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ABSTRACT

South Australia has large reseryes of low rank coal. These coals contain an

appreciable amount of water in their 'as-mined' state. Fluidized bed combustion or

gasif,rcation is an economic and environmentally acceptable way to utilize low rank coals.

The main advantages of fluidized bed technology are high heat transfer coefficients, low

SQand NO*emissions and independence of feed stock.

Most previous research has focused on the conversion of dry coal and char. However

low rank coals contain an appreciable amount of volatiles and water in their 'as-mined'

state. Complete water removal prior to combustion or gasif,rcation is not economical. The

volatiles of the low rank coals can contribute for more than 50Vo of the energy released

during combustion. Experimental data reported on devolatilization und.er pyrolysis and

combustion conditions of wet coal are limited.

For the design of a fluidized bed combustor/gasifier, it is important to understand. the

interactive processes which occur during combustion/gasification of wet coals. The

processes include drying, devolatilization, combustion of volatile matter in the gas phase

followed by combustion of char. This thesis reports the results of an experimental as well

as modelling investigation aimed at an improved understanding of these interactive

processes.

The experimental investigation includes overall weight loss experiments for drying,

coupled drying and devolatilization under pyrolysis conditions and coupled drying and

devolatilization under combustion conditions for single particles. The shrinkage of

particles during drying has been established. The evolution of volatiles species during the

pyrolysis of wet and dry Bowmans coal particles has also been investigated. A novel

experimental set-up has been developed which allows accurate measurement of the time
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dependent histories for drying and devolatilization under pyrolysis as well as under

combustion conditions. A wide range of experiments using different particle diameters,

temperature and initial moisture contents have been carried out.

A model for the dryittg and devolatilization of a single coal particle has been

developed. The model includes shrinkage of the particle. The interactive influence of

volatile combustion on drying has also been investigated. The model assumes heat transfer

to and through the coal particle and chemical reaction as rate limiting steps for coupled

drying and devolatilization. A shrinking core model describing the drying and a moving

particle radius due to shrinkage has been included in the overall concept. In a separate

modelling approach volatile combustion has been related for the first time with fluidized

bed design parameters. The flame temperature was estimated using a modified Shwab-Zel-

dovic approach to the fuel droplet combustion problem. Comparisons of experimental data

obtained using the experimental system mentioned above and data obtained from literature

are seen to be in good agreement with the model predictions.
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1 INTRODUCTION

96Vo of the energy consumed in Australia (Department of Energy and Mining, L982)

is obtained from three sources, oil, coal and natural gas. However, there is a mismatch

between reserves and demands for the forms of energy. As can be seen in Figure l.l,95Vo

of the non-renewable energy sources in Australia are composed of coal whereas crude oil

represents only l%o. On the other hand, 45Vo of the energy consumed is in the form of oil

and only 40Vo in the form of coal.

Since the oil crisis in the early seventies, coal as an abundant alternative fuel source

has become the focus of new research and development efforts. Coal is expected to bridge

the gap between the receding supplies of oil and the emergence of future energy

technologies such as nuclear fusion and solar (photovoltaic) energy. V/ith improved

conversion technologies like fluidized bed combustion and gasifrcation, a high efficiency

as well as pollution control and operational reliability can be obtained. Despite the

intensive research efforts in this area there are several fundamental aspects which are not

well understood.

1.1 COAL

Coal is formed from the accumulation and decomposition of plant substances

which originated in vast primeval swamps. Thick beds of concentrated organic matter

called peat were formed by partial decay of trees and plants. The organic matter was

buried before it was completely oxidized to carbon dioxide by micro-organisms. The

plant material underwent drastic physical and chemical changes through the attack of
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AUSTRALIA
ENERGY RESERVES AND DEMANDS

COAL

CRUDE OIL

NATURAL GAS

RESERVES DEMANDS

Fig. 1.1 Australia energy reserves and demands
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bacteria and fungi as well as through increasing temperature and pressure, as peat

became buried under layers of younger sediments. During the coalification process the

chemical and physical properties of coal change considerably. Coal varies widely in

composition from source to source which is due to the complexity of the sogrce

materials, geological circumstances, climatic conditions and the degree of coalification.

