples were then analyzed in the chemistry laboratory.

5.2 Test Parameters

Test variables used for the bench scale experiment included gas composi

tion, composition of potassium-containing solid samples, gas phase temperature,

and reaction time. The parameter ranges are shown in Table 5-1.

For all the other test parameters listed in Table 5-1, except the gas phase

composition, the bench scale experiments were carried out by flowing gas mix

ture composed of 61% N2, 20 % CO2, 0.04% SO2, 4.96% O2, and 14% H2O.

This gas composition was chosen to simulate the gas composition at BH/ESP

inlet during MHD LMF tests. According to the equilibrium calculations in Chapter
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4, major potassium-containing species after the secondary combustion within the

BH/ESP operating temperature range will be K2S04(s), KCI{s), and K2C03(s).

Among which. K2C03{s) start forming only when K2/S greater than 1.06. So the

variation of K2CO3 (s) level in the solid samples in the reaction chamber will

enable us to see the effect of K2/S on the interaction between gas mixture and

the solid samples. The gas phase temperature range is selected to cover the

normal BH and ESP LMF test operation conditions, and the reaction time range

is chosen to cover the residence time of solids in BH/ESP during the normal

MHD test.

Table 5-1. Test Parameters for the Bench Scale

Chloride Experiments

Range
Parameters

Gas phase SO2 (%)* 0 - 0.04

Gas phase CO2 (%) 0 - 24.4

Gas phase O2 (%) 0 - 4.65

Gas phase N2 (%) 0 - 70.91

Gas phase moisture (%) 0-30

K2C03(s) in solid samples (%)** 0-20

KCI(s) in solid samples (%) 0.5 - 20

K2S04{s) in solid samples (%) 80 - 95.5

Gas phase temperature (K) 400 - 600

Gas flow rate (ml/min) 2000

* volume percentage " weight percentage
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5.3 Test Results and Analysis

To investigate the possible interactions taking place in the reaction chamber,

a number of experiments were carried out. Results of these experiments were

then used to evaluate the influence of different parameters discussed in the

previous section on the chloride conversion from the solid sample to the gas

phase stream.

5.3.1 Composition of Input Gas Mixture

A set of experiments were designed to test the influence of different input gas

compositions on the interactions between the gas stream and the solid samples

inside the reaction chamber. These experiments were carried out at 450 °F, 2000

ml/min gas flow rate, 14% (vol.) gas moisture, and 2 hour sampling time. All the

solid samples used in this series of experiments were composed of 20% KCI, and

80% K2SO4. The analysis from UTSI chemistry laboratory of the results were

originally reported as Cl [mg/l], which were then converted into number of moles

01 collected during the sampling time. Table 5-2 shows results at different input

gas compositions. Chloride conversions from solid sample to the gas flowing

out are also given in Table 5-2.

Table 5-2 shows that conversions of chloride from solid samples to gas

phase remained the same for Runs G11 and G13. Run G11 had N2, 14% H2O

as input gas composition and G13 included 5% O2 besides N2. From Table 5-2,

it is also obvious that Run G5 has higher chlorine conversion than Run G13,

which suggests that presence of CO2 in the incoming gas flow will increase the

chlorine conversion from solid sample to the gas phase. From Table 5-2, outlet

gas chloride level for Run G6 is much higher than that of G5. This suggests that
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inclusion of SO2 in G6 gas stream significantly increased the chloride conversion

from solid sample to the gas phase.

Gas moisture levels were also varied in another set of experiments. Param

eters used for this set of experiments include 450 °F reaction temperature, 2000

ml/min gas flow rate, 2 hour sampling time, and 80 (wt)% K2SO4, 20 (wt)% KCI

as solid samples.The test results from this set are given in Table 5-3. Chlorine

conversion used in Table 5-3 is defined the same as in Table 5-2.

From Table 5-3, both Run G11 and G14 had Nj as input gas, but with

higher moisture level, G14 has significant increase in chlorine conversion. Both

Run G15 and G16 had the same dry gas inlet composition, similar to CFFF

BH/ESP Inlet gas composition. Again with higher moisture level. Run G16 has

much higher chlorine conversion than that of Run G15. Based on results given

in Table 5-3, higher moisture level in the inlet gas results in higher outlet gas

phase chloride and higher chloride conversion from solid sample to gas phase.

