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Executive Summary 

Background 

The feasibility of using coal-water fuels (CWF) in gas turbine 

combustors has been demonstrated in recent pilot plant experiments. The 

demands of burning coal-water fuels with high flame stability, complete 

combustion, low NOx emission and a resulting fly ash particle size that will 

not erode turbine blades represent a significant challenge to combustion 

scientists and engineers. The satisfactory solution of these problems 

requires that the variation of the structure of CWF flames, i.e. the fields 

of flow, temperature and chemical species concentration in the flame, with 

operating conditions is known. Detailed in-flame measurements are difficult 

at elevated pressures and it has been proposed to carry out such experiments 

. 
at atmospheric pressure and interpret the data by means of models for gas 

turbine combustor conditions. 

Results are reported of an experimental- theoretical investigation in 

the 1.2 x 1.2 x 4.0 m flame tunnel of the MIT Combustion Research Facility 

focused on the detailed experimental characterization of CWF flames. 'The 

experiments were combined with mathematical modeling of the processes of 

pyrolysis and oxidation of CWF particles in the flame and the radiative heat 

flux distribution in the combustion chamber. 

The research was carried out in five sequential tas~s: 

Task 1. Cold Flow Studies 

The Combustion Research Facility (CRF) was used for determination of 

the velocity fields in the vicinity of the burner under varying swirl 

conditions and with varying mass flowrates of atomization air. 

Carbon monoxide was injected as a tracer through the fuel gun and/or 

with the combustion air; gas sampling permitted the determination of the 
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conditions appropriate for maximum convection of recirculated gas into the 

region which would normally contain the fuel spray. 

Task 2. Studies of Conventional Fine-Grind CWF 

The CRF was used for determination of: 

flow and temperature field by in-flame velocity and gas temperature 

measurements; 

gaseous and solid ·species concentration distributions by flame 

sampling, and samples analyses; 

ro3.diative heat fl~ distributi nn ::~long tha flame by mec\.sur~'utmt. of 

the incident radiative flux at the wall. 

The CRF was run under conditions selected ·on the basis of t;"esults fr.om 

Task 1, and based on previous experience with CWF combustion. The fuel used 

was a conventional fine-grind CWF fuel supplied by ARC Inc., 95% < 44 ~m. 

and the thermal input was - 1.5 MW. 

High speed movies of the flame front were obtained, ~o provide inoight 

int:o t:hc ignition mechanisms and to verify thl'lt: the flamP. stability wa!l 

adequate. Re!\:1,1lts of the above experiments were compared with those 

obtained during an extensive ongolng experimental investigation of flames 

burning CWF fuels formulated from coal ground to two degrees of fineness; 

standard grind with 85% < 74 ~m and 'micronized' with 95% < 44 ~m. 

The testing under Task 2 was instrumented in choosing all experimental 

settings fol.' Task 3, and provided a baseline for comparison with results of 

Task 3. 

Task 3. Combustion Studies with Ultrafine CWF Fuel 

The optimal experimental conditions established under Task 2 were used 

to generate an ultrafine CWF flame. The results obtained were compared with 

those of the fine grind CWF flame (Task 2), and wi.th the theoretical 
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predictions generated under Task 5. The comparisons with Task 2 

measurements included assessments of any differences in flame stability, 

carbon burnout, radiative behavior, and fly ash particle size distribution. 

Task 4. Reduction of NOx Emission by Staged Combustion 

Experiments in which the furnace chamber was divided into a fuel-rich 

stage (a fuel equivalence ratio (~) of 1.3), followed by a stage maintained 

under lean conditions (~ - 0. 90) lvere carried out. This configuration was 

shown in another CWF testing program to result in low emissions of NOx 

(reduction from an unstaged value of 650 ppm to a value less tan 200 ppm in 

staged CWF flames). Residence time in the first rich stage relative to the 

second lean stage was varied. 

The measurements which were made included gas_ temperatures, axial 

velocities, solids concentrations, carbon conversion, efficiency, gas 

composition, (CO, C02, 02, NOx, S02), fly ash concentration and s:ize 

distribution. 

Task 5. Data Interpretation - Ignition and Radiation Aspects 

A. Ignition. Modeling of a coal water fuel droplet combustion was 

used to aid in the interpretation of data obtained in Tasks 2 and 3, and to 

provide predictions of flame front locations for comparison with experiment. 

B. Radiation. An existing computer program, based on a Monte Carlo 

technique, was used for comparison of measured radiative heat transfer 

characteristics with predictions based on measured temperature/species 

concentration distributions. Calculations of radiative heat transfer in gas 

turbine combustors were also made utilizing both the experimental data 

obtained in the atmospheric pressure coal water fuel combustor and the 

computer zone model. 
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Results and Conclusions 

Ignition and Flame Stability 

o Results of the combustion studies show that the combination of 

swirling burner air flow and a. refractory-lined divergent quarl at 

the burner (Figure S.l) strengthens the toroidal vortex flow of hot 

combustion products in the central region of the flame with the 

consequent improvement of flame stability. 

o Analysis of the data obtained in the cold flow experiments and the 

combusti,Qn tests i nrH r;:1t'e that for a :solid .:.o1'1e CWF spray, the 

favorable position of th,e spray li.P.s nn the inside of the high shear 

flow region, close to the flame axis. Decelerating the CWF droplets 

near the burner within the internal recirculation zone, (Figure S.2) 

enhances the early ignition of the coal water fuel droplets and the 

improvement of flame stability. 

Carbon Burnout 

o The prime variable that deterPI:ines carbon hurnout in the flame is 

the drop-cizc dist·.ributiou uf the CWF spray. Since the fine grind 

CWF spray was finer then the-ultra-fine CWF, carbon burnout in the 

first case was better. 

o One method of achieving better atomization quality is the addition 

of small amounts of water to the coal water fuel. Diluting the fuel 

with water by -2% relaxes the requirements of high atomiz:f.n~ 

air/fuel ratio for sustaining very good carbon burnout. The 

addition of these small amounts of water would not constitute a 

significant penalty in terms of cycle efficiency. 
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Figure S.l Schematic of the Flow Field in a aVF 
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Figure S.2 Schematic showing the interaction of the CWF spray with 
recirculating combustion products 
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Fly ash 

o Fly ash particle size distribution becomes finer when the coal ash 

content is reduced by coal beneficiation. The reduction in the mean 

ash particle size is the result of the removal of high density large 

ash inclusions during the process of coal cleaning. 

o with decreasing mineral matter content of the coal the distance 

between ash centers in the char agglomerate increases resulting in a 

lower probability of ash agglomeration 

~x emission 

o Results of experimental studies on fine erind G'WF flame£: ohow that 

NOx emission can be effectively controlled by staged air injection 

into the flame. The NOx emission was reduced form about 900 ppm in 

single stage flames to 270 ppm (3% Oz) in a rich-lean combustion 

system. 

o The fuel-rich stage residence time necessary. fnr the conversion of 

FBN to N2 is determined by the nitrogen evolution time during coal 

pyrolysis. In a staged cumbustion configuration, when the 

atomization quality is high, full advantage can be taken of fine 

coal particle sizes in the C'WF for increasing the volwnetrio heat 

release rate in the flame without increased NOx emission. 

o Fine atomization is a necessary prerequisite not only for complete 

combust:ion 1n a restricted combustion space but also for increased 

rate of volatile nitrogen in the fuel-rich stage. 



Numerical Modellin& 

Carbon burnout model 

vii 

o Carbon conversion efficiency values predicted by a mechanistic model 

for CWF droplet dry-out, coal devolatilization and char burnout were 

in good agreement with experimentally measured values. 

Radiation model 

o A radiative heat transfer model was successfully used to predict gas 

temperatures and radiative heat flux distributions measured in a 

fine grind and an ultrafine coal water fuel flames. The value and 

shapes of the predicted profiles were close to those measured 

experimentally. 

o Experimental data on atmospheric pressure coal water fuel flames 

obtained in the MIT Combustion Research Facility, and a zone model 

of radiative heat flux distribution were used to make approximate 

calculations of radiative heat transfer in a gas turbine combustor. 

The major conclusions of these calculations were: 

The incident flux of radiation increases with total pressure; the 

increase is significant between atmospheric pressure and 7.0 atm 

but levels off above this pressure level. 

The net radiative heat flux to the combustor wall is insensitive 

to the variation of thermal input to the combustor hence the 

fractional radiative heat flux to the total heat extracted by the 

walls is inversely proportional to the heat input. 

The radiative heat flux incident on a wall element is generally 

enhanced by increasing soot concentration. The enhancement is 

significant at low soot concentrations but reaches saturation 

conditione for soot concentr~tlr;nH~ in excess of 100 mg/lll3. 
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It is noteworthy that the above calculations were made for a 

refractory lined combustor (as in the case of the METC 

experiments). The conclusions concerning the net radiative flux 

to the wall would be significantly affected by the reduction in 

the wall temperature e.g. for bare metal gas turbine combustor 

walls. 
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Section 1 

Research Problem and Approach 

Introduction - Background 

The task of developing a coal-burning gas turbine has challenged the 

ingenuity of engineers ever since the Second World War. The fuel considered 

for use was pulverized coal (p.c.) and the problems most of them 

persisting to the present day - were to ensure good flame stability over a 

wide range of turn-down, to attain high combustion intensity as demanded by 

the limited combustion space in the combustor, to prevent slagging in the 

combustor, and to avoid erosion, corrosion and deposition due to coal ash in 

the gas turbine. Today's environmental constraints on emissions from coal

burning plant impose further demands on the combustion process. 

Reports on early studies of stationary gas 'turbines burning coal in 

open cycle (combustio~ products entered the turbine after a high temperature 

cyclone separator) showed the feasibility of burning finely ground P.C. (95% 

< 74 11m) at a pressure of 100 psi by attainment of 91% burn-out and very 

high volumetric heat release rate (- 3.0 x 106 Btu/ft3-hr)l. For locomotive 

gas turbine applications 1 researchers aimed at reduced heat release rates2 

in order to reduce slagging of the combustor walls. Despite the promising 

progress in this early research no satisfactory solution was found to the 

problem of high temperature gas-solids separation and hence to turbine blade 

erosion/corrosion and fly ash deposition. Also it was not recognized in the 

early studies that the nature of the fly ash entering the turbine will 

depend upon the details of the combustion process that produces the molten 

or sintered fly ash particles. 

Because of the diffict,1lties of the open cycle operation of the coal 

burning gas turbine, attempts were made to circumvent the problams of 
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turbine blade wear and deposition by the use of ha,lf-open3 and closed 

cycles4. However, the materials problems of the high temperature air 

heaters in these cycles presented difficulties of comparable magnitude to 

those encountered in open cycle operation. It had been expected that 

conditions for high temperature air heaters would be more favorable in 

pressurized fluidized bed combustion (PFBC) 5 but research and development 

experience indicates that erosion and corrosion risks to air heater tubes 

persist in fluidized bed combustors despite the more spatially uniform heat 

transfer rates and reduced'exit air temperature (1600°F). 

As indicated in the introduction, interest has recently been growing in 

the use of Coal-Water Fuel (CWF) in gas turbine combustors. This fuel which 

was originally intended primarily for replacement of oil in utility boilers, 

found further applications in PFBC and in open cycle gas turbine systems. 

Coal-water mixtures or slu1:ries lend themselves especially well for gas 

turbine applications, because the requirements for ultrafine ~rinding are 

congruent with those for coal beneficiation. The combination of fine 

grinding and coal,. beneficiation per.mi t:s R low ·ash content, fine particle 

size fuel to be produced which can be transported and stored conveniently 

and directly injected into the combustor in the form of a spray, similar to 

the injection of liquid fuel. This makes the fu~>ol fe~;>d system more 

reliable. It is also advantageous in that, unlike in boiler operation, the 

presence of water in the CWF does not involve a penalty in terms of thermal 

efficiency in the gas turbine. This then permits mixtures with higher water 

content (up to 50% instead of 30% as in boiler applications) to be used, as 

a consequence of which the fuel viscosity will be greatly reduced and a 

finer spray results. A CWF produced from beneficiated coal with top size 

coal particles of 10 ~m and water content of 35 to 50% in the mixture seems 
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to satisfy the requirements for acceptable ignition and burn-out in a gas 

turbine combustor. 

The Pilot plant test programs for burning CWF in gas turbine combustors 

executed to date have demonstrated the feasibility of burning CWF fuel in 

gas turbine combustors at elevated pressures and have illustrated at least 

qualitatively the nature of. the problems that have to be faced in the course 

of the industrial development of this process. The high pressure operation 

of these tests brings them close to actual gas turbine operating conditions. 

However, because of the elevated pressure there are difficulties in 

obtaining the detailed in-flame measurements necessary for a better 

understanding of the processes of flame stabilization, fuel burn-out 

pollutant formation and emissions and the transformation of mineral matter 

in the combustor. 

It has been proposed that this type of detailed flame structure study, <{ •4' 

using ultrafine coal-water mixtures, be carried out in the MIT Combustion 

Research Facility. 

THE RELATIONSHIP BETWEEN DETAILS OF THE COMBUSTION PROCESS AND DESIGN " -:·:; 
PARAMETEaS or THE COMSUSTOR 

The novelty of the application raises a large number of design 

problems, all of which have to be ultimately answered·· before the prototype 

CWF turbine and combustor can be designed. Such questions include: 

o how is the flame stability and the position of the flame front 
affected by the atomization characteristics and the flow and mixing 
pattern close to the burner? 

o how does the coal particle size influence the atomized spray size 
distribution? 

o will coal particles agglomerate as the slurry droplets vaporize upon 
their injection into the flame? 

o will the fly ash particle sizes be proportional to the size of these 
agglomerates, or do the ash particles fragment in the flame and 
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produce a fly ash as small in size as that from a micronized 
pulverized coal flame? 

0 how does 
emissivity 
surfaces? 

the solids particle size distribution affect the flame 
and hence the radiation from the flame to bounding 

The processes requiring closer examination are: 

o ignition of the CWF particles; 

o devolatilization of the coal particles; 

o combustion of the residual char; 

o transformation of mineral matter in the flame and the fly ash 
particle size distribution. 

As the combustion process has to be completed within the confines of 

limited space in the gas turbine combustor, residence time considerations 

are important. Therefore, results of the CRF measurements on combustion of 

ultrafine CWF · ought to be interpreted in terms of residence time 

requirements at typical combustor pressures. Characteristic times for the 

various stages of the combustion process have to be assessed as 3n aid to 

the initial design of a CWF combustor. 

RESEARCH OBJECTIVES 

The main research objective was to determine relationships between 

combustion characteristics of CWF flames such as 

o tgnition delay 

o carbon conversion efficiency 

o NUx ±ormation and emission 

o radiation heat transfer from the flame and 

o fly ash particle si~~ distribution on the one hand, and operating 

variables such as 

o fuel type ("ultrafine" and "fine grind" CWF) 
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o atomizing air/fuel ratio 

o combustor air swirl degree 

o combustion air staging, on the other 

It was envisaged to obtain this information from cold flow studies of the 

region close to the burner, detailed in-flame measurements in turbulent jet 

CWF flames and mathematical modeling of the combustion of CWF and the 

radiative heat transfer from the flame to the walls of the combustion 

chamber. 