Strong heterogeneity can be observed even within a given coal seam (Damberger et al.,

1984).

Coal research has gone on for more than a hundred year (van Krevelen, L9B2) and.

various attempts have been made to classify coals (Ergun, 1979). One of the most

widely used classification systems has been developed by the ASTM (American

Society of Testing Materials). It is based on amounts of fixed carbon, volatile matter,

heat value and agglomerating character. As can be seen from Table 1.1 fixed carbon

and heating value increase with coal rank, whereas volatile matter decreases with

increase in rank.

The recoverable coal reserves in South Australia, in view of cruïent mining

technology, are all low-rank (sub-bituminous and lignite) coals. Bowmans coal deposit

is the largest known tertiary deposit in South Australia (Department of Energy an¿

Mining, 1984) containing 1.25 million tonnes of lignite. The d.epth of the seams ¿ìro

between 55 and 100 m below the surface and the individual seam thickness ranges from

0.5 to 15 m, which makes the deposit attractive for open cut mining. However the high

sulphur, chlorine and sodium content could cause problems if burned in conventional

power stations. Fluidized bed technology seems to be an economic and environmental-

ly acceptable way to utilize this coal.
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Table 1.1 ASTM CLASSIFICATION OF COALS BY RANK

Class & Group Fixed
Carbon
(DAF
Basis)

Vo

Volatile
Matter
(DAF
Basis)

7o

Heating
Value
(DAF Basis)

MJ/kg

Lignite
-B
-A
Sub-bituminous
-C
-B
-A
Bituminous
- High volatile C
- High volatile B
- High volatile A
- Med. volatile
- Low volatile
Anthracite
- Semi-anthracite
- Anthracite
- Meta-anthracite

>31
22-31
t4-22

8-14

<t4.6
t4.6 - t9.3

19.3 - 22.r
22.1 - 24.4
24.4 - 26.7

24.4 - 26.7
26.7 -30.2
30.2 - 32.5

32.5

{<

{< {r

*{r*
{<*{.

*r

<69
69 -78
78-86

86-92

* non-agglomerating ** agglomerating *** commonly agglomerating
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I.2 COAL CONVERSION IN FLUIDIZED BEDS

For obtaining energy out of coal several techniques can be applied:

- combustion

- pyrolysis

- gasifrcation

- liquefaction

The major methods of coal combustion have been fixed bed firing, where

mechanical strokers are used and suspension firing using pulverized coal.

In recent years, fluidized bed combustion and gasification are receiving increased

attention. Fluidized bed technology offers several advantages over conventional

techniques:

a) Heat transfer coefficients in a fluidized bed can be up to 5 times

greater than the heat transfer to a conventional tube bank. The

high transfer coefficients allow a more compact design (corey,

1978:' Essenhigh, 1979). Due to rapid and complete mixing of

the solids in the bed, a uniform temperature can be achieved in a

fluidized bed, which in turn minimizes temperature control

problems. Furthermore, an operation efficiency (overall effi-

ciency of a power station) of about 40vo can be achieved using a

pressurised Fluidized Bed combustor (pFBC) or a combined

cycle atmospheric FBC power generaror (young et al., 1937).

The efficiency of a conventional pulverized coal combustor is

about3TVo.
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b) The emissions of SO, and NO* can be lowered. By using a

chemically active sulphur sorbent (limestone or dolomite) as bed

material, sulphur dioxide (Chen and Saxena, 1977) is absorbed

'in-situ' without the need of expensive additional scrubbing

equipment. NOx emissions (Cowley and Roberts, 1981) are

significantly lower at operating temperatures typical of a FBC.

Lower operating temperatures also minimize ash fusion and

problems related to agglomeration.

c) A fluidized bed combustor (FBC) is essentially independent of

coal ash characteristics. That means FBC technology is largely

independent of feedstocks (Damberger et al., 1984). A variety of

low-rank fuels such as low-rank coal, peat, crop residue and

municipal solid waste can be burnt or gasified.