Table 5-2. Effect of Input Gas Composition on

Outlet Gas Phase Chloride Level

Run No.
Inlet Gas Composition

dry basis

Outlet, Cl

XI0® mole

Cl Conversion*

xlO''

G11 N2 6.2 7.33

G13 5% O2

95 N2

6.3 7.33

G5 24.4% CO-2, 4.65% O2

70.95% N2

20 24.67

G6 24.4% CO2, 4.65% O2

0.04% SO2 70.91% N2

65 77.50

• moles of outlet gas Cl /moles of input solid Cl
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Table 5-3. Effect of Inlet Gas Moisture on Outlet

Gas Phase Chloride Level

Run No.
Inlet Gas Composition

(voi.%)

Moisture

{wt%)

Outlet, 01

XI0® mole

01 Conversion

xlO^

G11 N2 14% 6.2 7.33

G14 N2 30% 12 14.00

G15 24.4% C02.4.65%02

0.04% SO2, 70.91% N2

10% 49 58.50

G16 24.4% CO2. 4.65% O2

0.04% SO2 70.91% N2

30% 365 431.50

5.3.2 Composition of Solid Samples

Two sets of experiments were carried out to study the effects of different KCI

levels, and different K2CO3 levels in the solid samples on the chlorine conversion

from solid to gas phase.

Constant test parameters used for the first set of experiments include 450

°F reaction temperature, 2000 ml/min gas flow rate, 2 hours sampling time, and

15.86% CO2, 4.65% O2, 0.04% SO2, 30% H2O, 4.45% N2 gas composition. The

gas composition used volume percentage. The test results are given in Table

5-4.

From Table 5-4, KCI concentrations in the solid samples are in a sequence

of GIB < G19 < G20 < G16, while the outlet gas phase Cl mole numbers are

also in a trend of GIB < G19 < G20 < G16. However, the chlorine conversion

for each run remained similar. Figure 5-2 demonstrates graphically the effect

of KCI(s) concentration on the outlet gas phase chlorine level and the chlorine

conversion.
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Table 5-4. Effect of KCI(s) Levels In Solid Samples

on Outlet Gas Chloride Level

Run No.
Solid Samples

(wt%)

Outlet, Cl

XI0® mole

Cl Conversion

xlO^

G18 99 % K2SO4

1% KCI

200 4.73

G19 98% K2SO4

2% KCI

241 2.85

G20 95 % K2SO4

5 % KCI

317 4.5

G16 80 % K2SO4

20 % KCI

365 4.32

Another set of experiments was carried out to test the influence of K2CO3

levels in the solid samples on the chlorine conversion from solid to gas phase.

Besides temperature, other constant parameters used for this set of experiments

include 2000 ml/min gas flow rate, and 2 hour sampling time. Temperature used

for this set was 350 °F. 5000 ppm KCI was used in each solid sample. And

weight percentage of K2CO3 in the solid samples are 0, 2.5, 5, 7.5, 10, 125,

15, and 20. Figure 5-3 shows different chlorine conversions at different K2CO3

levels in the solid samples.

From Figure 5-3, It is obvious that the higher the K2CO3 level in the solid

samples, the lower the chlorine conversion from solid phase to gas phase.

5.3.3 Effect of Gas Temperature on Chlorine Conversion

The solid samples used in this set of experiments contained 5000 ppm KCI

in K2S04(s). Constant parameters used here include 2000 ml/min gas flow rate,
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2 hours sampling time, and gas containing 20.98% CO2, 4.65% O2, 0.04% SO2,

14% H2O, 60.33% N2 by volume. Temperatures were varied in these experi

ments from 250 °F to 600 °F. Figure 5-4 shows the effect of gas temperature

on the resulting chlorine conversion from solid phase to gas phase.