RESEARCH PLAN 

The research plan was organized into five tasks: 

Task 1. Cold flow studies of the flow field near the burner 

Task 2. Combustion experiments for the study of ignition and burn-out of 

CWF and the radiation heat flux incident upon the wall of the 

combustion chamber. 

Because of the high cost of ultrafine CWF, the experiments in Tasks 2 and 4 

were performed using a· "fine grind" fuel 

Task 3. hl.e.~ .. t~st .. CQ!!!Ql,I,.~J;:Jon experiments ,H,s_in~ ultrafine CWF for the purpose 

of determining fuel type effects upon combustion characteristics as 

net:t=n::mi.ned in the Task 2 investigations. 

Task 4. NOx emission reduction. Staged combustion experiments with a "fine 

grind" CWF. 

Task 5. Data interpretation Mathematical Modeling. Two mathematical 

models are presented and discussed: 

a) Drying - devolatilization and combustion of CWF droplets in the 

flame. 

b) radiative heat transfer from the flame to the walls of the 

combustor chamu~.i.." for atmospheric and elevated pressures. 
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Section 2 

Experimental Conditions and Measurements 

Task 1. Cold flow aerodynamic study - input conditions 

The variables chosen for the cold flow studies were: 

o swirl number (S = 0 - 2.24) 

o atomizing air/fuel ratio 

o combustion air flowrate (32 lb/ min - 49 lb/min) 

The input variables and their respective levels are listed in Table 2.1 and 

l.2. 

In- j ct measurements ~.V~re made of the ~'~P~tial distribution!l. of time 

average values of gas temperature, tracer concentrations (CO) and velocitiP.I'I. 

using suction pyrometers, water-cooled gas probes and a five hole pi tot 

tubes respectively. Still photographs of the interaction of the water jet 

with the surrounding combustion air were also taken. 

Tasks 2 and 3. Combustion Studies 

Flame Structure Study (single stage configurations) 

A detailed characterization :;tw.ly of two flames was carried out. 

The two fuels used in .these experiments were: 

o ultra-fine coal water fuel (top particles size 38 pm) 

o fine-grind coal water fuel (97% < 75 ~m) 

The detailed input conditions of these experiments are listed in Table 2.3. 

A detailed analysis of the two fuels used is provided in Table 2.4. 

Probe measurements were made to obtain spatial distributions of gas 

velocities and temperatures, "hemispherical" radiative flux, and "narrow 

angle" radiation from the flames. Gas and solids sampling was used to 

determine the chemical species concentration distributions in the flames. 
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High speed cine films (4000 frames per second) of the .ignition region were 

also taken in this study. 

Task 4 Sta&ed Combustion Study <NOx reduction) 

Three flames using a fine grind coal water fuel supplied by Atlantic 

Research Corp. were investigated. 

In these experiments the combustion chamber was divided into two 

stages, the first of which was fuel-rich while the second was fuel-lean. 

Figure 2.1 shows the configurations used in this study. The input 

conditions chosen for these flames are listed in Table 2.5. The fuel burned 

in the investigation had a mean particle size of 13 ~m. Its proximate and 

elemental analysis is listed in Table 2.6. 

Measurements of gas temperature, axial velocity, gaseous (CO, COz, Oz, 

NOx and. SOz) species and solids concentration were made along the axis .of 

the flame. The nitrogen content of flame samples and extent of carbon 

burnout were determined by using elemental and thermogravimetric analyzers 

respectively. 
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Table 2.1 

Input Conditions for Run 1 in Cold Flow Study 

(a) (b) 

Combustion air flow rate (lb/min) 49.7 49.7 

Swirl number of combustion air 2.8 2.8 

Temperature of combustion at inlet (K) 500 500 

Velocity of combustion air (m/sec) 23 23 

Quarl full angle 33° 33° 

Atomizing air flowrate (lh/mln) ··9 ... o.s 

Temperature of atomizing air (K) 295 295 

Water flow rate (lb/min) 0.0 6.5 

CO flowrate (lb/min) 68 68 
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Table 2.2 

Input Conditions for Run 2 in Cold Flow Study 

(a) (b) (c) (d) 

Combustion air flow rate (lb/min) 32 32 32 32 

Swirl number of combustion air 2.24 2.24 2.24 2.24 

Temperature of combustion air 500 500 500 500 
at inlet (K) 

Velocity of combustion air 23 23 23 23 

Quarl full angle 33 33 33 33 

Atomizing air flowrate (lb/min) -3.4 -0.8 0.9 0.9 

Temperature of atomizing air (K) 295 295 295 295 

Water flow rate (lb/min) 0.0 4.7 0.0 4.7 

CO flowrate (lb/min) 0.0043 0.0056 0.0056 -0.0075 

*In experiments: 

(a), (b) and (c) CO was introduced through the fuel nozzle 

In experiment (d) CO was premixed with the combustion air 



Fuel Type 

Thermal input 

Fuel flow rate 
(lb/min) 

Coal content 

Swirl number 

Gun position 
from quarl inlet 

Nozzle 

Combustion air 
flow rate (lb/min 

Combustion air 
Temperature (K) 

Atomizing air 
flow rata 

02 at exit 
% (on dry basis) 
(lb/min) 
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Table 2.3 
Input Conditions in Runs 318A and B 

Run 318(A) Run 318(B) 

Ultrafine CWF Fine Grind CWF 
(AMAX) (Atlantic Research) 

-1.64 MW -1.59 MW 

11.20 11.40 

54% 54% 

1. 22 1. 22 

0.029 0.029 

OR-KVB OR-KVB 

80 79 

594-609 580-592 

-2 

2.87 2.96 
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Table 2.4 

Specifications of Coal Water Fuels 

Characteristics of the CWF Fuels 

Coal Type: 

Coal Particle Size 
distribution: 

Coal particle top size 
Coal content in CWF 

Splash Dam 

Size (J.nn) 
600 

75 
30 
9.9 
4.6 

ARC CWF AMAX CWF 

Fine Grind 

% Passing 
100 

96.9 
80 
so 
30 

600 
54% 

Ultrafine grind 

38 
54% 

Characteristics of the Parent Coals 

Moisture 1.07 
(wt % as received) 

Proximate Analysis: Ash 5.56 1. 31 
(wt %, dry) Volatile 30.77 35.89 

Fixed Carbon 63.67 62.80 

Heating Value: 14718 15400 
(Btu/lb, dry) 

Ultimate Analysis: Carbon 82.91 86.03 
(wt %, dry) Hydrogen 5.06 5.54 

Nitrogen 1. so 1.67 
Chlorine 0.11 
Sulfur 0.61 1.77 
Ash 5.56 1. 31 
Oxygen (diff.) 4.25 4.99 

Ash Com]2osition wt% 

Si02 34.8 

Al203 22.7 

Fe 2o3 23.7 

CaO 3.89 

MgO 0.808 

Na2o 4.19 

K20 1. 75 

Ti02 1.14 

Mn02 0.12 

P2os 0.209 

v 0.053 

Pb 0.365 

Ash Fusion TemJ2eratures, OF (Red) 

Reducing, initial deformation 2470 2025 
Softening (spherical) 2620 2075 
Hemispherical 2700+ 2110 
Fluid 2700+ 2160 
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Table 2.5 

Input Conditions for the Staged GWF Flame Study 

Fuel Thermal Input (MW) 

Coal Water Ratio 

Fuel Temperature (K) 

Coal Fineness 

Combustion Temperature (K) 

Swirl Number 

F1.tel equivalence ratio 
in first state 

Secondary air injector 
position from burner 

(X/D) 

02 concentration 
at exit (%) 

NOx concentration at 
exit (ppm) 

Run No. 1 Run No. 2 

-1 -1 

-54/46 -51/49 

293 293 

Fine Grind Fine Grind 

503 503 

1.22 

-1.13 -1.13 

-11.9 -15.6 

2.8 3.0 

300 270 

Table 2.6 

Coal Analysis for Runs 1, 2 and 3 

Proximate Analysis (wt% dry) 
A::.li ~ 

Volatile % 
fixed 0Al."bon % 

4.34 
31.71 
63.95 

Elemental Analysis of the Coal 

c 
H 
N 
s 
0 (diff) 
Ash 

79.04 
4. 74 
1.66 
1.12 
9.1 
4.34 

Run No. 3 

-1 

-54/46 

293 

Fine Grind 

503 

1.22 

-1.13 

-8.6 

2.9 

485 
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Section 3 

Experimental Apparatus and Procedure 

Combustion Research Facility 

The Combustion Research Facility (CRF), shown schematically in Figure 

(3 .1), was designed to facilitate detailed experimental investigations of 

industrial-type turbulent diffusion flames; it consists of a 1.2 m x 1.2 m 

cross-section 10 m long combustion tunnel equipped with a single burner 

having a 3 MW thermal input, multi fuel firing capability. During the 

experiments the combustion tunnel is normally comprised of 15 of 0. 30 m 

wide, refractory-lined water-cooled sections. 

The burner is equipped with a moveable block variable swirl generator. 

The combustion air enters in the form of an annular jet, the annulus being 

formed around the 60 mm diameter coal water fuel gun. In th~ present study 

the combustion air passed through a 55-60° full angle refractory d"ivergent 

nozzle. The combustion air introduced was heated approximately up to 260°C. 

Measurement and Analysis 

made: 

During the .course of the flame studies the following measurements were 

gas temperature using a suction pyrometer 

gas composition of major stable species (02, CO, C02, S02 and NOx) 

using a water cooled gas sampling probe. 

axial velocity using an impact tube probe 

total radiative heat flux and flame emissivity 

particulate samples using a water-quenched probe 

ash sa.mples using a steam-cooled probe 

carbon burnout of particulate samples using a thermogravometric 

analyzer 
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high speed cine films of the flame (4000 frjsec). 

Detailed description of the probes and instruments used are reported 

next. 

Instrumentation and measuring equipment 

THE SUCTION PYROMETER 

The drawing of the standard suction pyrometer used at the MIT-CRF and 

at IJmuiden is given in Figure 3.2. The purpose of the suction pyrometer is 

to measure as accurately as possible the combustion gas temperature at a 

particular pos:i,ti,Qn in the flame. ThP snr.tif.\n pyrometer oonoiot!::J o£ a. 

platinum-platinum/10% rhodium thermocouple protected by .::~ fused alumina 

sheath, placed in a series (usually two) of concentric refractory. Once the 

probe is positioned in the flame, the combustion gases are drawn over the 

thermocouple and· through the refractory shields by a powerful vacuum pump. 

The system of refractory tubes· and the thermocouple are mounted onto a 

hollow, water-cooled shaft through which the combustion gas v~c~Ym line and 

the thermocouple wire are passed. The thermocouple is connected to a 

potentiometer in the control room which gives a temperature read-out 

corresponding to the voltage differential across the thermocouple junction 

The principles behind the suction pyrometer design are discussed by 

Chedaille and Braud6 (1972) in detail. Basically, the design is aimed 

towards minimizing errors in temperature readings due to radiation 

interactions between the thermocouple and its surroundings (this is the 

purpose of the refractory shields), and to insufficient convective heat 

transfer from the sample gases to the thermoc.ouple (which is the reason for 

implementing a rapid rate of gas suction over the thermocouple). 
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Figure 3.2 Schematic of Suction Pyrometer for Temperature Measurements 



3-5 

THE GAS SAMPLING PROBE 

A drawing 'of the gas sampling probe and a schematic of the entire gas 

sampling and analysis system are given in Figures 3.3 and 3.4, respectively. 

In si~plest terms, the gas sampling probe consists of a water-cooled tube to 

which is applied vacuum for the purpose of drawing in combustion gases for 

analysis of the concentrations of their constituents. The combustion gases 

move under vacuum through the probe and a sample transport line to a set of 

continuous on-line gas analyzers (for NOx, CO, C02, and Oz), as shown in 

Figure 3.4. 

One of the primary functions IJei..'fucmed by the probP. i .. c;: to cool the 

sample combustion gases with sufficient rapidity that the constituents in 

the gas are preserved in their original concentration. Combustion reactions 

are extremely rapid; Chedaille and Braud estimate that the gases must be 

cooled by the probe at least 300°C within 3 msec to obviate the effects of 

continuing reaction kinetics once the gas sample is .drawn in. 

It is also desirable tnat· the probe disturb as little as possible the 

flow fiP.lrl of the jet flame.. The gas sampling probe 1!;; inserted wieh the 

intake facing the direction of overall combustion gas flow, and preferably 

the sample is drawn into the probe at a rate equal to that of the combu.st:i.on 

gas velocity so as not to distort the flow streamlines (isokinetic 

sampling). 

The probe it:self is constructed to stainless steel. The probe is 

cooled by means of high pressure (150- 220 psi g) cooling water, and is 

mounted into a heavier, hollow, water-cooled shaft through which the tip 

water-cooled lines and gas sample line are passed (see Figure 3.3). 



3-6 

Water in 

z:: 
Gas suction line 

(to the gas analyzers) 

FigurEl: 3.3 Gas Sampling Probe, with Detail of Probe Tip 

water in out 

probe 

GAS ANALYZERS 

q, lor nQ. reoc 1or 
no. calibration (ps 
CO<'\ cohbro lit::n g.JS 

Figure 3.4 Schematic of Gas Sampling and Analysis System 



3-7 

THE FIVE-HOLE PITOT PROBE 

A drawing of the five-hole pi tot probe is given in Figure 3. 5. This 

probe is used for flow systems in which the direction of the gas velocity at 

the point of measurement is not known (e. g. highly swirling flames with 

recirculating flow). The five-hole pitot allows the determination of both 

magnitude and direction of the velocity. The ve lac i ty vee tor may be 

characterized by a scalar magnitude and two angles or by its three 

components in a reference system ~ssociated with the probe and/o~ 

experimental facility. 

The probe head has five hoiP.~ (pressure taps) drilled into it:, one 

through the center and four others at an angle of 45° with the axis of the 

head. As in the case of the pitot-static probe, the velocity determination 

is based upon the Bernoulli equation. Three independent pressure 

differential measurements are made across the five pressure taps; these 

allow the determination of velocity directi.on ;~~ wfO>ll aso magnitudo. 