1.3 STATEMENT OF THE PROBLEM

Australia has large reserves of low-rank coal, the estimated deposits exceed

68,800 million tonnes (A.I.E., 1983). These coals contain a considerable amount of

moisture, volatile matter, sulphur, sodium and minerals. South Australian lignite, for

example, contains up to 60Vo moisture in its 'as-mined' state. Complete moisture

removal prior to coal conversion is not economical. The volatiles in the low-rank coals

contribute more than 50Vo of the ørergy released during combustion. It is, then,

important to understand the interactive processes which take place during the conver-

sion of wet coal. However, most research efforts have been focussed on the conversion

of pre-dried coal. Very few attempts have been made to study the fund.amental
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phenomena of drying, shrinkage, devolatilization, combustion of volatiles and combus-

tion of residual char of 'as-mined' low-rank coals in FBC (Potter and Keogh, 1981;

Agarwal, 1984).

In this study, a detailed experimental and theoretical approach has been undertak-

en to understand some of the phenomena which occur during pyrolysis and combustion

of wet coal. The following phenomena have been studied:

- drying with shrinkage for single coal particles in a convective environ-

ment;

- coupled drying and devolatilization under pyrolysis conditions for single

coal particles in a convective environment;

- coupled dryi.tg and devolatilization under combustion conditions for

single coal particles in a convective environment;

- volatile combustion of dry coal in fluidized beds.

Chapter 2 summarizes the results of previous investigations relevant to this study.

The experimental set-up and the experimental methods are described in Chapter 3.

The mathematical models developed to analyse the relevant phenomena are

described in chapter 4. The results of parametric studies are discussed.

Chapter 5 discusses the experimental results in comparison with the prediction of

the models. Model results are also compared with the experimental data reported in the

literature.

Chapter 6 outlines the conclusions drawn of the present study and makes

recommendations for further investigations.
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The computer programs and raw data are included as Appendices.
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2 LITERATURE SURVEY

2.1 DRYING

Drying is an important unit operation in the process industry. Considerable

research on drying has been done over the years, however drying is still not well

understood. In several literature reviews (Keey, 1980; van Brakel, 1980), the existence

of large discrepancies between science and application have been pointed out.

In general, drying problems have been solved mathematically using differential

equations for heat and mass transfer with phase change on a moving boundary. Several

reviews (rWilson et al., 1978; Ockendon et a1., 1975; Fasano and P¡imicerio, 1983;

Rubinstein, 1967) deal with the analytical and numerical techniques available to solve

moving boundary problems.

The following mechanisms for the drying of capillary porous bodies have been

reported in literature (Fortes and Okos, 1980; Peck and Wasan, 1974):

- liquid diffusion due to differences in moisture concenffations;

- vapour diffusions in partly air filled pores due to partial pressure

gradients;

- liquid movement due to capillary forces;

- liquid or vapour movement due to differences in total pressure,

originated by shrinkage or high temperature inside the moist material;

- surface diffusion;

- liquid movement due to gravity.
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Mathematical models are based on mass, energy and momentum transport equations

for the solid, liquid and vapour phases. The physical properties of the phases in the

bulk material can change with varying temperatures and concentrations. Therefore,

appropriate boundary conditions for the different physical situations must be applied

flMhitaker, 1980). However, most of the models proposed are limited to specific

conditions. Previous models are summarizedlnTable 2.1.

As already pointed out physical properties and transport coefficients are dependent on

temperature and concentration within the bulk of the drying medium. Linear variation

of properties (V/hitaker, 1977; Kansa, 1982) and power variation of the diffusion

coefficient (Ashworth, L977) have been considered. Schoeber and Thijssen (1977)

proposed a short-cut method for the calculation of drying rates for slabs with

concentration-dependent diffusion coefficient. The method was based on the numerical

solution of the diffusion equation for a slab. The main application was for materials in

which the diffusion coefficient decreases strongly with decreasing concentration below

the critical concentration.