From Figure 5-4, it can be seen that the higher the gas temperature, the

higher will be the chlorine conversion from solid to gas phase.
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CHAPTER 6

COMPARISON AND DISCUSSION OF RESULTS

6.1 Comparison of Results

6.1.1 Effects of Temperature and KJS Ratio on HCI-Emission

From Figures 2-2 to 2-4, OFFF measurements show that at each gas sam

pling location, higher gas temperature results in higher gas phase HCI con

centration. Whereas from Figures 2-5 to 2-7, CFFF measurements show that

HCI concentration decreases sharply as K2/S ratio increases above 1. Figure

6-1 shows the effect of temperature and K2/S ratio on equilibrium gas phase

concentration of HCI. Figure 6-1 shows that at temperature 300 - 500 K, the

calculated HCI concentration goes up as temperature rises and decreases sig

nificantly as K2/S ratio increases from 1.06. Based on the above comparison,

the measured and calculated data agree well as far as the effects of temperature

and K2/S ratio on HCI concentration are concerned, providing that the measured

data came from one sampling location.

Figure 5-4 shows that higher temperature favors the chloride conversion

from solid to gas phase for the bench scale experiments. Meanwhile, Figure 5-3

shows that increasing K2CO3 level in the solid samples results in decreasing

chloride conversion from solid phase to gas phase. As higher K2/S ratio results

in higher K2CO3 concentration in the condensed phase of combustion products,

the results of bench scale experiments support the above conclusion. Figure

4-6 (a) shows that in the temperature range of 350 - 1000 K, the condensed

phase chloride concentration increases as K2/S ratio increases. This is the main

reason why HCI concentration in gas phase decreases as K2/S ratio increases.
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6.1.2 Comparison of Measured and Calculated Results

Table 6-1. Comparison of Results

Sampling Temperature Measured HCI Calculated HCI Condensed Phase

Concentration Concentration Cl Concentration

Location (K) (ppm) (ppm) (ppm)

SHTM Outlet 460 50 150 2195

ESP Outlet 440 94 130 1646

BH Outlet 420 127 110 1418

In Table 6-1, temperature ranges and measured gas phase chloride concen

trations come from Figure 3-1 to figure 3-3. The fifth column gives the average

measured condensed phase chloride concentrations at each sampling location.

From Table 6-1, the temperature ranges of different sampling locations are

in the order of SHTM outlet > ESP outlet > BH outlet, while the measured gas

phase chloride concentration follows an order of SHTM outlet < ESP outlet <

BH outlet. This disagrees with the calculated concentration results, showing a

trend of SHTM outlet > ESP outlet > BH outlet.

There are two reasons for this discrepancy between the measured and the

calculated gas phase HOI concentrations. First, the metal sampling probe used

in the OFFF extracted gas sampling could adsorb considerable amount of HCI

[24] on its inside walls. The higher the temperature is, the more adsorption will

take place.

Table 6-2 gives comparison of metal probe sampling results and glass line

sampling results (LMF 4-W test) under similar conditions.
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Table 6-2. Metal Probe vs. Glass Probe In

Gas Phase Chloride Measurements

Sampling
Location

Metal Probe Glass Line Difference *

01, ppm 01, g/min 01, ppm 01, g/min

SHTM Outlet 58.5 19 85.5 29 34.48 %

BH Outlet 41.3 6 52.5 8 25%

* Difference percentage calculated as cfilorine mass load difference between glass

probe sampling and metal probe sampling divided by chlorine mass load from glass probe

sampling and converting the fraction to percentage.

From Table 6-2, one can see that there is much more HOI adsorption on the

metal probe at SHTM outlet than at BH outlet. This also explains why in Table

6-1, the measured gas phase chloride concentrations agree quite well with the

calculated results at BH outlet.

From Table 6-1, one can also see that the measured condensed phase

chloride concentration follows a trend of SHTM outlet > ESP outlet > BH outlet.

This gives us a hint that certain chemical reactions may take place in the BH

and ESP. Results from the bench scale experiments discussed in Chapter 5

confirmed that considerable amount of chloride could be converted from the

condensed phase into gas phase. Since BH gas stream has a much t>etter

contact with the solid phase than the ESP gas stream, more chloride could be

converted from solid into gas phase in BH than in ESP. Therefore, BH outlet

would tend to have a higher gas phase chloride concentration than the ESP

outlet.
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6.2 Proposed Chlorine Reaction Pathways in CFFF

6.2.1 Distribution of Chlorine-Containing Species Before

Secondary Combustion

From Figure 4-2 (a), KCI and HCI are the two major chlorine-containing

species, with KCI comprising about 90 % or higher of the total chloride species

present in this region.