Extensive calibration is required in which the ratios of the pressure 

differentials as a funct.ion of the probe head angle with respect to a set of 

fixed axes is established, in a flow of known velocity magnitude and 

direction. This calibration work has been r.~rried out by the International 

Flame Researeh Foundation and is presented in the book published by 

Chedaille and Braud (1972), along with the relevant equations for 

calculation of the velocity magnitude and direction. The probe tip is 

constructed of stainless steel, and cooled by high pressure water. As in 

the case of the pitot-static probe, the tip is mounted into a hollow, water

cooled shaft, through which the cooling water and pressure tap lines are 

passed. 
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IMPACTION TUBE VELOCITY PROBE 

A drawing of the impaction velocity probe is shown in Figure 3.6. The 

probe ·consists simply of two open ended stainless-steel tubes which have 

been welded together in the manner shown in the figure. At the probe tip 

the tubes have been cut back to form a full angle of- 60°. 

A device similar to this was used by the Central Testing Laboratory of 

the Beijing Electric Power Bureau for the measurement of flowrates of dust

laden air. the probe, designated in Figure 3. 6, is described in the 

handbook prepared by the Thermal fower ~ngineerini Research InstitutP.7 . ThP. 

probe was calibrated by comparison of its differential pressure with the 

axial component of the gas velocity indicated by a five hole Pitot probe in 

a natural gas flame. The factor correcting the velocity calculated using 

the Pitotjstatic ·equation is 0.7; this factor was independent of gas 

'lelocity in the range 5 to 8 m/s. The uncertainty in the gas velocity is 

estimated to be ± 5 m/s. This uncertainty arises from the inability of the 

probe to discriminate the axial from other velocity components, and the 

difficulty of obtaining accurate time-averaged gas velocity using impact 

methods in region of high turbulence intensity. One advantage of the probe 

is that due to it symmetry it does not need to be rotated to measure 

negative velocities, Another advantage is that the or.ifice.s are large and. 

the tip is hot so the probe is not quickly clogged when making measurements 

in the fuel spray. The probe is withdrawn into the water-cooled support to 

protect it between measurements. 

THE HOLLOW ELLIPSOIDAL RADIATION PROBE 

A drawing of the ellipsoidal radiometer is given in Figure 3. 7. This 

instrument is used for measuring the radiative flux passing through an 

element of a plane surfac·e. The probe has a hemispherical field of view; 
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incoming radiation of varying incident angles passes through a small orifice 

(- 2-5 mm) and is focused by the polished gold plated surfaces of an 

ellipsoidal cavity (see Figure 3.7) onto a thermopile. 

The thermopile consists of a hemispherical receiving pellet, a 

cylindrical portion AB, and a cooled metal mass, M, all made of stainless 

steel (25% nickel and 25% chromium). Constantan wires are soldered at the 

base of the receiving pellet and at the base of the cylindrical portion AB, 

as shown in Figure 3.7. A thermocouple is in effect formed, which produces 

an electrical potential that is proportional to the amount of radiant energy 

received by the hemispherical pellet, provided that the temperature of the 

thermopile remains relatively constant and low (e.g., at room temperature). 

If the thermopile were to rise in temperature, radiative and convective heat 

losses would cause inaccuracies in the measurements. The probe and 

thermopile are designed so as to maintain a constant, relatively low 

temperature at all times. 

Dry nitrogen is injected into the ellipsoidal cavity through a number 

of tiny holes for the purpose of preventing entry of combustion gases and 

particulates. These tend to form deposits which lower the reflectivity of 

the cavity surfaces, and alter the performance of the probe. 

The ellipsoidal cavity and thermopile are housed in a water-cooled 

stainless steel shaft. The probe is calibrated by means of black body 

furnaces which have surfaces of known emissivity and which can be varied in 

temperature. 

THE NARROW ANGLE RADIATION PYROMETER 

A drawing of the narrow angle radiation probe is given in Figure 3.8. 

This probe measures the intensity of the radiation received at a small 

surface element from a cpecified direction; The solid VieW angle of th~FJ 
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instrument is very narrow (- 0.02 steradians); in the case of radiation 

measurements at the MIT-CRF, the viewing path-length is normally on the 

order of 1.2 m and the diameter of the area 'seen' by the probe on the order 

of 20-40 mm. 

The narrow angle radiation probe is used at the MIT-CRF primarily in 

the determination of flame emissivities by the Schmidt method. The 

emissivity is determined on the basis of three radiation measurements as 

follows: 

where Rl "" the radiative flux measured by viewing a cold target through 
the flame 

-: 

R2 = the radiative flux measured by viewing a hot target (of 
emissivity - 1) through the flame, and 

R3 = the radiative flux due to the hot target alone, as calculated 
from its measured temperature. 

The narrow angle radfation pyrometer consists of a spherical concave 

mirror which focuses radiation received through the length of the sighting 

tube onto a thermopile. The mirror is pierced at its center to facilitate 

aiming of the probe at a desired radiation target. The sighting tube is 

purged of combustion gases which contain radiating/absorbing species by 

means of dry nitrogen injection. The probe is calibrated in a manner 

similar to the ellipsoidal probe, by means of black body furnaces. 

THE PARTICULATE SAMPLING PROBE 

Drawings of the water quench, gas and solids sampling probe are shown 

in Figures 3.9 and 3.10. Combustion gases along with particulates are drawn 

under vacuum through the probe and into a sampling train. A controlled flow 

of water is sprayed at the tip of the probe in order to quench the reactions 
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occurring in the sample tube walls. The probe is constructed of stainless 

steel and is water-cooled. 

The sample is comprised of the quench water, particulates ·and gases. 

This is run through a sampling train which consists of: 1) a filter paper 

for collection of solids, 2) absorption traps for various constituents of 

interest in the combustion gases, e.g., XAD-2 (polystyrene) traps for 

polycyclic aromatic hydrocarbon (PAH), and 3) a water trap for retention of 

any organics/organics of interest that may have been dissolved in the quench 

water. 

The total gas drawn through the sampling train is measured with a 

volumetric gas flow meter so that the constituents of interest may be 

quantified as well as identified. 

FLY ASH SAMPLING SYSTEM 

A new addition to flame solids sampling mentioned earlier is an ash 

particle size sampler. In this system, the particles are withdrawn from the 

flame through a sampling probe having both a water cooled shell, and a s~eam 

heated sampling line to prevent condensation. The steam flowrate ' ·and 
'1; 

pressure are adjusted to maintain the temperature of the gas/particle stream 

leaving the probe at 150°C. Particles are separated from the gas in a 

cyclone followed by a cascade impactor (Pollution Control Systems, Mark 

III). The cyclone and cascade impactor are enclosed in an oven maintained 

at 160°C. The mass distribution 9f "free ash" is determined by weighing the 

different size fractions collected. 
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Section 4 

Task 1. Results of Cold Flow Study 

Introduction 

From previous studies of coal water fuel flames, the interaction of the 

fuel jet with the combustion air surrounding, it was found to be important 

in influencing flame ignition and stability. To determine the mixing 

process between fuel and air, a simulation experiment was .carried out in 

which the interaction of an air assisted water jet with the combustion air 

was studied for the effect of different levels of swirl degree of the air 

flow. 

Experimental Input and Operating Conditions 

Two sets of experiments were carried out to characterize the effects of 

(1) swirl degree of the combustion air 

(2) atomizing air/fuel flowrate ratio 

upon the mixing process in the region close to the fuel and air nozzles. 

The input conditions for these experiments are listed in Tables 2.1 and 2.2 

and the results obtained in Tables A.l-A.9. 

In the first set of experiments the swirl number which is defined as 

·the normalized angular to linear momentum ratio of the airflow was varied 

from 0. 0 to 2. 24 and the decay of carbon monoxide introduced as a tracer 

with the water and atomizing air through the fuel nozzle was monitored by 

the measurements of CO concentration at several axial distances from the 

fuel nozzle. 

In the second set, the combustion air, atomizing air and water 

flowrates were varied and measurements of carbon monoxide and axial 

velocities were taken along the axis of the combustion chamber. 
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Results 

(1) Swirl degree 

The effect of swirl degree (S) upon mixing in the combustion chamber is 

shown in Figure (4.1). It is noteworthy that increasing the swirl number 

results in higher rates of mixing as evident from the increased decay of CO 

concentration with axial distance as the swirl degree is increased. For 

this particular burner a ·swirl number larger than 0. 68 results in the 

development of an internal recirculation zone (IRZ) the intensity of which 

increases with increasing (S). The internal recirculation zone formed is 

beneficial in decelerating the coal water droplets as well as providing them 

with the needed energy feedback for evaporation devolatilization and 

burnout. 

(Atomizing air/fuel) flowrate ratio 

For determining the effect of the atomizing air/fuel mass flow rate 

upon the mixing process the amount of the atomizing air alone and in 

combination with water was varied in a series of experiments. The resul.ts 

obtained from this investigati9n are shown in Figures (4. 2-4.5) where the 

axial profiles of the CO concentration and of the axial velocity are plotted 

for various flow rates of the atomizing air. 

If the atomizing air is the only medium introduced through the fuel 

nozzle, a small flowrate would result in the attachment of the internal 

recirculation zone (IRZ) to the nozzle (Figures 4.2, ·4.3). At. high flow 

rates of the atomizing airflow, however, IRZ is displaced further 

downstream. 

A similar effect is illustrated in Figure 4. 4 by the comparison of 

cases in which the atomizing air was introduced with and without water 

respectively. The addition of water increases the linear momentum of the 
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Figure 4.1 The effect of swirl number on CO concentration on 
the jet axis 
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30.0 

20.0 

10.0 

0.0 

• 
' 
' ' ' I 
' ' ' ' ' 

• \ 
\ 

' ' ' ' ' I 
' ' • 
' ' I • ' I 

I 

~ 

I .. 

\ 
\ 
\ 

\ 
\ 

\ 
\ 

\ 

\ . \ 
•• 

\ 

\ 
\ 
\ 

4-5 

Atomizing air flowrate 

• 3.4 lh/m1n 

• 0.8 lb/min 

\ .... . --· 
L..-~---L--~--..,..L-.........,,.,....,b, __ """-__ .__---~. __ --L..,. .• - .... - .• I - _,. __ __ 

1.0 

AXIAL DISTANCE FROM THE BURNER (m) 

Figure 4. 3 The effect of atomizing air flowrate upon axial 
velocities on the jet axis in a cold flow 
experiment corresponding to the conditions of a 0.7 
MW flame condition 
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corresponding to the conditions of a 0.7 MW flame 
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atomizing airflow and causes the stagnation point to move further 

downstream, and to slow the mixing of CO with the combustion air (Figure 

4.5). 

The results of the "fuel/air" mixing study have to be viewed in the 

context of the conflicting requirements for high momentum of the atomizing 

airflow to ensure good atomization on the one hand, and for reduced axial 

velocities of the fuel-atomizing air mixture so as to maintain the position 

of the upstream sta~nation point of the IRZ suff:i,~:!.~ntly near the hurnAr t'n 

ensure good flame stability, on the other. 'When a hollow cone wide angle 

spray (a: ~ 50•) is used these r.nntl:kting conditions o::m be satisfied, 

except that care has to be taken to avoid impingement of the CWF on 

combustor walls. For narrow angle solid cone sprays - as in this study - a 

higher degree of swirl in the combustion air is necessary, as a result of 

which an annular recirculating flow develops between the fuel spray and the 

swirling combustion air jets, 
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Figure 4.5 The effect of water injection upon the decay of CO 
on the jet axis in a cold flow experiment 
corresponding to the conditions of a 0.7 MW flame. 
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Section 5 

Flame Studies 

A series of experiments was carried out to find the burner operating 

variables (Figure 5 .1) such as swirl degree, position of atomizing gun 

relative to the burner quarl and ratio of atomizing air and fuel flow rates, 

that will produce a stable flame with a minimum ignition delay. Relative 

flame stability was characterized by the distance of the flame front from 

the burner and by the presence or lack of low frequency oscillations of r.hP. 

flame front. Visual observation of the flame front was made while varying 

the above mentioned parameters. In Table 2.3 the input conditions of the 

two detailed flame characterization studies are listed. 

Results 

The data obtained in the two flames studied are listed in Tables B.l-

B.'t. In Tables D.l awl B.2 cent:erline gas temperature, axial velocity, 

gaseous and solids species concentrations arA listed. In Tables B. 3 and 

B. 4, radial profiles of the above mentioned variables are given. The 

results listed in Tables B.l-B.2 are also shown in Figures 5.2-5.8. 

Flame Structure 

The flow and mixing pattern in the experimental flames (Fig. 5. 9) is 

dominated by two major recirculation zones: one on the flame axis and 

another external to the burner airflow near the fu~nace wall. The central 

recirculation zone is the consequence of the strongly swirling burner air 

flow. The combination of the swirling air and the divergent burner exit 

(quarl) result in an adverse pressure gradient (rising pressure in the 
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direction of the flow) along the flame axis which causes a reverse flow to 

form when the swirl degree exceeds a critical value. The external 

recirculation zone is due to the confinement of the burner air and fuel jets 

by the furnace walls. Both recirculation zones play important roles in the 

stabilization of the flame and have effects also on the carbon conversion 

efficiency in the combustor. The angle and momentum of the fuel spray has 

to be matched with the flow pattern produced by the burner air flow. In the 

reported experiments a narrow angle (40-60° full angle) air blast atomizer 

was used. The fuel spray was therefore injected into the central 

recirculation zone which caused rapid deceleration of the droplets and 

speeded up their drying and devolatilization. 

The spatial distribution of the major stable species concentrations in 

the flame region close to the burner together with those of velocity and gas 

temperature are the major ·elements of the flame structure. The species 

concentration traverses (Figs. 5.10-5 .11) show high CO and solid carbon 

concentrations on the flame axis, surrounded by a fuel lean envelope due to 

the burner air flow. Radially further away from the flame axis Oz, COz, CO 

and NO concentrations are similar to those found at the end of the flame. 

This cimilarity of the g;~s composition is due to the external recirculation 

surrounding the flame; fully burned combustion products from the tail end of 

the flame are entrained into the burner air flow near the burner exit. 

While the above mentioned structure applies to both of the flames 

studied in our detailed investigations, there were differences in the flow 

and mixing pattern due to the differences in the coal particle size 

distribution and the viscosity and hence atomization fineness of the two 

coal-water fuels. 
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The ultrafine CWF had a higher apparent viscosity and gave therefore a 

spray of somewhat coarser drop size distribution. This was compensated for 

by the finer coal particle size distribution with the result that the 

ultrafine CWF spray had a wider spray angle (-60° against 40°) and a less 

penetration into the central recirculation zone (C.R.Z.) on the flame axis 

than the ARC fine-grind CWF spray (location of C.R.Z. ~ .35 m vs. 0.75 m 

from the fuel nozzle). 

The wider spray angle of the ultrafine CWF resulted in the 

establishment of central recirculation zone further upstream, nearer to the 

burner. As a consequence of this the temperature rise on the axis of the 

ultrafine CWF flame was steeper, a larger mass fraction of the coal was 

devolatilized near the burner and the flame front is situated closer to the 

burner. 

The reduced ignition . distance in the ultrafine CWF flame, has . not 

resulted in better carbon conversion efficiency. This is because the carbon 

conversion efficiency is strongly dependent upon the quality of atomization 

(Figure 5.14) which was poorer in the ultrafine CWF due to its higher 

viscosity for the same solids loading (54%). 