Fluidized bed drying (Perry et al., 1984; Kunii and Levenspiel,1969) is an economic

way for drying large tonnages of solids. Particularly solids like coal, cement, rock and

limestone are dried in fluidized beds. The effect of fluidization has to be incorporated

in the drying model by defining suitable boundary conditions and using the appropriate

heat and mass transfer coefficients at the external surface of the drying specimen.

However, unusual temperature changes not found in classical convective drying have

been reported for materials with large porosities (Sugiyama et a1., 1974) during dryitrg

in fluidized beds.



Table 2.1 SUMMARY OF REPORTED TT{EORETICAL INVESTIGATIONS oN DRYING

Ref. Comments

coefficients dependent on material, temperature and
pore structure;

theoretical approach
no experimental verification

compares well with experimental data, however,
par¿rmeters have to be evaluated by experiments

experimental information required for pore distribu-
tion of solid
numerical solution

Model

Luikov and
Mikhailov,
t96t

Kumar and
Narang, 1965 -

Krisher, 1963 -

Berger and
Pei,1973

Mikaheilov
r975

Peck et al.
t977

slow diffusive transport of moisture in pores and capillar-
les

slow diffusive transport of moisture in pores and capillar-
les;
moisture migration at const¿rnt velocity

capillary and diffusional moisture transfer
cients relating moistu¡e movements to the
capillary driving forces )

(nvo coeffi-
diffusional and

f\)
æ

coupled capillary flow of liquids and vapour diffusion
including heat transfer and Clausius-Ctapeyron relation

mgving evaporation front in a porous half space;
solutions for temperature and moisture distribution
two drying stages: period of decreasing rate and intensive
d.ying in the presence of molar transfer

diffusional mass transfer, heat transfer and capillarity;
penneability equation as a function of water cbncentration
developed

'Whitaker
mass, momentum and energy conservation equations for transport coefficients estimated theoretically;

t980; t977 the uid and solid phase
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Keey (1977) discussed the use of a so called 'characteristic' drying curve as process

design tool in determining local drying rates in fluidized bed dryers.

Several experimental studies have been undertaken in fluidized bed drying. Vanecek

et aJ. (1970) tested 21 different mainly inorganic materials, in 12 different continuous

fluidized bed dryers. Ziestng et al. (L979), using existing vendor equipment including

batch and continuous fluidized bed dryers, obtained drying data for Rosebud. seam

semi-bituminous coal.

There are major differences between drying as processing step prior to combus-

tion and dryi.tg in a FBC. Operating temperatures in a FBC are much higher than in a

fluidized bed dryer. Therefore it could be expected that drying, devolatilization and.

combustion take place simultaneously. The interaction of these processes can well

influence the drying rates. Also, the amount of coal in a FBC is only about l-27o of the

total bed material in comparison with a fluidized bed dryer where the entire bed

material would be the coal itself.

2.1.1 Drying of Coal

Low-rank coals contain a considerable amount of moisture in their 'as-mined'

state. Moisture in coal can be bounded chemically and physically. Experimental

results obtained by Stewart and Evans (1967) with Yallourn brown coal show that

different types of water can be associated with brown coal. They distinguished.

between four different moisture zones:
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water from2 down to about 0.8 g / g dry coal is not bonded and is associated

with the coal as bulk water;

0.8 to 0.2 gwater I g dry coal is present in the capillary structure of the coal;

water from 0.2 g to 0.08 g / g dry coal is physically absorbed;

the remaining moisture is chemisorbed.

Very little work has been reported on rapid d¡ying of brown coals. Mclntosh

(L976a,b) studied the convective drying of Australian brown coal in a mill drying

system. He proposed the empirical correlation

æ=exp(-nt) (1)

where C(t) is the moisture content at any given time and

(2)

T,, is the wet bulb temperature and p" is the density of the wet coal. A

shrinking core model using a pseudo-steady state formulation of the heat conduction

equation was also derived:

6h(7"-T,u)n=-" - Lp"lCJ(l+q)ld

?t^dp"CdQ+Co)
î =------:--:' -' 

l1t3(L - Bi) (t - C lCò + Bit2(t - (C /Cò/31" 2 h(T"-T*b)
(3)
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Mass transfer was assumed to be virtually instantaneous in view of the high

porosity in the dried shell. Experiments showed substantial cracking of the particles

and temperature measurements by a thermo-couple inserted into the particle were

found to be significantly different from the postulated wet-bulb temperatgre.