6.2.2 Distribution of Chiorine-Containina Species After

Secondary Combustion

From Figure 4-2 (b), after secondary combustion and in the temperature

range of 1000 - 1600 K, chlorides exist in gas phase, mainly as KCI, HCI, and

NaCI. The KCI concentration drops quickly as temperature goes down, while HCI

concentration increases at the same time. The model of Halstead and Raask [7]

involves the gas phase sodium chloride reaction with water vapor to form NaOH

and HCI:

NaCl + H20^ NaOH + HCI (6-1)

Similarly, it can be assumed that transformation of KCI to HCI after sec

ondary combustion is due to the gas phase potassium chloride reacting with the

water vapor to form KOH and HCI:

KCI -I- H2O ̂  KOH -I- HCI (6 - 2)

Both KCI and KOH undergo overall reaction with SO2, SO3, H2O, and O2

to form gaseous potassium sulfate, K2SO4. From Figures 4-2 (b) and 4-6 (a),
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a major chloride redistribution or a phase transition reaction seems to be taking

place around 800 - 1000 K. Gas phase KCI and NaCI undergo condensation to

form KCI(s) and NaCI(s) respectively;

KCI —^ KCl{s) (6 - 3)

NaCl NaCl{s) (6 - 4)

Figure 4-2 (b) shows that at Kj/S equals to 1.00, only NaCI(s) exists as

condensed phase chloride, while Figure 4-6 (a) indicates that KCI(s) starts form

ing at K2/S equals to 1.06. Figure 4-2 (b) also shows that between 500 - 600

K, equilibrium HCI concentration starts decreasing as temperature goes further

down. Meanwhile, CI2 concentration increases as HCI concentration decreases.

This can be explained as:

2HCl + Q.b02—^Ch + H20 (6-5)

From bench scale experimental results shown in Table 5-2, both G5 and G6

gas mixtures when treated with the solid samples containing KCI(s), consider

able amount of chloride concentration was detected in the outlet gas samples.

Reactions (6-6) and (6-7) may explain this chloride conversion for solid to gas

phase:

2KCl{s) SO2 + O.5O2 H2O K2SO4 + 2HCI (6 - 6)

2KCl{s) + CO2 -f H2O ̂  K2CO3 + 2HCI (6 - 7)
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6.2.3 Proposed Reaction Pathways for Chlorine-Containing Species

In MHD System

Based on the previous discussions, the proposed reaction pathwa/s for

chlorine-containing species in MHD system can be summarized as shown in

Figure 6-2.

6.3 Factor Analysis on HCI-Emlsslon

Table 6-3 gives selected calculated HCI concentrations between 550 - 350

K and at K2/S ratio of 1.05 -1.10.

Table 6-3. Calculated Gas Phase HCI Concentrations at Equilibrium

K2/S
HCI Concentration (ppm)

550 K 500 K 475 K 450 K 425 K 400 K 375 K 350 K

1.05 180 170 160 140 110 80 50 30

1.06 160 150 140 120 100 70 50 30

1.07 120 120 110 100 80 60 40 20

1.08 90 80 80 70 60 50 30 20

1.09 50 50 40 40 40 30 20 10

1.10 10 10 10 10 10 10 10 0

From Table 6-3, there are a levels of factor A (K2/S) and 6 levels of factor

B (Temperature), and only one observation per cell. In this situation, there are

exactly as many parameters in the variance analysis model as observations, and

the error degree of freedom is zero. Thus a no-interaction assumption is made

and the interaction mean square is used as an error mean square in our variance

analysis. The factorial is also assumed to completely randomized design.