The degree of carbon conversion (burnout) along the axis of the two 

experimental flames is plotted in Fig. 5. 12. Figure 5.13 shows scanning 

electron micrographs of samples taken at a distance of 3. 62 m from the 

burner. In Figures 5.14 and 5.15 size distributions of particles collected 

close to the burner and at the end of the flame are compared for the effect 

of the two experimental fuels. 

The particle size distributions in Figure 5.15 provide an explanation 

for the apparent contradiction between the reduced ignition delay but poorer 

burnout in the ultrafine CWF. As can be seen in Figure 5.15 the ultrafine 
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(a) Particles Smaller than 38 ~m in Flame 318A. 

(b) Particles smaller than 150 ~m in Flame 318A. 

ri yur ·e G. 13 SEH rhotographs of Char and Ash Particle::; Collected at a 
Distance of 3.62 meters from the Nozzle in Flames 318A & B. 
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(c) Particles Smaller than 38 ~m in Flame 318B. 

Figure 5.13 (Continued). SEM Photographs of Char and Ash Particles Collected 
at a Distance of 3.62 meters from the Nozzle in 
Flames 318A & B. 
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CWF gives a finer fly ash particle size distribution ·in the size range 

smaller than 6 JSm. Although this is the case, a larger fraction of 

.particles in excess of 50 11m are present in this flame than does the fine 

grind CWF flame. Particles larger than 50 11m are usually carbonaceous; 

their relative abundance in the ultrafine CWF explains the poorer carbon 

conversion efficiency obtained with this flame. 

In conclusion, the larger proportion of the fine particles in the 

ultrafine CWF helps in increasing the volatile yield and improves ignition, 

but the coarser atomization produces large droplets and hence, larger 

agglomerated char particles with the consequence of poorer char burnout at 

the end of the flame. 
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Section 6 

Task 4. Reduction of NOx 

Introduction 

During the first stage of our work under this DOE-METC program, 

experiments were carried out in the MIT Combustion Research Facility in 

which CWF flames of 1.6 MW (thermal) input were characterized in detail by 

in- flame measurements. The fuels used were formulated from a bituminous 

coal ground to two different £inenesses; while the burn-out of these fuels 

was very good, the NOx emission levels wP.rP. high ('>900 ppm at 2. 9~ 02). The 

research objective of the present series of . studies was t:n usP. staged 

combustion-air injection for reducing the NOx emission without any loss in 

carbon conversion efficiency. 

The source of NOx in coal flames is mainly the organically bound 

nitrogen in the fuel (FBN). While the rate of fixation of atmospheric 

nitrogen to form NO in high temperature processes is primarily temperature 

dependent ( 11 thermai NO") , the oxidation of FBN is a weak function of 

temperature; its rate is primarily dependent upon the local stoichiometry. 

In fuel-lean atmospheres the FBN converts to NO with high efficiency, while 

it can be made to form molecular nitrogen and hence to form less NO in 

fuel-rich flames (Fig.6.1). Accordingly the design protocol for NOx 

emission reduction suggests a fuel-rich high-temperature primary flame zone 

with sufficient residence time for most of the FBN to evolve with coal 

volatiles. The fuel-rich primary flame zone is then followed by the 

injection of the rest of the combustion air. As a result of heat extraction 

from the flame and fast mixing of the secondary air with the products of the 

fuel-rich stage the temperature in the lean stage ought to stay below the 

level at which "thermal NO" is formed. However, the gas temperature has to 
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be sufficiently high for the combustible gas and solids to burn to 

completion. 

Experimental 

The experimental fuels used are characterized in Table 2. 6, and the 

experimental input conditions are listed in Table 2.5 

Results 

Two out of the three flame conditions gave closely similar results for 

NOx reduction in the flame. In the third case, where the fuel-rich stage 

residence time was reduced relative to the other two flames, the NOx 

reduction was less e£:fective. These flames RrP. h~st characterized by the 

axial temperatures, gas compositi,on, solids concentration and carbon burnout 

data which are reported in the discussion section. The two variables which 

are pertinent to the discussion of these results are the position of the 

secondary air injection nozzle relative to the burner exit plane and the 

solids to water ratio in the fuel. Th!i! respective posi.t:ions nf th~? 

secondary air injection are shown in Fig. 6.2. 

Discussion 

Experimental data obtained by in- flame measurements and analyses of 

gaseous and solid samples cqllected at points Rl nng t:hP. fh.me axh a'l:'e 

plotted in Figs. 6.3 to 6.7. The 02 concentration distributions in 

Fig. 6.3a show that close to the burner, in the "fuel-rich" stage, the 

mixture is initially lean and becomes steadily richer as volatiles evolve 

and the fine char particles burn. Following the injection of the secondary 

air the 02 concentration increases at first, then the excess 02 is used up 

by reaction with products of the fuel-rich stage, and a decrease of 02 

concentration along the flame axis to the exit value of 02 - 2.8%. 
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The gas temperature peaks immediately upstream of the secondary air 

injection and the effect of the increased water content in the CWF for run 

#2 can be seen in the reduced value of the peak temperature and the more 

uniform temperature distribution due to the more prolonged burn-out of the 

coal. 

The volatile fraction of in-flame solids samples and NOx concentration 

distribution along the flame are shown in Fig. 6. 4 (a & b) . As the first 

combustion stage becomes fuel-rich the evolved fuel nitrogen is reduced to 

N2. Compared to the single stage case, with uncontrolled NOx emission of 

about 900 ppm, the NOx is reduced by staging to a low value of 270 ppm. The 

slight difference between the two flames can be attributed to the increased 

amount of water vapor content of the combustion products in run #2. The 

reduced gas temperature due to the increased water content of the fuel is 

compensated for by improved atomization of the CWF (with reduced solids 

content) so that there is little difference between the carbon burnout in 

the two flames (Runs 1 and 2). 

The t"atio of nitrogen to carbon found in the solid samples along the 

flame is plotted in Fig. 6 .4(c). The nitrogen evolution at first lags 

behind that of the carbon but after initial devolatilization it leads the 

evolution rate of carbon. This behavior during coal pyrolysis is consistent 

with laboratory scale experimental results obtained by Pohl and Sarofim9. 

It is thought that in the early stages of coal devolatilization the process 

is dominated by the break of nitrogen-poor side chains and aliphatic links 

in the coal molecule. On further pyrolysis aromatic rings in the coal 

structure decompose and release their nitrogen at a rate slightly exceeding 

that of carbon. In the oxidizing flame zone the nitr6gen remaining in the 

coal char is oxidized with no preference between nitrogen and carbon so that 
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the N/C ratio remains constant along the final burn-out stage of the flame. 

Only the nitrogen that is evolved in the fuel-rich flame stage can be 

converted to molecular nitrogen, Nz. Information on the kinetics of 

nitrogen evolution, therefore, is necessary for determining the minimum 

residence time of the fuel in the fuel-rich combustion stage. 

The importance of the residence time in the rich stage in the reduction 

of NOx emission is illustrated by results of the third experiment. In this 

run the fuel-rich combustion space was reduced by the injection of the 

secondary air closer to the burner (see Fig. 6.2). In Figures 6.5a and b the 

NOx concentration, the volatile fraction of in-flame solids samples, and the 

N/C ratio, respective1y, are plotted for runs #l and #3. Due to the reduced 

space and residence time in the fuel-rich stage the FBN conversion to Nz is 

less complete in run #3 than in run #l with the consequence of increased NOx 

emission (485 ppm). 

Our results indicate the complex relationships between the rates of 

temperature increase and of oxygen entrairunent into the fuel jet, the 

residence time and the fuel ·equivalence ratio in the rich stage. The 

reduction of NOx emissions by staged combustion depends on the control of 

these variables, especially the temperature and residence time in the 

fuel-rich combustion stage. 

In all three runs, the volume mean particle size initially increases 

from a value of approximately 14 JJm to around SO JJm (Fig. 6. 6). This is 

followed by a reduction in the mean particle size back toward 14 JJm in the 

tail end of the flame. The increase is attributable to the preferential 

burnout of the small particles in the flame and the eventual fragmentation 

of the burned out fly ash. This progressive develop-ment of the particle 

size of the flame solids is shown by results of particle size analyses made 
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using a Malvern laser diffraction particle size analyser (Fig. 6.7). 

It has been surprising to the authors to find how well the 

characteristics of the raw coal size distribution (e.g. peaks around 4 and 

12 pm) are preserved in samples taken from the flame. it was thought that 

the flame solids size distribution is determined by the atomized drop size 

distribution rather than that of the coal in the CWF. The results, however, 

can be explained by the high quality atomization due partly to the strong 

dilution and hence iow viscosity of the fuel, and partly by the relatively 

high atomizing air/CWF ratio (0. 3) which bt"ings the droplet size 

distribution very close to the size distribution of the cnnsti.t:uent coal. 

Less surprising is the multimodal size distribution of the flame 

solids; fly ash particle sizes peaking at 4 and 14 pm and carbon-containing 

particles above 50 pm. The reduction of fly ash particle size can be seen 

therefore to require high carbon conversion efficiency, generally higher 

than that needed for satisfactory cycle efficiency (99.5%). 
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Section 7 

Mechanism of Coal Water Fuel Droplet-Particle Combustion 

Scanning electron micrographs of particles sampled in various CWS 

flames suggest that the life history of a CWS droplet can be considered to 

be divided into five stages·- evaporation of the liquid film, evaporation of 

the "interstitial" moisture, particle heat up, coal devolatilization, and 

h "d. . 10 c ar ox~ at~on . On entering the combustion chamber, the drop temperature 

rises until the wet-bulb temperature is reached. Evaporation rates during 

this unsteady state period are small and controlled by mass transfer. 

Following this, the droplet temperature remains constant, the evaporation 

rates are high, and are controlled by the rate of heat transfer. 

A model is proposed to describe the combustion mechanism of a c'61il 

water slurry droplet. In the model particle temperature begins to rise once 

the liquid film is removed. A major fraction of the water in large dropl~'ts 

is evaporated at the wet-bulb temperature. Droplet heat up times (1.6 ms 

for 90 ~m agglomerate) can be reduced by preheating the slurry. This would 

reduce evaporation distances considerably, since initial droplet velocities 

are high. 

Theory of Coal Water Fuel Droplet Combustion 

The life history of a slurry drop can be divided into three main 

phases: water evaporation, coal devolatilization; and char oxidation. The 

models that describe quantitatively the physical and chemical 

transformations of a CWS drop in a flame is now discussed. In the liquid 

" 

film surrounding the coal particle is removed first, with the consequence 

that the coal particles at the surface of the droplet are exposed to the hot 

gas. The interstitial water is then vaporized at a radially shrinking 
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spherical interface. Temperature in the spherical annulus, between this 

interface and the outer radius, starts to rise, and the coal particles 

within the shell soften and devolatilize. A schematic of the combustion 

history of a droplet according to this scenario is depicted in Figure 7.1. 

The particles are assumed to be spherical, with uniform properties, and 

composed of some or all of the following components: water, coal, char and 

ash. Ash is inert, and" remains within the particle. The rate of change of 

mass of the particle is the sum of evaporation, volatile evolution, and char 

oxidation rates (Eq. 7.2). The droplet is first heated to the wet-bulb 

temperature after which the evaporation rate i.s rlP.~P.rmineo solely by rate of 

heat transfer (Eq. 7.4). Corrections to heat and mass transfer coefficients 

11 due to surface transpiration are represented by the stagnant film theory 

The rate of agglomerate swelling is taken to be proportional to the rate of 

interstitial moisture removal. 

The particle heating rate is determined by a balance between t:ht:'! 

convective and the radiative energy exchange with su:p;-c;n,mdin~s, the heat 

generated by char oxidation, and the heat removed by evaporation (Eq. 7.10). 

Radiation is exchanged with constant temperature surrounding (1400 K), and 

(12) an emissivity· of 0.7 is assumed for the coal particles . It is 

noteworthy that the results obtained by Kolb et al. (l3) show that in a 

confined turbulent coal water fuel diffusion flame a coal water fuel droplet 

exchanges energy with the surroundings mainly by convection. 

It is assumed that all the water evaporated at the interface is removed 

from the droplet surface instantaneously, since any significant holdup would 

disintegrate the agglomerate due to build-up of large internal pressures. 

Assumption of quasi-steady state for processes within the shell, leads to 

the exclusion of the transient term from the heat balance. The energy 

equation can then be integrated between ri(t) and the outer 
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EQUATIONS 

[h(T -T ) + Of (T4 T4)] 1fd2 
g p r 

w L 

dm w 
dt 

r 
w 

Devolatilization 

Char Oxidation 

Kinetic 
Resistance 

2 A = 11' d 
p 

w 

r p 

A C .J. 
) og Y' 

+ External 
Mass Transfer 

Resistance 

Kinetic Resistance = 1/(~j~). 

+ 

External mass transfer resistance = 1/k 
c 

·1 
s 

Net 
Convective 

nux 
ResistancP. 

rt 
Net convective flux resistance = ------~------

(7 .1) 

(7 .2) 

(7. 3) 

(7.4) 

(7.5) 

(7.6) 

(7. 7) 

(7.8) 
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r r. 
~ 

17 i - (d/2) 

p = r C /(2~ k d) w pw s 
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(7 .19) 

radius d, to yield the temperature profile within the shell (Eq. 7.14). 

Once the steady state temperature profile is evaluated, the temporal 

variation of the interface position ri (t) is determined by requiring the 

heat entering at the outer surface to be partitioned between heating the 

shell to the new steady state, and evaporating the water at the interface 

and heating the vapor to the surface temperature (Eq. 7.17). An average 

temperature fot; the !?hell h ~sed to determine devolatiU.zat:i.on rat:P.s (.F.q. 

7.16). Since the heat transfer coefficient (h) is a function of the mass 

afflux rates (rj), solution for h, Tp, Ts, and rw must be iteratively 

determined. 

The rate of devolatilization is modelled by two parallel, first-order 

. 14 15 reac t1ons ' . The low-activation energy reaction is assumed t form 

volatiles in accordance with the low-temperature pyrolytic behavior of coal. 

The high-activation energy reaction, which dominates the volatile yield at 

the higher temperatures, is assumed to form lesser amounts of char. In the 

14 present study the parameter values for Kobayashi et al. are used, since 

15 those of Ubhayakar et al. gave volatile evolution rates much in excess of 

what is observed in the experiments. The reaction scheme is given below 

(also Eq. 7.6). 

(7. 20) 

25 kcal/mole Y
1 

= 0.3 

Raw Coal 
Volatile2 + Char (7.21) 

40 kcal/mole Y
2 

= 1.0 
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. 16 
The char oxidation kinetics are obtained from Field. The reaction 

and the diffusion steps are coupled and represented by a reaction rate based 

on the external surface of the particles. The rate of char oxidation is 

17 
given by Eq. 7.7 The amount of char in the particle is determined by the 

rate at which it is formed from the devolatilization reactiot1s, and the rate 

at which it is consumed by oxidation (Eq. 7.9). 