Agarwal et al. (1984a) extended the model of Mclntosh to include rhe effect of

shrinkage during drying. The model predictions seemed to be in reasonable

agreement with the reported data. The model predictions showed dimensionless

drying curyes were largely independent of shrinkage.

The inability of this model to predict the drying time accurately was overcome

by Agarwal et al. (1984e) by including the transient effects in the modelling of

drying. The model was based on a unsteady state heat conduction equation with

convective boundary. Heat transfer to and through the coal particle was assumed to

be the rate limiting step. Excellent agreement has been obtained with the limited

data fo¡ dryi.tg of Mississippi lignite. However, shrinkage of the particle during

drying was not considered.

2.I.2 SHRINKAGE

Drying of low-rank coals with high moisture content can result in considerable

shrinkage of the coal particles. Several studies have been reported in the past few

years on the evolution of the pore structure during drying. Evans (1973) using

Australian Yallourn coal which contains 2 g moisture/g dry coal, showed that

shrinkage occurs in several stages. In the initial drying process pores larger than

1200 Å were emptied with little contraction of the coal cylind.ers. In the nexr srop

the water was removed from smaller capillaries which collapsed. Removal of the

multilayer water caused the collapse of the open gel sffucture with disproportionate-



32

ly larger shrinkage. Drying of the last two water layers around each micelle entailed

no further shrinkage, some swelling in this stage has even been observed.

Androutsopoulos and Linardos (1986) found that the drying of Greek lignite was

accompanied by a considerable particle contraction. A slight decrease in the macro-

and mesopore volume and marked increase in the relevant surface area occurred

particularly in the area of high weight losses. Their measurements with mercury

porosimetry on raw or partially dried samples indicated the formation of pores in the

size range +75 -1500 Å, at the expense of pores in the range +1500 -10,0000 Å. mis

observation was atfibuted to pore shrinkage and pore emptying as counter action of

particle contraction and moisture removal respectively. Changes in pore structure as

a result of drying have also been observed by Bale et al. (1986) using small-angle

X-ray scattering. Deevi and suuberg (1987), in their study on the physical

properties of North Dakota lignites, concluded that ireversible shrinkage is mainly

associated with the collapse of macro and transitional porosities. It may be these

investigations have been performed at temperatures and heating rates substantially

lower in comparison with the operating temperatures for fluidized bed combustion.

Additionally, until the time the details of the pore structure evolution can be

included in model descriptions, it is of importance to determine the macroscopic

particle contraction of the operating conditions of interest in FBC.

To include shrinkage in the modelling of drying Das (1983) proposed the

following empiric al correlation for shrinkage :

(4)
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by analysing drying data obtained by Jung (1979) to justify the empirical

correlation.

Agarwal et al. (1984a) included shrinkage in their pseudo steady state receding

core model. Shrinkage was evaluated using the following expression

,=#;=['-o['-[å)"' (s)

where x" is the initial volume fraction of water in the particle and 0 < F < 1 is a

proportionality constant with the limiting values corresponding to no shrinkage and

complete collapse of the pore structure respectively. Parametric studies revealed

that the influence of shrinkage on the dimensionless drying curves are small. To

obtain the time dependent drying behaviour, however, the total drying time had to be

used as an input parameter.

2.2 DEYOLATILIZATION

Research efforts world wide have been focused on pyrolysis over the years.

Extensive literature reviews dealing with pyrolysis (Anthony and Howard, 1976; Wen

and Dutta 1979: Juntgen and van Heek, 1979; Gavalas, 1982) have been published.

The most important aspects will be discussed in the following.