73



/
I
 

r
\
 
,
 KC
I 
—
 K
CI

 (s
)

KCI
 + H

2O 
->
 HOI

 + K
OH 
\
 X'

KC
I,
 H
OI
, 
N
a
C
I

Kc
i (

sj
. N

aC
i (

s)
S
H
T
M
/
A
H

2K
CI
(s
) +
 S
02
+ 
1/
2 O
2+
 H
2
0
-
*
 K
2S
04
(s
) +
 2
HC
I

2K
CI

(s
) +
 C
O
2
+
 H
2
0
=
^
 K
2C
03
(s
)+
 2
HC
I

1

2
H
C
I
 +
 0
.5

 0
2-

»-
Cl

2 
+
 H
2
O
 (
?)

L
o
c
a
t
i
o
n

Fi
gu
re
 6-

2.
 P
ro

po
se

d R
ea
ct
io
n P

at
hw
ay
s f

or 
Ch

lo
ri

ne
-C

on
ta

in
in

g
Sp

ec
ie

s 
in
 M
H
D
 S
ys

te
m



Therefore, a two-factor fixed-effects linear statistical model can be described

by the following equation:

Vijk = « -|- -f ^ijk ~

where

i = 1,2, • • •, a

k = 1,2, • • • ,n

and cijk is actually {th)ijk

In order to test Ho :ti = 0 (no row factor effects), Ho : bi = 0 (no column

factor effects), the analysis of variance is carried out as follows and the results

are summarized in Table 6-4.

SSt = SSTiJ - Y'^/ahn

SSt = 18^ -1-17^ - 322^48

= 3368 - 2160.0833

= 1207.9167

SSk2/s = '^y^Jbn - v.?Iahn

SSk2/s = (92^ + 82^ + . • • + 72)/8 - 2160.0837

= 658.6667

SStemp. = Y>Y-)lan - ¥.? Iahn

SStemp. = (61^ -f 58^ + • • • + 112)/6 - 2160.0833

= 394.25
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SSinterac. = jn — Y.? jobn — SStr. — SSftmp.

SSinterac. = 3368 - 2160.0833 - 658.6667 - 394.25

= 155.

SSe = SSt — SSgubtotal

SSe = 1207.9167 - 1207.9167

= 0

Table 6-4. Variance Analysis for HCI Concentration

Source of

Variation

Sum of

Squares

Degrees of

Freedom

Mean

Squares
Fcal.

i^-05,5,35

F.Ob,7,35
Decision

K2/S 658.67 5 131.73 29.746 2.49 Rejected

Temperature 394.25 7 56.32 12.718 2.29 Rejected

Error 155 35 4.43

Total 1207.92 47

From Table 6-4, it Is concluded that the Null hypothesis should be rejected.

That Is, both the row factor (Kj/S) and column factor (gas temperature) have

effects on the objective function (HCI concentration). It should be noted that

although we assume that the Interaction effects between the row factor and

the column factor are zero, the analysis does show that the mean square of

interaction effect exists. Therefore, to find out a better relationship between the

HCI concentration, temperature and Kj/S, one needs to Include the Interaction

effect also.

Table 6-4 also shows that the calculated F cal. of Kj/S Is 29.746, which Is

much bigger than the one for temperature (12.718). Magnitude of Fcal. for each

factor Indicates the sensitivity of Its Influence on the data. Therefore, statistical
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analysis for HCI concentration shows that within the parameter ranges given in

Table 6-3 (i.e. K2/S = 1.06 - 1.10, Temperature = 350 - 550 K), K2/S has more

influence on HCI-emission than the temperature.
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CHAPTER 7

CHLORINE MASS BALANCE IN THE CFFF

The chlorine mass balance has been calculated for the LMF4-V test. The

calculations are based on different operation time periods during which relatively

stable test conditions were achieved. Both BH/ESP material balance and overall

chlorine mass balance across CFFF were attempted. The balance results are

to be discussed in the following sections.

7.1 Chlorine Mass Balance for BH and ESP

Three time periods were chosen for the BH and ESP mass balance calcula

tions. The chlorine input of BH was obtained by multiplying the BH input gas flow

fraction and the total BH/ESP chlorine input. Similarly, ESP chlorine input could

be obtained. For three selected time periods Table 7-1 gives the flow fraction

of BH, flow fraction of ESP and total BH/ESP chlorine input. While Table 7-2

presented the calculated results for BH and ESP.