Droplet dynamics are modelled by using a drag law. 
18 Yuen and Chen 

showed that the drag coefficient was well correlated with the "standard 

drag" curve if the free stream density and the characteristic viscosity 

given by the 1/3 rule were used to determine Reynolds number (Eq. 7 .11). 

The momentum equation must be solved to translate the time variable iu_to 

distance, so that modelling results can be compared with experiments. The 

effects of swelling on particle behavior is considered in the modelling 

calculations and it is represented by a swelling factor. This parameter.:,i,s 

defined as the ratio of the final to initial droplet d~~meter. The sellj,ng 
,;;: .. 

factor will determine the surface area of the swollen particle and thus the 

heat transfer rates to the particle surface and in turn the oxidation rate 

will be affected. 

Solution Technique 

· The five conservation equations for each particle size (conservation of 

mass, species (water, char), energy, and momentum) were solved using the 

Runge-Kutta-Verner fifth and sixth order method. All equations were 

suitably non-dimensionalized before being solved in that form. The initial 

conditions were determined from flame input parameters. The initial droplet 

velocity was estimated by measuring the velocities of inhomogeneities in the 
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spray, visible in high speed cine films
19 Initial droplet temperatures 

were taken as 325 K. Experimentally determined gas velocities, temperatures 

and gaseous species concentrations were used to determine the environment 

under which the CWS droplets travel and undergo vaporization, pyrolysis, and 

oxidation. 

A comparison of the experimental results with the modelling 

calculations is discussed next. 

Modeling Results and Discussion 

Computations were made to describe the transformations of CWS p~rticl~ 

properties during combustion. The experimentally determined carbon 

conversion values for different particle size ranges are compared with the 

numerical results. 

In the model the particle temperature remains constant until all the 

liquid film surrounding the particles has evaporated. During this time the 

coal-water droplet mass decreases as shown in Figure 7.2. After the water 

evaporation step, the particle temperature increases. The char fraction in 

the particle starts to increase when the coal begins to devolatilize. Only 

about 35% of the coal is converted to char with the remaining 65% converted 

to volatiles. The volatiles from the particle burn as a diffusion flame in 

the bulk gas rather than as an envelope flame around the droplet. 

A comparison of the experimentally determined carbon conversion 

efficiency values of various particle sizes with theoretically predicted 

burnout curves using the above mentioned model are shown in Figure 7. 3. 

Four size cu~s have been included in this analysis. The size cuts chosen 

are: 
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Good agreement prevails between the model prediction and the 

experimental measurements except at high carbon conversion efficiency values 

(- 0.65). The measured carbon conversion efficiency data starts to level 

off at high values, whereas the computer calculations show that the carbon 

burnout keeps increasing at large distances. Two reasons might explain the 

discrepancy between the model and the measured data: 

(1) The calculations assume that ash is conserved in the coal water 

droplet while the particles' various transformations in the flame. 

In other.words, the ash is not given up by the coal agglomerate as 

the particle devolatilizes and burns. In reality this is not the 

case. The ash droplets are shed from the qoal and char particles 

as they react. 

(2) The char oxidation kinetics used to calculate the char reaction 

rate might be fast. Thus at distances greater than 0.4 m from the 

nozzle, where measured temperatures and 02 concentrations are 

high, the oxidation rates dominate over the devolatilization rates 

in that region. Consequently, the estimated carbon conversion 

efficiency keeps increasing in that flame zone. 
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SectionS 

Radiation Study 

Knowledge of radiative heat flux distribution ig furnaces and 

combustors is of great interest for designers. In furnaces the usual 

objective is to ensure that a large fraction of the heat generated is 

transferred to the heat transfer surfaces by radiation. In gas turbine 

combustors the opposite is the design objective, i.e., to minimize radiative 

heat transfer to the combustor walls. In both cases, however, it is 

important to have the ability to predict radiative heat transfer and to 

relate it to design and operating variables of tn,e furnace or combustor. 

The combustion performance of gas turbine combustors operated at 

elevated pressure, the flame structure and the radiative properties of 

flames are all pressure dependent. Methods of predicting radiative heat 

flux distribution oin furnace flames has reached a level of high 

sophistication. The modeling has benefited from detailed flame structure 

data and radiation measurements in furnace flames. The :research obj ec t:.i.ve 

is to take advantage of the developments in radiation modeling and apply 

them to gas turbine combustor conditions. In this study calculations are 

made of radiative heat flux distribution of ultrafine coal-water fuel 

furnace flames at atmospheric pressure. These predictions are then compared 

with measurements of radiation incident on elements of· thP. ho1.mding surf~oeG 

of the combustion chamber. Once a successful calculation method has been 

developed, the application to gas turbine combustor conditions will follow. 

The limited gas turbine combustor measurement data will be combined with 

atmospheric pressure detailed flame structure measurements to determine 

radiative species concent:r.o3tion and temperature distribution in an ultrafine 
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CWF fired gas turbine combustor. Based on these data, calculations could be 

made of the best flux distribution in the gas turbine combustor working at 

elevated pressure. 

In the present research program calculations of radiative heat flux 

distribution in CWF flames are performed and comparison of calculated and 

measured radiative flux along the experimental flames, is presented. 

Modeling of Furnace Performance 

The MONTCL computer program was developed to predict the surface and 

gas temperatures in a combustion chamber,- as well as the heat exchange 

taking place between the combustor walls and the enclosed gases. 

The model is based on the zone method of analysis in which the furnace ... 

is divided into many volume and surface zones. The properties of each zone 

are considered uniform and constant, and the radiative exchange areas 

between the zones are determined based on measured concentration of 

absorbing species in each zone. Given fluid flow and combustion patterns, a 

system of nonlinear energy balance equations can be set up and solved .~o?; --. 

the unknown temperature of each zone, allowing the radiative heat flux 

distribution to be predicted. 

In order to overcome the difficulty of determining the exchange areas 

the model applies the Monte Carlo technique. The probabilistic Monte Carlo 

method, in which a zone's energy emission is divided into several thousand 

"particles" that are tracked as they are reflected and absorbed throughout 

the furnace, allows con!;iderable flexibility in choosing zone size and 

shape. The zone shapes can be made physically realistic, thus allowing a 

smaller number of zones to be used in the model while still retaining the 

camo degree of acc,.tracy. Fnr P.XRmple, the zones containing the flame itself 



8-3 

can be shaped as truncated cones, which more accurately represent the shape 

of the flame. 

To take advantage of the flexibility of the Monte CArlo method in 

choosing zone shape and size, the zoning system shown in Figure 8.1 is used. 

This zoning system consists of 11 volume (gas) zones and 10 surface zones 

arranged in a parallelepiped. The volume zones included 3 well-stirred 

volume zones in the shape of truncated cones, surrounded by 6 well-mixed 

recirculation zones. These. well-stirred volume ?<ones are fnl.l ~w~d by 2 

plug-flow zones which are considerably larger to take advantage of the much 

. smaller changes occurring far from the flame. 

Gas Emissivity 

In order to model the emissivity of the real gases, the program uses a 

weighted sum of 3 gray gases: 

3 

eg }. :1 (l - exp (-K L]) 
n=l g,n n 

3 
Subject to ~ a = 1 a > 0 g,n g,n 

where 

n=l 

K > 0 
n 

a = weighting factors g,n 

K absorption coefficient of the nth gray gas 
n 

k . k 
s,n' a,n extinction (absorption) 

coefficients of soot and ash + char, m2/ (kg) 

{!:1.1) 

(8.2) 

(!:1.3) 
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K g,n 
extinction (absorption) coefficient of radiating gas, 

1/(bar m) 

C , C - concentration of soot and ash + char, kg/m3 
s a 

P. partial pressure of component i, bar 
l. 

eg total gas emissivity 

In order to take into account the effect of temperature the weighting 

factors a take the following form: g,n 

a a,n b + b T l,n 2,n 2 

...,here b and b'l . are constants subject;: to: 
l,n .... ,n 

3 
~ 

n=l 

3 
~ 

n=l 

where: Tg 

b = 1 l,n 

b = 0 
2,n 

gas temperature 

(8.4) 

(8.5) 

In the present study, a nonlinear least-squares reg:r:ession analysis 

based on Powell's method was used to solved simultaneously for the weighting 

factors and absorption coefficients. These nine unknowns (bl. 2; h1 , 3 ; h2 ,?.; 

b
2 3

; k 2 ; k 
3

; k 1 ; k 2 ; k 3) were found at a given value of (Partial 
g, g, s, s~ s, 

Pressure of water/particle pressure of CO?) and a given value of carbon to 

hydrogen ratio (C/H) soot by fitting Equation 8.1 to 70 data points. The 

gas emissivity data points were measured at temperatures between 1300 K and 

1800 K and at a large range of values (Pw + Pc)L. The limits chosen were 

those in which virtually all of the gas radiation occurs in the MIT-CRF. 

The soot emissivity data points were for temperatures between 1600 K and 

1750 K, and fur: CL between 0.0002 and U.OOl (kg m)/mJ. Since most soot 

exists in the hot flame region, most soot radiation exists within these 
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limits. For higher values of CL, soot emissivity is so close to unity that 

there is no need to fit the equation carefully at very high values of CL. 

Comparison of Model Predictions and Experimental Results 

Ultrafine and Fine Grind CWF Flames 

The incident radiative flux measurements in Runs 318 A and B were 

compared with the model predictions for the two cases and are shown in 

Figures 8.2 and 8.3 respectively. The shapes of the curves predicted by the 

model ·agree well with those measured in the experiments. The temperature 

peaks at the same axial position for both flames. A sharp fall is observed 

for both flames due to the presence of water cooled sections at a distance 

of 2.1 and 2.4 meters from the nozzle. The radiative flux profile computed 

for flame 318 B underestimates the measured profile by approximately 30 

KW/m2 . 

Gas temperatures calculated for each zone are compared with measured 

centerline temperatures in Figures 8. 4 and 8. 5. The gas temperatures 

predicted alonl$. the flame are in good agreement with the measurements exc.~pt 

for the end of the flame where the predicted temperatures are too low. In 

this case, sharp temperature gradients prevail across the last two sections 

of the chamber due to the ·bare metal water cooled walls. Temperatures 

measured close to the cooled surfaces were lower by 300°C than the 

centerline values. 

Natural Gas Flame 

A 2. 25 Megawatt natural gas flame was studied. The furnace was 

comprised of 15 sections, four of which had bare metal walls for an 

increased heat extraction (58% of thermal input). The oxygen concentration 

on a dry basis was 1.85% at the furnace exit. 
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Radiative flux measurements for this run are compared to the modeling 

results in Figure 8.6. The maximum radiation flux was measured at about 1.5 m 

from the nozzle. The flux then falls off due to the cooling of gases by the 

presence of cold sections. Modeling results are in excellent agreement both 

in shape and value with the measured radiation flux. 

Sensitivity Analysis 

The use of the zone method of analysis combined with the Monte Carlo 

technique to model the heat exchange taking place in a furnace requires 

extensive input data. Most of this information can be either obtained from 

geometrical and physical characteristics of the system in question, or are 

desired parameters of operation. However some other values are obtained 

from experimentation under similar but not exact conditions and there may be 

uncertainty on their validity. This might be the case of variables such as 

species concentrations or absorption coefficients. 

20 
Duong performed a sensitivity analysis on the model, testing the 

effect of changes in: soot concentration, flame shape and length, flame 

spre01d angle, rP.r.i.r.r.ulation flow ~ate, gas emissivity, and the effect of 

equivalent cylindrical shape for the furnace enclosure. 

For the effect of !'loot: concentration two different furnace 

configurations were studied by Duong, one of them being similar to the one 

20 used in this work (model 6 in Duong) The soot concentration of the first 

flame zone was reduced to 40% of its original value producing no significant 

effect on the heat transfer. In other configurations studied,! changes in 

heat transfer remained below 4%. 

Duong also showed that changes in flame shape and length, flame spread 

angle, recirculation flow rate and gas emissivity have very little effect on 

heat transfer, both to eold surfaces and l11 ct,~ overall values. 
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In this program a sensitivity analysis was carried out to determine the 

effect of parameters thought to have a major influence on the radiation 

characteristics of CWF diffusion flames both at atmospheric and elevated 

pressures. 

Parameters affecting radiation characteristics of coal water fuel flames 

The input conditions for the base case were first chosen. Several 

computer runs were made by changing the value of a single parameter or a set 

of parameters and determining the effect upon CWF flame radiation and heat 

extractionly ;t"~c;iiation from the fl.::unP.. 

The parameters were: 

(1) Soot concentration 

(2) Soot absorption coefficients 

(3) Fuel heating value 

(4) Excess air 

(5) Surface emissivity 

(6) Temperature of water cooled surfaces 

(7) Flame spread angle 

(8) Partial pressures of carbon dioxide and water vapor 

(9) Distribution of heat release by combustion 

Two fuels were considered in the .computer modeling calcula.tions. The 

first was a solvent refined coal (SRC- II) used in earlier experimental 

studies. at the Combustion Research Facility, and the second was an Atlantic 

Research fine grind coal water fuel. The input conditions chosen to carry 

out the numerical computations are listed in Table 8.1. 

All computations, except those carried out to characterize the effect 

of soot concentration on the radiative characteristics of flame, were made 

using coal water fuel. An SRC-11 flame was investigated to characteri.~e the 
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Table 8.1 

Input Conditions for the Numerical Computation 

Fuel Type: Solvent Refined Fine Grind Atlantic 
Coal (II) Research Coal Water Fuel 

Fuel Flow Rate 98 310 
(kg/hr) 

Fuel Heating Value 9069 4196 
(Cal/ g) 

Air Flow Rate 1324 ·2205 
(kgjhr) 

Air Temperature 309 588 
(K) 

Total Thermal Input 1048 1720 
(kW) 

Excess 02 Dry Basis 
(%) -2 -3 
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effect of soot concentration on radiation and gas temperatures. The reason 

we chose the SRC- II fuel for· this particular investigation was that an 

unambiguous relationship between the radiative properties of the flame and 

the soot concentration measured could be established. 

Soot Concentration 

The rate of soot formation is known to increase with increasing 

pressure. There are several studies reported in the literature (21-30) on 

che effect of pressure on soot concentrations in different types of flames. 

This will be the subj e~t o.f further di scu.o:;sion. in Chapter 9, where the use 

of the model for the simulation of heat exchange in e~'~.s t1.1rbine combustorc 

is analyzed. 

In the present investigation, soot concentration measured 

experimentally is varied in the model calculations to determine its 

influence on the radiative characteristics of turbulent diffusion flames. 