2.2.I KINETICS OF' COAL DECOMPOSITION

Coal pyrolysis involves a large number of chemical reactions and physical

ffansformations. Consequently, its understanding, in spite of intensive research

remains incomplete. Simple first order decomposition kinetic models had been used



34

most often in earlier studies to model the overall process.

(6)

where v -+v" âS I -) æ

fr = ko exp (-EIRT)

These models ¿ìre now considered inadequate since they cannot predict the

dependence of the yield on the peak temperature. Moreover, the predicted activa-

tion energies are much lower than expected from model compound studies (Anthony

and Howard, 1976; Gavalas, 1982; suuberg et al., 1978). Kinetic parameters - for

overall weight loss as well as individual species evolution - obtained by different

investigators using these models varied widely. These discrepancies have been

attributed to the difference in coal type as well as the experimental technique

employed (Anthony and Howard, 1976; Felder et a1., 1982). Distributed activation

energy (DAE) models (Pitt, 1962) are now gaining rapid acceptance. The overall

decomposition of coal as well as the evolution of individuat species are described by

a large number of independent parallel first order reactions. The activation energies

are assumed to follow a statistical distribution; most often a Gaussian function is

used (Juntgen and van Heek, 1979; Gavalas, L982), though other forms including a

modified Rosin-Rammler distribution (Suuberg et a1., 1978) have also been used.

The common pre-exponential factor can be fixed before hand (Anthony and

Howard, 1976: Agarwal et al., 1984b), seen as an adjustable parameter (weimer et

aJ., 1979; Solomon and Hamblen, 1983) or a Gaussian distribution can also be

employed (Juntgen and van Heek, 1979). Anthony and Howard (1976) derived the

following expression for the kinetics of coal decomposition

# = k'(v" -v)
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ry= J 
- 

"*n - U,' 
n " 

exp(-E t Rr )oùlr>0"

vo-v f*_- I

vo -J,
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for non-isothermal p article

exp (-k 
"t 

exp (- E t RT Ðf (E ) d E (7b)

for isothermal particle

where the Gaussian distribution of activation energies is given by

(8)

This approach overcomes the shortcomings of simple reaction schemes

without introducing a much larger set of adjustable parameters. The application of

this model appears to have brought a semblance of order in coal pyrolysis kinetics.

Solomon and Hamblen (1983) examined their experimental data for species

evolution from heated gnd and entrained flow pyrolysis of pulverized coal particles

based on the DAE model. They concluded that the kinetic parameters were largely

insensitive to coal rank; the maximum yield however, was found to depend on the

type of coal.

2.2.2 DEVOLATTLIZATION OF LARGE COAL PARTICLES

Relatively fewer studies have been conducted on the devolatilization of large

coal particles - mainly due to the greater interest in pulverized coal combustion.

f @ ) = lo (zn)t t 2l-' "-rl-#1
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Fluidized bed technology employs coal particles > 1 mm in size. Consequent-

ly, besides the kinetics of the chemical reactions, transport phenomena will also

become increasingly important in determining the rate of coal decomposition.

The pyrolysis of coking coal particles - size range 1.0 - 1.5 mm - have been

studied by Peters and Bertling (1965). They found out, that for high external heat

transfer (as applicable to fluidized beds) large temperature gradients could be

expected within a particle. They assumed, that the devolatilization process is of zero

reaction order and proposed the following prediction of the dependence of the rate

of pyrolysis on the temperature and particle size

v
0.0003(r" -330)da'%tvo

(e)

Berkowitz (1960) developed a model for devolatilization where mass transfer

was assumed to be the rate limiting mechanism. He justified that with the argument

that low-rank coal does not reach the zero weight loss rate significantly faster at 523

K (total weight loss may not be greater than 3Vo) than at 873 K (total weight loss

may exceed 307o). Low activation energies as predicted by first order decomposi-

tion kinetics were assumed.