Table 7-1. Flow Fractions and Total Chlorine Input

of BH/ESP for Test LMF4-V

Period No.
BH Flow

Fraction %

ESP Flow

Fraction %

BH/ESP

Fraction %

Total BH/ESP

01 Input, g/min

1 42 49 91 8.85

2 36 46 82 12.95

3 38 53 91 11.88

Average 38.67 49.33 88.00 11.23
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Table 7-2. Chlorine Mass Balance In BH and ESP for Test LMF4-V

Period No.
BH Input

(g/min)

BH Output

(g/min)

ESP input

(g/min)

ESP Output

(g/min)

BH Mass*

Balance %

ESP Mass**

Balance %

1 3.78 12.59 4.34 10.09 333.06 232.49

2 4.66 20.86 6.09 11.77 447.64 193.27

3 4.51 10.74 6.03 7.67 238.14 127.20

Average 339.61 184.32

* Defined as total BH output x 100/BH Input

** Defined as total BH ESP output x 100/ESP output

From Table 7-1 the average of BH flow fraction is about 39%, and the aver

age ESP flow fraction is about 49%. Table 7-1 also shows that only about 88%

flow enters BH/ESP by average, while the other 12% flow enters cyclone/venturi.

This information can be used to normalize the overall chlorine mass balance re

sults to be discussed in the next section. From Table 7-2, it is interesting to see

that both BH and ESP do not achieve reasonable balance closures for BH and

ESP (339.61%, and 184.32%, respectively).

7.2 Overall Chlorine Mass Balance across CFFF

Four different time periods were chosen to calculate the chlorine mass bal

ance across CFFF. The calculation results are presented in Table 7-3.
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Table 7-3. Overall Chlorine Mass Balance

in the CFFF for Test LMF4-V

Period No.
Total input

(g/min)

Total Output

(g/min)

Mass Balance

Closure %*

Normalized Mass

Balance Closure%

1 55.55 24.72 44.50 48.90

2 51.09 34.68 67.88 82.78

3 39.85 20.46 51.34 56.42

4" 7.89 5.21 66.03 75.03

Average 57.44 65.78

* Defined as total output x 100/total input.

** Test conducted while burning coal with much lower chlorine.

It should be pointed out that the total output data in the Table 7-3 are only the

summation of the total chlorine output from BH and ESP. From Table 7-1 in the

previous section, the average flow fraction which goes through BH and ESP in

the selected time periods is about 88% of the total SHTM output flow. Therefore,

to account for the flow fraction which goes through the venturi/cyclone section,

normalization of the mass balance results is also considered and included in

Table 7-3. Generally, about 45 - 70% chlorine mass balance across CFFF was

achieved for the LMF4-V test, and approximately 50 - 85% was possible after

normalization.

The main material flow scheme for chlorine in the CFFF together with one

of the chlorine mass balance used is shown in Figure 7-1.
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Figure 7-1. A Typical Chlorine Mass Balance in OFFF
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

From the OFFF measurements, equilibrium calculations, and bench scale

experiments presented in previous chapters, the following conclusions can be

drawn:

• Before secondary combustion, the chlorine-containing species exist mainly

as gas phase KCI and HCI.

• After secondary combustion, chloride species exist both in gas phase and

in condensed phase. Phase transition takes place at 800 - 1000 K. HCI

dominates the gas phase components and KGI(s) dominates the condensed

phase components.

• Calculated, measured, and experimental results agree well in relation to

the strong dependence of HCI-emission on gas temperature and K2/S ratio

at BH/ESP outlet. Statistical analysis indicates that Kj/S ratio has more

sensitive influence on the HCI-emission than the temperature.

8.2 Recommendations for Future Work

Some of the suggestions for future work are as follows:

• Determine the acceptable level of chlorine-containing species in an MHD

seed loop and then develop a mathematical model to predict the HCI-

emission from MHD stack using various coals of known chlorine content, and

also allowing for necessary chloride removal in the seed recovery/regeneration

82



operations.

• Determine the optimum gas temperature and K2/S ratio to achieve the ac

ceptable HCI-emission level and chloride build-up in an MHD system.
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