In the model, different soot concentrations are used ~n estimate the 

absorption coefficients using Hottel's method21 of the weighted sum of the 

h d d L l fl ,__ . h d B ' 3l t. ree gray saeeo exton e to soot ~a.t· ng ames uy Jonson an eer . 

Figure 8.7 shows the effect of soot concentration on the total heat 

extraction in the combustion tunnel. It is noteworthy t:n nh~P.r"''"' that the 

presence of soot is particularly effective in increasing radiation when its 

concentration is initially low, but the effect of increasing soot 

concentration upon the radiative heat transfer from the flame is slight when 

the soot concentration was already high. The significance of these results 

for gas turbine conditions is that the increased rate of soot formation as a 

result of elevated pressure would increase the flame emissivity in a natural 

gas flame, but little relative increase of flame emissivity can be expected 
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for a coal water fuel flame which already is highly luminous at atmospheric 

pressure conditions. 

The contribution of the convective heat exchange to the total heat 

extracted from the system decreases as the soot concentration increases from 

low initial values. This is in accordance with the observed decrease in 

temperature of the combustion products due to higher radiation exchange at 

higher levels of soot concentration. 

Soot Absorption Coefficient 

Associated with the previous case is the ~ffect of changing the soot 

absorption coefficients. This coefficient is multiplied with the soot 

concentration in estimating the absorption coefficients of the three gray 

gases. In the base case, a 1.7 Megawatt coal water fuel flame, these values 

are: 

KSl = 2012 m2/(kg) 

K52 = 2352 m2/(kg) 

K53 3171 m2/(kg) 

Tw('l r.-Rses were cho11en for running the numerical calculations. Iu Llu:! 

first of these, a value of 1000 m2/(kg) was chosen for the three 

coefficients. In the second, a value of 3000 m2 /(kg) was se lee ted to 

replace the base case values. These valties are considered to be within a 

physically realistic range. 

Figure 8.8 shows the effect of soot absorption coefficient on the heat 

removed by the walls through radiation. Additional 20 Kilowatts are removed 

when the absorption coefficients are increased from 1000 to 3000 m2/(kg). 

The gas zone temperatures are reduced only by 20°C. 
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Fuel !hermal Input 

An increase of the fuel thermal input by means of increasing the fuel 

heating value while maintaining a constant air flow rate, produces an 

increase in gas temperatures and, in turn, in the radiation to the walls due 

to the strong dependence of radiation on temperature (proportional to the 

fourth power of absolute temperature). However, refractory surface 

temperatures also increase, resulting in higher values of reradiation. The 

net result of increasing the fuel thermal input by 4% is an increase of 8% 

in the total energy extracted from the system (Figure 8. 9), and the total 

heat extracted by the walls as a fract:f.on of the total heat input changeo 

from 39% to 40.5%. 

Excess Air 

Decreasing the air flow rate for a given fuel input results in an 

increase of the gas temperatures which, in turn, causes an increase in the 

net radiative flux to the walls o~ the ~;ombustor. As ln the case of 

increasing fuel input for constant air flow rate, increased radiation 

increases surface temperatures thus increasing reradiation. A reduction of 

the excess air from 15% to 5% produces an increase of 8% in the total energy 

extracted from the combusti9n tunnel as shown in Figure 8 .lO. At the same 

time the heat extracted by the walls increases from 39% to 43%. 

Surface Emissivity 

Fifteen furnace sections were used in the computer modeling 

calculations. Two of these sections had bare metal walls and an emissivity 

of 0.8 was assumed because of the oxide layer coverage on these metal walls. 

The rest of the sections are lined with refractory bricks, which accumulated 

a layer of slag during coal water fuel and pulverized coal experiments. 
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Surface emissivity plays an important role in the heat transfer to the 

walls. Goetz, Nsakala and Borio
32 

found that emissivities for glassy 

deposits are temperature dependent, i.e., emissivity decreases with 

increasing temperature. Other authors (33, 34, 35) observed similar 

behavior for ash bearing flames with non- gray gases present, although the 

wall emissivities reported were higher in some cases (0.7-0.8) (35) and 

lower in others (0.4-0.6) (36). In the numerical calculations carried out 

the surface emissivities for the refractory surfaces were varied from 0.24 

to 0. 70. Figure 8.11 shows that the emissivity of the refractory surface 

has very little effect on heat extraction. This is because ov.er 60% of the 

heat is extracted through the cold sections (see Table 8. 2), for which a 

constant emissivity of 0.8 was assumed. 

Another test was carried out in which a refractory emissivity of 0.4 

was assumed and then all of the values, · including those for the cold 

sections, were multiplied by a factor X which varied from 0. 6 to 1. 2. 

Figure 8.12 shows the effect of this variation on the total heat extraction 

from the combustion tunnel. The radiative he~t flux and the total heat 

removed from the system increase linearly with increasing surface emissivity 

due to the linear relationship of heat extractions through radiation and 

surface emissivity. This effect is most significant for the cold surface 

since in this case reradiation is negligible. Consequently, using higher 

surface emissivities for bare metal sections results in larger heat 

extraction by the furnace walls through radiation and in turn higher total 

heat extraction is achieved. Similar results are reported in the literature 

(35, 36). 
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Table 8.2 

Heat Extracted as a Function of Refractory Emissivity 

Refractory Total Radiative Convective Coal Surface 
Emissivity kW kW kW kW % 

0.24 660.60 595.30 65.30 416.90 63.11 

0. 32 661.80 600.20 61.70 414.30 62.60 

0.40 663.40 604.10 59.40 413,10 62.27 

0.48 664.00 6Ub.:3U 57.10 411.80 fl?.02 

0.60 665.40 609.50 56.00 410.80 61.74 

0.70 666.10 611.20 54.90 409.50 61.48 
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Temperature of Water Cooled Surfaces 

The model uses different boundary conditions for the energy equation if 

bare metal surfaces are used instead of refractory lined surfaces. For the 

refractory lined surfaces the heat flux removed is transferred to the air 

surrounding the furnace by .convection. As for the bare metal sections, the 

surface temperatures are fed into the model as boundary conditions. The 

value of this temperature is seldom known with precision. It is then 

important to see the influence of changing this surface temperature on the 

calculation of the total heat extracted throughout the walls, in particular 

in· those cases where several sections of the furnace are water cooled. 

The net heat transfer to the cold surfaces by radiation is proportional 

to the difference between the fourth power of the cold surface absolute 

temperature and the fourth power of the absolute temperature of other 

exchanging zones, hot gases and refractory surfaces. 

Wher.e; 

Q a (T. 4 - T 4) 
~ s 

Ti Gas or refractory absolute temperature 

Ts Cold surface absulute teiuperature 

The results of the model indicate that when Ti is increasec:l from 300°C 

to 500°C, the heat extraction is slightly reduced, therefore gas and 

refractory temperatures increase by about zoo C. The overall difference 

(Ti4 -T5
4 ) remains roughly unchanged, and so does the radiative heat exchange 

(Figure 8. 13). 

Flame Spread Angle 

The flame spread angle used in earlier studies was 1r. A case in 

which the angle was reduced to 5.7° was investigated. The results show that 
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the heat extracted by the wallswas redistributed. A reduction of the heat 

removed by the surface zones near the nozzle and an increase in the heat 

removed from the surfaces downstream were obtained. The total change of the 

overall heat extracted due to the spread angle was below 1%. 

Partial Pressures of Carbon Dioxide and Water Vapor 

Gas emissivity is _a function of the partial pressures of carbon dioxide 

and water vapor as well as soot concentration. However, the relative 

contribution of soot concentration to the total gas emissivity is much 

greater than that of the partial pressures of these gases. As a result.of 

that a tenfold increase in these partial pressures (yielding physically 

unrealistic values) produced less than 1% increase in total heat exchange. 

Degree of Fuel Oxidation 

The oxidation of the fuel in the combustion tunnel in the experiments 

carried out was measured to have 65% of the fuel burned in the first flame 

zone and 35% in the second zone. 

cases were investigated: 

In the modelling calculations two other 

(i) 50%-50%. 

content. 

This case might represent coals of low volatile matter 

The complete combustion of the solid carbon or char 

generated from these coals would take relatively long residence 

times (- 2 sec). In this case, the degree of oxidation was 

distributed equally among the first two flame zones. The net 

result is an elongation of the flame, slightly reducing the 

temperatures of the first gas zones and increasing the 

temperatures toward the end of the furnace. The overall change in 

the heat extracted is negligible. 

(ii) 100%-0%. This case represents combustion conditions that may 

exist in a lean- natural .gas flame where complete combustion is 
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achieved at relatively short distances from the fuel nozzle. In 

this case all the fuel is considered to be burning in the first 

flame zone. The effect is opposite to the previous case: the 

temperatures is higher near the nozzle and lower towards the 

furnace end. The total change in the heat removed was below 1%. 
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Section 9 

HEAT EXCHANGE IN GAS TURBINE COMBUSTORS 

Introduction 

A comparison of the experimental results from the Combustion Research 

Facility with the theoretical predictions using the radiat'ion model, shows 

that realistic estimates of the radiative characteristics of coal water fuel 

flames can be obtained at atmospheric pressure. Further application of the 

data and the model to gas turbine combustors might be achieved by scaling of 

the flame shape, volume and structure with combustor pressure. Literature 

data on the effect of pressure upon the variation of radiative properties 

can be used in combination with such flame scaling to obtain an approximate 

estimate of radiative heat transfer in gas turbine combustors. Having the 

above constraints in mind the variables which were considered in this 

investigation were: 

(1) pressure (1-10 atm) 

(2) combustor dimensions 

(3) excess ~ir (18%-40%) 

(4) thermal input (0.25-1.0 MW) 

The i.nput: conditions chosen for performing the calculations were based 

39 on the data available from the METC gas turbine combustor and the 

data obtained from the CRF. The values of pressure, thermal input and 

combustor size chosen for the modeling study were similar to those reported 

37 
by Farag et al using the METC combustqr. The scaling of the flame from 

the CRF to the gas turbine combustor was done by maintaining geometric 

similarity. This meant that corresponding flame zones chosen for the 

purpose of radiative heat flux calculations had identical molar species 

concentrations but their si~e wa~ ~educed by a factor of four. In the 



9-2 

calculations of the radiative properties of the combustion products C02, HzO 

and soot the total pressure was taken into account. 

In the following section results from this study are reported. The 

input conditions used in these calculations are listed in Table 9.1. 

Pressure 

The pressure range considered was between 1 and 10 atmospheres. The 

values of partial pressures of carbon dioxide and water vapor at atmospheric 

pressure were increased linearly with increasing pressure. 

The effect of pressure on soot production was investigated by several 

authors. 25 26 . Flower and Bowman ' found that the soot: yu~lr.1 (mass of 

soot/mass of fuel) is proportional to the pressure raised to a power of 0.7 

± 0.3. This implies that: 

(n+l) 
Cs a p 

where: 

C: Soot concentrations (g/m3). 

p: Pressure 

n: Soot yield exponent. 

27 Kadota, Hiroyasu and Farazandehmehr found a similar exponent as the 

one found by Bowman and Flower. On the other hand, MacFarlane, HolrlP.~ne~s 

and Whitcher28 and Homann29 found that the soot yield was proportional to 

the pressure raised to a power between 2.5 and 3. Similar work performed by 

M1lberg30 
at pressures below atmospheric had shown a linear relationship 

between soot yield and pressure. 

In our work, when the soot concentration was varied between its value 

at atmospheric pressure and a value proportional to the square of the 

pressure no significant differences in the gas temperature or radiant heat 

transfer were observed. 



Table 9.1 

Input Corrlitions of Gas Turbine Combustor Numerical Simulation 

Run 312 A B c D E F G H 

.Irlillit: 

Configuration CRF Gl'C GTC. Gl'C Gl'C Gl'C GI'C 

Exponent for Soot 
Vol. Cone. 1. 0.) 1.00 l.C•O 1.00 0.00 1.00 1.50 o.oo 1.00 

Pressure [A'IM) 2.00 1.00 7 .l"O 10.00 7.40 7.40 7.40 4.50 4.50 

FUel Flow Rate 181.48 181.48 181.'!8 181.40 40.80 40.80 40.80 46.50 46.50 
(kg/h) 

Air Flow ~te 1350.00 1720.00 1720.00 1720.00 360.00 360.00 360.00 330.00 330.00 
(kg/h) 

Excess Air 10.(•0 39.20 39.20 39.20 39.20 39.20 39.20 18.20 18.20 
(%) 

\0 
I 

w 

outgyt: 

Total Heal Input 1181.10 1205.80 1205.80 1205.80 269.30 269.30 269.30 284.50 284.50 
(k\'1) 

Heat to Gases 
(kW) 799.80 1165.40 1162.90 1162.70 235.40 234.40 234.30 237.90 236.90 

(%) 67.72 96.65 96.44 96.43 87.41 87.04 87.00 83.62 83.27 

Total Heat Extraction 
(k\i) 363.60 37.40 38.00 38.10 32.70 32.50 32.20 45.60 45.00 
(%) 30.78 J.10 3.15 3.16 12.14 12.07 11.96 16.03 15.82 

Heat Ext...action 
by :Rad. 354.50 35.90 37.40 37.40 31.50 31.90 31.60 44.70 44.40 

(k.WI 
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In the computer Runs E, F and G, the soot yield was varied while 

keeping· the other parameters constant. From Table 9.1 and Figures 9.1 and 

9.2 that it can be seen the soot yield did not have any effect on either the 

radiative flux or the gas temperature. This is shown in Section 8 to be the 

result of the fact that the flame emissivity reaches an asymptotic value 

with increasing soot concentrations. 

Moreover, the higher partial pressures of C02 and H20 at higher 

pressure did not affect the. heat extracted significantly in the range 

Figure 9.3 shows the effect of pressure on the incident radiation to 

the walls. Radiative fluxes for Runs B, C and E corresponding to pressures 

of 1, 7.4 and 10 atmospheres respectively, are plotted versus axial 

distance. A small increase in the radiative flux is observed when the 

pressure is increased from 1 to 7.4 atmospheres; the flux remains constant 

beyond that. No significant change in the gas temperature with increaslng 

pressure was observed as shown in Figure 9.4. 

Combustor Dimensions 

As mentioned in the foregoing discussion on the scaling of the flame 

data, the dimensions of the combustion chamber wer.e reduced by a. factor of 

4. The resulting gas turbine combustor dimensions which were considered in 

this study were 0.3 meters in diameter and 1.15 meters in length, similar to 

the dimensions of the U.S. DOE Morgantown Energy Technology Center bench 

scale combustor37 . 

Using these gas turbine dimensions, the total heat extraction through 

the combustor walls was reduced from 30% in the CRF flame to about 3%, for 

the same fuel flow rate (Runs A and Bin Table 9.1). This is due to the 

reduction in the wall surface area by more than one order of magnitude. 
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Because of this reduction in heat extraction it was necessary to increase 

the excess air in order to keep the temperature of the exiting gases below 

37 1000 K as measured in the METC experiments Accordingly, the excess air 

level was increased to 39.20% in Runs A, C and G. 