Devanathan and Saxena (1987) developed a transport model for the de-

volatilization of large nonplastic coal pafücles. Heat and mass transfer phenomena

as well as first-order kinetics for the pyrolysis reaction have been considered. An

empirical conelation for devolatilization time has been proposed.

tu = k'dn (10)
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The constants ft' and n were fitted using a least square regression. The value of

n was 1.88. It was found that pressure and particle size have strong influence on

devolatilization time. Bed temperature has a strong influence on volatile yield.

The models summarized above show that the devolatilization time is approxi-

mately proportional to the square of the particle diameter. However, the transient

transport of heat as well as mass is presented in terms of Fo =attd2.

Gokhale and Mahalingam (1985) conducted an experimental invesrigation on

the influence of particle size on lignite devolatilization in a fixed-bed reactor. It was

concluded that a simple first-order model fitted the weight loss data well and the

activation energies Ìvere not particularly sensitive to the particle size range (1 - 4

mm) studied.

Agarwal et al. (1984b) have proposed a general non-isothermal coal particle

model which assumed that heat transfer (both to and through the coal panicle) and

chemical reaction (represented by DAE kinetics) were the rate controlling mecha-

nisms for the pyrolysis of coal. Additionally a second model for large particles (> 1

mm), where heat transfer was assumed to be the rate limiting step with chemical

reaction controlling only the residual amount of volatiles \ilas reported (1984c).

The general model has been used recently (Agarwal et al., 1987; Agarwal,

1985) to simulate the release of gaseous volatiles from pulverized as well as large

coal particles in fluidized beds. The investigation concluded, in agreement with

Solomon and Hamblen (1983), that the kinetic parameters for the evolution of C, -

C, hydrocarbons, carbon oxides and hydrogen were largely insensitive to coal type.

Kinetic parameters obtained from heated grid, entrained flow and slow heating
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techniques were found to be applicable also to fluidized bed data; the maximum

yield however, was found to depend on coal type and on the experimental apparatus.

The need for additional experiments on large particle pyrolysis was stressed.

Bliek et al. (1985) have made a detailed examination of the effects of

intra-particle heat and mass transfer during devolatilization of a single coal particle.

Their mathematical model includes a transient devolatilization kinetics description,

intra-particle mass and heat transfer and secondary deposition reactions for the tarry

volatiles. Model parameters included coal type, coal particle size and heating rate.

A kinetically controlled devolatilization rate for small coal particles and a heat

transfer controlled regime for large particles was predicted. Model predictions and

experimental data from this work and various literature sources were in good.

agreement.

Additionally, low-rank coals contain appreciable amounts of moisture in their

'as-mined' state. Since complete moisture removal prior to utilization is from the

economic point of view not practical,the need to study the effect of coal moisture on

the pyrolysis behaviour has been pointed out (Agarwal et a1., 1986). No data appear

to have been reported on the influence of moisture on the pyrolytic evolution of

volatile species from large wet coal particles.

2.3 IGNITION

The ignition process of propane/air mixtures and liquid fuel droplets (Dennis et

a1., 1986; Kanury, 1975; Rah et a1., 1986a,b; Hallett, 1986; Brzusrowski, 19g3) has

received wide attention.
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Ignition phase for coal however remains a vexing problem (Gomez and Vastola,

1985). Howard and Essenhigh (1967) have suggested that for particle sizes greater than

0.065 mm, homogeneous ignition is expected to take place as the surface flux of

volatiles would be large enough to prevent oxygen from reaching the surface. Thomas

et al. (1968) have, however, pointed out that the ignition phase would depend also on

coal char reactivity. Annamalai and DurbetaJ<t (1977) have proposed a detailed model

for the transition of ignition phase, however, they have made the questionable

assumptions (Agarwal et al., 1984b) of a uniform particle temperature and first order

pyrolysis kinetics. Bandyopadhyay and Bhaduri (L972) outline an analytical method,

based upon Semenov's thermal ignition theory for evaluation of the ignition tempera-

ture for a single coal particle. An equation describing the temperature-time history of

the particle has also been developed. They found out, that the ignition temperature was

dependent on pafticle size and type of coal. The model pred.iction seemed to be in good