The effect of the reduction in combustor size on the incident radiative 

flux to the walls and the gas temperatures can be seen in Figures 9.5 and 

9.6. In these Figures the radiative flux to the wall and the gas 

temperature in the CRF are compared with those in the gas turbipe combustor, 

without accounting for the pressure effects on the flame emissivities (Runs 

A and Bin Table 9.1). Both the incident fluxes of radiation and the gas 

temperatures are higher in the case of the gas turbine flame. ·However 

because of the higher wall temperature of the refractory lined gas turbine 

combustor wall the net radiation·absorbed is only about one tenth of that 

for the CRF flames. 

Excess Air 

Excess air can vary within a wide range in gas turbine combustor 

operation since it is the mechanism by which exit gas temperature is 

controlled. Gases leaving the combustor to the turbine must be below an 

allowable temperature limit and must have uniform temperature distribution 

across the combustor exit. 

In the cases studied the excess air levels used were 39.2% and 18.2% 

respectively. The radiative flux and gas temperature profiles calculated 

for pressures of 7.4 and 4.5 atmospheres respectively are shown in Figures 

9.7 and 9.8. They show that for the same thermal input higher temperatures 

and thus higher radiation fluxes are obtained for the lower excess air 

combustion (excess air level 18%). 



1000 

800 

600 

400 

200 

0 
0.0 

9-10 

Combustion Dimensions 

e d = 0. 3 rn, L = 1. 15 m 
Excess a1r ~ 39% 

· • d = 1. 2 m, L = 4 . SO 

Excess air= 10% 

.---- -II- - --- - ---·- ---- -- ----. 

0.2 0.4 0.6 0.8 1.0 

AXIAL DISTANCE AS A FRACTION OF CUMBUSTOR LENGTH 

Figure 9.5 Eff~ct of Combustor Dimensions on Radiative Flux 



.......... 
u 
0 -
~ 
::::::> 

~ 
tzl 
p.. 
~ 
tzl 
~ 

2000 

1800 

1600 

14·00 

1200 

0.0 0.2 

9-11 

0.4 

Combustor Dimensions 
e d = 0. 3 m, L = l. 15 m 

Excess air = 39% 

0.6 0.8 1.0 

AXIAL DISTANCE AS A FRACTION OF CUMBUSTOR LENGTH 

Figure 9.6 Effect of Combustor Dimensions on Gas Temperature 



9-12 

I I I I I I 

.-. 1500 r- __......._ -
(IJ 

6 ,.-- ---------........ 

~ I ....___ 
.......... ....___ 
~ I ----. ......1 
tr.. 

~ 
~ • Excess air = 18% 

~ 1000 1- 0 Excess air = 39% -
~ z 
~ 
0 ..... u 

---h--~ z ..... 
_/(> ---- ---- ----(> " 

0/ 

I I I I I I I I 

0.0 o.z 0.4 0.6 o.a 1.0 
AXIAL DISTANCE (m) 

Figure 9.7 Effect of Excess Air Upon Incident Radiative Flux in 
a Gas Turbine Combustor 



-u 
0 -
~ 
~ 

~ 
t:l 
0... 
~ 
t:l 
E-< 

9-13 

-1 I 

~· 
I "-~ 

2000 I- I "---- ---- -----
I 

J <t-- . I ~ '----- -. ~ ---I --- ---~ 
1500 ..... I • Excess air = 18% -

j 0 Excess air= 39% 

I 

0.0 0.5 1.0 

AXIAL DISTANCE (m) 

Figure 9.8 Effect of Excess air on Gas Temperature in a Gas Turbine 
Combustor 



9-14 

Thermal Input 

Three fuel flow rates were considered. The first flow rate used was 

similar to the one chosen in the atmospheric pressure runs (181.48 kg(hr). 

The other two were 40.80 kg(h and 46.50 kgfh at pressures of 7.4 and 4.5 

atmospheres respectively, corresponding to the flow rates used at the 

Morgantown gas turbine combustor. 

By comparing Runs C and F we can see that while reducing the thermal 

input by a facto~ of 4 (Table 9.1) results in a small reduction in the total 

heat extracted (from 38 kW to 32.5 kW), the percentagP. of t-h~ thermal input 

removed thro\lgh the fm:-nace walls increases fourfold, from 3. 2~ to I~, ·u. 

This is tantamount to saying that the.net radiative flux to the wall is 

little affected by the heat input to the combustor and hence, its fraction 

of the total heat input is approximately inversely proportional to thermal 

input to the combustor. 
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Section 10 

Conclusions 

Effect of Burner Input Parameters on Fuel/air Rate of Mixing 

o The mixing of the "fuel jet" with the burner airflow and the flow 

field in the region near the burner was studied in cold flow 

experiments. The "fuel jet" was represented 

airflow without or with the addition of water. 

by the atomizing 

The decay of the 

"fuel jet" velocity and of the concentration of a chemical tracer 

(GO) introduced into the atomizing airflow was determined along the 

jet axis for the effects of the degree of swirl in the combustion 

air, the atomizing air ·flow rate, the addition of water to the 

atomizing air and total flow rates corresponding to 0.7 and 1.0 MW 

heat inputs respectively. 

o Fuel/air mixing is faster for swirling burner airflows than for non 

swirling annular jets. However, swirl degree beyond that which is 

needed for the. establishment of an internal recirculation zone (S -

0.75) does not bring proportional benefits in terms of mixing C!-S 

illustrated by the axial decay of the concentration of a chemical 

tracer (CO) introduced into the "fuel'' jet. 

o Flame stability requires both the fast mixing of the fuel spray with 

hot recirculated gas and also the establishment of regions of the 

flow field near the burner where the gas velocity is sufficiently 

low to provide for anchorage of the flame front. 

o When the atomizing airflow is increased for a given atomizing 

nozzle, the gas velocity rises along the jet axis with the result 

that the stagnation region established by the swirling airflow is 

l.ll!:iplact~d further downstream from the burner. 
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o The same effect is observed when the mass flow rate of the atomizing 

airflow is increased by the addition of water (representing the fuel 

spray). 

o The implications of results of the near field mixing and flow 

patterns for burner-atomizer design are: 

a) Hollow cone, wide angle spray(> 50°), combined with low swirl 

degree burner airflow is favorable for flame stabilization but 

there will be a limit to the sp1:ay angle in a gas turbine 

combustor because of Lht! risk of fuel impingement on the 

combustor wall. 

b) Solid cone, narrow angle sprays (< 50°) ought to be combined 

with higher degree of swirl in the burner airflow to ensure 

good flame stability. This arrangement is free.from the risk 

of particle impingement on the combustor wall but it requires 

fine atomization to ensure that the largest char particles on 

the· flame axis wl•l,.:h have residence times significantly 

shorter than the mean residence time in the comb us tnr,, would 

not leave the combustor before they are completely burned. 

CWF Flames Investigation 

o The prime variable that determines carbon hnrn-ot.tt in the flame io 

the drop- size distribution of the CWF spray. . Since the fine grind 

CWF spray (Run 318G) was finer than the ultra-fine GWF (Run 318A), 

the carbon burnout in the first case was better. 

o Dilution of fine grind CWF with water can be used to reduce the 

effective fuel viscosity and hence to improve the atomization 

quality without significant penalty in terms of cycle efficiency. 
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o In the fly ash, the large particle fraction ( > 38 jim) consists 

mainly of incompletely burned carbonaceous solids. 

o The ultrafine CWF showed the potential of producing a fly ash of 

very fine particle sizes ( < 5 jim) in case complete burnout of the 

char particles can be achieved. 

o In low ash content coal the probability of releasing small ash 

centers from the burning char particle is increased whereas these 

small ash centers may more likely coagulate and form larger molten 

ash particles when the ash content of the coal is high. 

o The theoretically predicted carbon burnout efficiency using a 

mechanistic model of droplet dry-out, coal devolatilization and char 

burn-out is in good agreement with experimentally measured values: 

NOx Emission 

o Results of experimental studies on fine grind CWF flames show that 

NOx emission can be effectively controlled by staged air injection 

into the flame. TI1e NOx emission was reduced from about 900 ppm in 

single stage flames to 270 ppm (3% 02) in a rich-lean combustion 

system. 

o The fuel-rich stage residence time necessary for the conversion of 

FBN to N2 is determined by the nitrogen evolution time during coal 

pyrolysis. 

o Fine atomization is a necessary prerequisite not only for complete 

combustion in a restricted combustion space but also for high rate 

of volatile nitrogen evolution necessary in the fuel-rich stage. 

o When the atomization quality is high because of effective 

atomization, the flame solids particle size distribution follows the 

constituent coal size di~tribution. In the ease of staged 
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combustion process modification, full advantage can be taken of fine 

coal parti.cle sizes in the CWF for increasing the volumetric heat 

release rate in the flame without increased NOx emission. 

Radiative Heat Flux Distribution 

Experimental data on atmospheric pressure coal water fuel flames 

obtained in the MIT Combustion Research Facility, and a zone model of 

radiative heat flux distribution were used to make approximately 

calculations of radiative heat transfer in a gas turbine combustor. 

For pu~poses of thP. r;:~l.rlllat.ion tho mca!lured flame sLLucl:ure (spat:ial 

distributions of chemical species ~nnr.entrations) wno scaled by a fc:u.:Lur of 

four, preserving geometric similarity from the CRF flame to the METC 

experimental gas turbine flame size. Pressure effects upon the contribution 

of C02, H20 and soot to flame emissivities were taken into account., 

The results showed that: 

o The incident flux of radia,tion incr.ea!;P.S with total prcgsure; the 

increase is significant between atmospheric pressure and 7.0 atm but 

levels of.f above this pre!>sure level. 

o The net radiative heat flux to the combustor. wall is insensitive to 

the variation of the thermal input to the combustor and hence the 

fractional t.:adiative heat transfer to the wall varies inversely 

proportionally with the heat input. 

o The radiative heat flux incident on a wall element is generally 

enhanced by increasing soot concentration. The enhancement is 

significant at low ·soot concentrations but reaches saturation 

conditions for soot concentrations in excess of 100 mg/m3. 

o It is noteworthy that the above calculations were made for a 

refractory lined combustor (as in the case of the METC experiments). 
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The conclusions concerning the net radiative flux to the wall would 

be significantly affected by the reduction in the wall temperature 

e.g. for bare metal gas turbine combustor walls. 
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Appendix A 

Results of Cold Flow Study ' 



Table A. I 

Axial Velocities in (m/ sec) 
Run I( a) 

Axial Distance from Quarl 
Radial Distance Narrowest Cross section in (m) 

from Furnace 
Axis 0.177 .293 .327 .427 .527 .627 ~ .• 6311 .679 ,7]11 .71!11 .8)4 ,884 ,899 

0.0 31.55 18.16 l0.2S 6.83 5.5 11.90 t.71 11.111 3.56 3.25 3. 03 
.01 37.20 
.02 II I. 59 21.511 
.OJ 116.20 8.1111 
.025 12.6 
.011 37.01 1111.98 25.39 
.05 Ill ..63 113.27 15 .5'> 
.06 29.15 32.75 38.35 27.16 10.10 
.01 17.03; 
.08 211.52 27 •. 111 26.46 25.03 
.09 11.33 
.10 22.97 20.57 20.116 21.S6 17.63-
.11 
.12 211.60 20.67 16.63 18.76 11.78 

27.17 
.125 16.3 
.13 30.115 
.111 32.67 23.36 15.113 

34.211 
.1115 311.37 

33.08 
.15 211.78 13.27 111.19 12.211 
.16 19. D I 15.09 :> .17 I 
• 175 12.3!1 12.99 1-' 

.18 8.'5) 13.71 11.01 
• 19 
.20 6 .•)2 11.10 10. 11 10.72 
.21 9.38 
.22 11.•)6 
.225 8.05 9.112 9.21 
.23 
.211 8.83 
.25 11.-12 6.30 7.89 8.118 
.26 
.21 1.0 
.275 11.92 6.82 7.71 
.28 
.285 
.29 
.30 11.5'0 6.112 6.67 6.56 
.)1 
.32 
.325 II ,•J2 5.211 6.16 
,JJ 6.37 
.35 5.13 5.91 
.)6 11.95 
.)75 11.26 5.03 
.110 ). 39 3.9) 11.98 11.80 
.1125 11.91 
.115 11.119 11.)8 
.1175 3.67 
.50 3.56 

~ ;>Q 
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Table A.2 

Concentration of CO in ppm 
Run 1( a) 

Axial Distance From Quarl Narrowest Cross-section (m) 

.293 .343 0.543 0.443 0.643 0.743 6. 15 

Radial Distance 
from Furnace 
Axis in (m) 

o.o 1029 481 336 298 252 143 
.01 1096 541 364 322 266 
.02 1012 566 379 326 266 
.03 839 561 412 341 275 
.04 651 536 412 341 280 
.05 328 496 412 341 275 
.06 317 451 408 345 275 
.07 -:; 211 393 388 355 280 
.08 156 355 374 345 284 
.09 125 308 350 336 284 
• 10 98 252- 334 326 284 
• 11 89 224 308 322 289 
• 12 80 197 280 308 280 
• 13 75 174 252 . 298 275 
• 14 75 156 238 289 270 
• 15 80 151 229 275 256 
• 16 93 142 206 261 247 
• 17 111 138 192 243 252 
• 18 133 138 179 238 247 
• 19 147 147 170 233 243 
.20 147 147 161 211 238 
.21 156 151 165 201 233 
.22 156 151 165 201 224 
.23 151 161 18] 220 
.24 151 161 179 211 
.25 156 165 179 211 
.26 
.27 
.28 
.29 
.30 165 170 192 
.40 165 165 183 
.50 147 17'1 



Axial distance 
from quarl, 
narrowest cross 
section (in m) 

0.253 
0.293 
0.313 
0.343 
<L393 
0 • 11'13 
0.493 
o.su~ 

0.593 
0.643 
0.693 
0.743 
0.793 
0.843 
0.893 
0.943 
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·~ 

·""·· : . 
·- i ... t •.• ·'l, 

Table A.3 . ' .~ ... "Q8 
• ~. ... ·,,.J '.j (.; 

Axial Velocities on Furnace Axis 

in (m/sec) (Run 1(b) -....... •. 

Air introduced through 
the atomizer (along) 

28.2 
15.47 

10.01 
7.n3 
6.37 
5.88 
u.~3 
4.34 
4. 13 
3.92 
3.85 
3.43 
3.57 
3.36 
3.22 

Water and air introduced 
through the atomizer 

27.16 
25 •. n 
16.03 
9.00 
4.9 

-4.2 
-4.09 
-2.98 

2.4 

4.41 
3.22 
3.43 
3.29 

-r 
: ! 

... ; : j 
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Table A.4 

Axial Velocities in (m/ sec) 
Run 2(a) 

Radial 
distance 

from 
furnace 
axis in Axial distance from quarl narrowest cross-section 

(m) (m) 

0.261 0.316 0.366 0.466 0.521 0.536 0.556 0.566 0.666 

o.o 24.84 8.96 6.27 6.27 5.54 -4.02 -4.28 
0.005 48.93 
0.01 39.60 20.96 8.63 
0.02 35.06 23.71 16. 14 -4.06 
0.025 23.48 
0.03 15.53 17. 10 13. 12 7.82 5.64 
0.04 12.64 13.35 11.25 7.18 -4.11 -4.49. 
0.05 12.60 11.72 10.69 7.02 5.57 
0.06 12.26 11.38 -4.16 
0.07 11.83 10.91 9. 15 6.73 
0.08 11.39 10.32 5.36 -4.17 
0.09 10.56 9.41 8. 15 6. 10 
0.10 10. 15 8.98 5.40 3. 78 -4.17 
0. 11 10.57 9.90 9.54 6.44 
0. 12 13.57 11.50 11.60 3.85 -4.10 0.1 
3 18.80 14.36 13.23 7.88 4.32 
0.14 22.68 16.63 14. 11 4.03 
0.145 23.24 
0. 15 21.34 17.01 14.81 9.91 7.30 4.22 
0.155 7.38 
0. 16 1.45 14.52 4.85 
0.17 4.36 10. 12 11 .69 10.01 
0. 18 3.08 5.65 9.05 5.09 
0.19 2.36 4.22 6.54 9.43 
0.20 3. 16 4.76 5.50 5.47 
0.21 4.63 7.21 
0.22 2.51 3.75 5. 19 
0.23 
0.24 2.63 5.41 5.23 
0.25 3.0 5.61 
0.26 4.20 4.46 
0.27 3.75 
0.28 3.92 4.22 
0.29 
o.3o· 3.66 4. 77 5.53 
0.32 4.22 
0.34 4.25 
0.35 4.60 
0.36 3.91 
0.38 3.66 
0.40 3.62 4.10 
0.42 3.24 
0. 41~ 
0.45 -3.30 
0.46 
0.48 
0.50 -2.62 



Table A.5 

Concentration of CO in ppm 
Run 2(.a) 

Radial distance Axial distance from. quarL 
from furnace axis narrowest ·~ross-se::tion 

in Cm) in (m) 

• 261 .286 0.301 .316 .VII .366 .391 .1116 • .1111.1 .1166 .518 .566 .616 .491 6.15 

0.0 1295 S511 156 723 11-31 422 336 303 ;:75 276 ?"~24 224 215 247 138 
0.01 1275 696 
0.02 98J 592 393 270 
0.03 6511 521 
0.011 3611 412 3611 261 
0.05 252 3611 
0.06 1711 303 326 252 
0.07 1J3 261 
0.08 111 211 261 2117 
0.09 98 165 
0.10 &I 1112 197 229 
0.11 T5 120 188 
0.12 71 111 1711 
0.13 &7 102 151 
0.111 67 100 1117 
0.15 71 98 133 11113 ::r> 
0.16 98 107 129 I 
0.17 120 116 129 V1 

0.18 138 125 129 
0.19 138 129 129 
0.20 1~8 133 133 161 
0.22 13 3 1112 
0.25 138 1117 151 
0.30 1~8 1117 1112 
0.35 133 
0.110 125 



Axial distance 
from quarl 
narrowest 

cross-section 
(m) 

0.261 
0.316 
0.336 
0.346 
0.356 
0.366 
0.416 
0.466 
0.526 
0.566 
0.616 
0.666 
0.686 
0.781 
0.866 
0.916 
0.966 
1.02 

A-6 

Table A.6 

Axial Velocities in (m/sec) 

(C) 

Air introduced 
through thP. 
fuel nozzle 

o.o 

26.04 
9. 1 
4.76 
1.33 

-3.46 
-3.89 

Run 2 

Radial 

o.o 

25.0 

15.4 
9.52 
5.67 

-2.78 
-4.11 
-3.99 
-3.46 
-1.05 

1.89 
1.'H 
1.05 
0.98 
0.91 

0.01 

21.8 

(B) 

Water and air 
introduced through 

the fuel nozzle 

distance from furnace 
(m) 

0.02 0.03 0.04 

13.02 7.07 4.13 

axis 

0.05 

4.76 



Axial distance from 
quarl, narrowest 
cross-section (m) 

0. 261 
0.316 
U.jbb 
0.391 
0.416 
0.466 
0.506 
0.516 
0.566 
0.616 
6.15 

A-7 

Table A.7 

Concentration of CO in ppm 

Run 2 

(C) 

Air Introduced 
through the 
fuel line 

1940 
1221 
'(65 
571 
336 
183 
179 

179 
179 

(B) 

Air and Water Introduced 
through the 
fuel nozzle 

1l49 
~24 

718 
511 

461 
364 
336 
179 



A-8 

Table A.8 

Concentration of CO on Furnace Axis for Different Swirl Numbers (ppm) 

Axial Distance 
from Quarl 
Narrowest 

Cross Section 
in (m) Swirl Number 

o.o 0.37 0.75 1.45 2.24 

0.261 1475 1454 1393 1149 1275 
. 0.286 1166 1149 1012 722 854 

0.301 1046 1012 854 675 756 
0.316 932 885 739 592 723 
0.341 780 794 582 471 481 
0.366 745 696 511 393 422 
0.391 654 592 412 336 336 
0.416 576 521 355 298 303 
0.441 516 481 317 270 275 
0.466 461 412 280 243 270 
0.491 422 384 252 229 247 
0.506 403 374 243 224 
0.518 224 
0..541 345 326 211 206 
0.566 326 308 197 224 
0.616 308 270 188 215 

. 0.686 247 183 188 
0.766 215 
0.866 170 
6.15 170 170 



Radial distance 
from furnace 
axis (m) 

.o 

.02 

.04 

.06 

.08 

.10 
• 13 
.15 
.17 
.20 
.25 

0.261 

2?2 
252 
270 
280 

326 
336 
331 
284 
252 
252 

A-9 

Table A.9 

Concentration of CO in ppm 

Run 2(d) 

Axial distance from quarl 
narrowest cross-section (m) 

0.286 0.316 

261 266 

0.366 

261 



Appendix B 

Results of Flame Study 



Table B.l 

Centerline Values of Temperature, Gas Composition, Soltc;s Con:entrat4on 
and Axial '/el.oclty in flame 318A (Ultraflne AHH CHFI 

Ga.s Comr-osltlons (by volume) 

Axia.l 0~ C02 
co t{Q so2 

Solids Conjentratlon Tempgrature Velocity 
I 

Dist. fro"' l ppm ppm ppm (GH/NH ) c ("'/sec) 

Nozzle (m) 

5.46 2.87 15.96 30.76 710 538 

3.62 3.3~ 15.5C 22.79 740 600 0.67 1208 

3.91 l. q 1 15.3CJ 25.15 130 588 0.69 1200 1.9 

2.7 3.46 15.4q 26.40 750 575 0.80 1214 

2.'1 
2.1 3.50 15 .2~ 40.00 750 563 0.89 1243 0.56 

1.8 3.7'1 15.00 45.51 760 550 0.97 1315 

1.5 3.89 14.88 51.28 760 538 0.79 13'1'1 0.0 

1.2 3.83 14.88 90.25 760 538 2.'17 136'1 

0.96 3.63 14.86 195.1} 758 525 10.98 -2.4 

0.9'1 
1'121 

0.89 3.'18 14 .8q 258. 15 760 538 15.18 

0.88 
-2.1 

0.865 
1'1]0 

0.82 3.51 14.80 320.'14 762 550 17.61 -2.58 

0.80 1379 

o. 75 27.01 1388 t:J;j 

0.7'1 3.13 H.80 373.71 760 538 I 

0.68 35.92 -1.84 ...... 

0.67 3.82 1~.n 579.75 760 550 
0.65 36.85 1392 

0.63 
0.60 

-2.1 

0.58 4.03 H.31 100'1.69 760 538 '13.113 "1'153 

0.55 
-2.6 

0.51 4.40 n.25· 2266.7 770 513 50.81 

0.50 
11151 -3.11 

0.'16 117.26 

0.'15 
-'1.2 

0.4'1 5.2 13.11" 3556.6 
0.'12 

104 
-3.3 

0.'10 4.11 U.2 1.'120 X 6110 500 H9.38 1.379 -2.5 

0.36 4 
0.0 

0. 35 8.5 10.08; 1.059 X 10 550 438 i246 

0.34 
0. 32 
0.30 265.375 21.8 

0.28 
36.5 



Table B.2 

Radial Values of Temperatures and Species Concentration 

(02, co
2

, CO, H0
1

, so2' Solid:~) ln flame 316A (Ultrafine AHAX CWf) 

Axial lladlal 0? co
2 

co HO so2 Solids Conc~ntration Tempgrature 
X 

Dl:st. from Dlst. from ~- s ppm ppm ppm (GH/IIH ) c 

Houle (m) Centerline (m) 

0.35 0.0 8.5 10.08 1.059 X 1011 550 438 1246 

0.05 6.26 11.29 2.2118 l 10 11 540 650 3711 .56 1265 

o. 10 6.57 11.511 1.1165 X 10 11 560 500 81.201 1063 

.0.15 12.5 7.119 1.059 I 10 11 370 1175 

0.20 1l.O 8. 39 1.239 X 10'1 360 1138 22.225 1020 

0.25 7.32 11 .55 6130 5110 1163 

0.30 5.29 13.30 911. 6110 500 19.363 1250 

0. 35 li.O 1li.80 601.71 650 538 

O.liO 4.7li 1li.01 102.2 100 '175 1250 

0.50 0,623 

1.2 o.o 3.83 111.85 90.25 760 538 2.47 

0.05 3.63 15.01 57.7 710 536 

G.10 3.60 15.05 59.71 110 538 b:l 
I 

0.15 1.27 1350 N 

0.20 3.61 111.89 6li.88 170 538 1357 

o. 30 3.72 1lj.78 80.58 710 538 2.38 1365 

O.li2 3.96 1li.511 75.H 760 '138 1. 93'1 1371 

0.112 3.6) 1lj.85 195. 13 758 525 10.96 



Table B.3 

Centerline Values of Tenperature, Ga.s ComposL~lon 
and Veloclt) D~ta ln flame ]186 (flne Gr1Ad ARC CWf) 

Ga.s Compo:sltlon.s (by volume) 

Ax tal ol co co HO 502 Solids Conc,ntr,atlon Temperature Velocity 
s2 X oc 

Dl~t. from ppm ppm ppra (GM/IIH ) (m/.sec) 

Houle (m) 

5.46 ~· .9f· \5.6) 17.7 6]0 650 
3.62 2.7" 16. 15 26.27 790 625 1210 

3.01 3.1] 15. l'i 24.9 610 600 12011 

2.70 1.~4: 126] 

2.4 
·?.I 2 .9•1 .,5,72 ]4.25 600 650 1332 .. 
1.6 ].6 1360 o.o 

1.5 3.02 IS. ],1 59.21 610 650 1]76 -1.0 
1.2 3.51 15.11 79.52 610 566 3.0 1361 -2. I 

0.96 3. 2'!l 15.23 176.•01 610 575 6.1 
0.95 -2.1 

0.94 1416 

0.69 2 .9'5 15.54 237.12 600 575 1].5 I II 12 

0.665 
0.85 -1.5 

0.62 2.CO 15.11 660.7 620 566 15.5 1438 

0.60 -1.5 

0.75 2. ~· l 1S.fn 1662 810 625 25.]. 11174 -1.1 tJ:j 

0.7 2.] I 
w 

0.68 3].0 
0,66 I. ~5 1s.n 266·~ 860 66] 
0.65 14B3 4.3 

0.61 
:t ul'~ 

110.2 
0.58 o. ~6 16. I] 1.7SS 660 750 57.9 1471 6.1 

0.55 8.2 

0.5] 84.1 
0.51 

IC•.
4 

0 .5•) I.B5 1].9 2.246 .. 780 1408 10.3 

0.46 
a. ~t5 1]56 II. 1 

0.44 
0.42 11 .li 
0.41 
0.110 
o. 35 1115 

0. 33 111.2 

0.28 2].0 

0.21 44.0 

0.11 55.1) 

0.51 
0.50 
o.q6 110.1 
0,45 
0.114 
O,lil IIU .8 
o. ~0 
n 1<; 1911.9 



Table B.4 

RaGial Value' or Temperature and Specie' Concentration 

(02, co
2

, CO, H0
1

, so
2

, Solid:~) in flame ]186 (fine Grind ARC C\lf) 

Axial Radial o· co2 
co NO so2 Solid' Conc3ntration Tempgrature Velocity 

:l2 I 

Dist. rrom Dl:~t. from s ppm ppm ppm (GH/IIH ) c (m/sec) 

Hoz;:le (ml Centerline (m) 

0.35 o.o 1911.9 

0.05 87.2 

0.1 9.5 9.07 1.059 X 1011 600 325 

0.15 33.9 lllS 

10.21 1.239 
., 

620 1269 0.20 9.0 l 10 l 350 20.11 

0.25 l]3'1 

o. 30 II. 18 111.5 I 380 800 525 11.118 13311 

0.110 3-93 lll. 66 171 790 500 13116 

1.2 0.0 ].51 15.11 79.57 810 588 3.6 l]8 I -2.6 

o.os 13811 

0. I 2.~ 16.35 89.5 800 650 1379 

0. IS 

0.2 2.75 15.8 76.3 790 625 2.13 l]75 

0.30 3.35 15.3 70.8 8110 575 11.1 1379 ~ 
I 

0. 38 3.67 111.78 69.7 820 550 1385 .p. 



Table 8.5 

Incident Radiation Flux in Runs 318A·& 8 

Axial Distance 
(m) 

0.18 

0.28 

0.58 

0.89 

1.50 

1.81 

2.10 

3.01 

3.62 

4.53 

Radiative
2

Flux 
(k W/m ) 

Run 318A 
Ultrafine 

250 

267 

292 

287 

225 

154 

167 

167 

Run 
Fine 

3188 
Grind 

317 

334 

375 

325 

299 

266 

207 

214 

207 



B-6 

Table 8.6 

Measured Gas Emissivity in Runs 318A & B 

Gas Emissivity 
Axial Position 

.. ; .. 
Radial Position f; 

(m) (m) Run 318A · Run 3188 
Ultrafine Fine Grind 
AMAX CWF ARC CHF 

0.28 0.61 

10 0.68 

30 0.81 

40 0.88 

50 0.86 

60 0.86 . 

0.89 0 0.17 0 •. 35 

10 0.38 

20 0.13 0.44 

30 0.46 

40 0.27 0.48 

50 0.48 

60 0.36 0.49 

1 .20 0 0. 16 0.28 

10 0.29 

20 0.20 0.30 

30 0.38 

40 0.27 0.43 

50 0.42 

60 0.39 0.43 
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