agreement with data obtained for anthracite, bituminous and lignite coals. However

volatile ignition has not been taken into account. Ahluwalia and Chung (1978)

developed a model for surface ignition of fuel particles in radiative and diffusive

environment. The results of the theory have been applied to study ignition characteris-

tics of coal particles under the conditions prevailing in magneto-hydrodynamics

combustors. Gomez and Vastola (1983) reported an experimental investigation in

ignition and combustion of coal particles. The occurrence of two different mechanisms

of ignition could be seen using light intensity measurements. It was observed, when a

particle ignites homogeneously, that the combustion of the volatile matter produced an

initial flash of light followed by the glowing of the remaining particle as heterogeneous

combustion proceeds. 'When 
the combustion mechanism was purely heterogeneous, no

initial flash of light was observed only the final glowing was detected. Karcz et al.
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(1983) solved the problerir of heterogeneous and homogeneous ignition of coal parricles

numerically using the Delta - Dirac approximation of the source terms and the Vant

Hoff criterion for volatile ignition. A particle parameter dependent on coal type which

separated the two regimes of ignition was obtained. The separating diameter for

bituminous coal was 0.350 mm.

2.4 COMBUSTION OF' VOLATILES

Experimental studies on coal volatile combustion have been reported using single

coal particles in both stagnant (Essenhigh, 1963; Ivanova and Babü, 1966; Stam-

buleanu, 1976; Carabogdan, 1965; Carabogdan, 1967) and convective oxidizing

(Ragland and'Weiss, L979) environments as well as in fluidized beds (Pillai, 1981;

Yates et al., 1980). Though experimental results could be correlated with the expres-

sion of the form

xu= kudn (11)

the va¡iations (or the lack of variation) in the values of \ and n for different coal

types and operating conditions have not been well understood. The results of the

previous experimental investigations are summarized in TabLe2.2.

Essenhigh (1963) developed a formula for devolatilization time by studying the

devolatilization of particles in the size range of 0.295 to 4.7 6 mm in a non-fluidized bed

combustion system where mass transfer was assumed to be the rate limiting step. The

devolatilization time was predicted by

(12)



TAbIE 2.2 SUMMARY OF REPORTED EXPERIMENTAL INVESTIGATIONS ON DEVOLATT-TZA]]ON UNDER COMBUS-
TION CONDMONS

Exp. conditions K n Results influenced. by

Ref. d(mm) O, Gas Other (sec/mm) Coal Type Gas Temp
conc.(Vo) Temp(K)

Ivanova and
Babü (1966) 0.15-0.8

5
10
2t

1200-
1600

973-
r473

978-
1090

Re=1
single particle

Re=1
single particle
ten coals

Re--1
single particle
ten coals

continuous
flow

Re=10-1000
single panicle
three coals

fluidised bed,
twelve coals

0.45

0A4 - 1.3r
recommended
value
(0.9 + 0. t¡75'

Lil,^
m = 1.5-6

,)
NO

NO

NO

YES

Essenhigh
(1e63)

0.3-4.75 2t

Carabogdan 0.5-3.0
(1965¡*

Carabogdan
(1967)*

Ragland and 2.0-12.0
V/eiss (1979)

Pillai (1981) 0.25-8.0 t3

* as reviewed by Stambuleanu (1976)

2 NO
(taken
into account
bv s)

YES

Þ
H

0.46 - r.18 1.88 YES

k
60

drops 40 -
7o

1.5 1.5 NO10.5
2t

0.3-
1.8

1043-
1283
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A similar model with mass transfer as rate controlling step has been proposed by

LaNauze (1982). The estimation of devolatilization time was expressed as

(13)

Experimental data on devolatilization and combustion of wet Ausüalian brown

coal have been reported by Jung and Stanmore (1980). It was found, that the total

burn-out time, that is, the time for drying, devolatilization and combustion, was largely

independent of a wide range of water contents. Asay et al. (1983) reported simila¡

experimental results.

Since coal is a partially pyrolysing substance, the detailed modelling of single

particle devolatilization under oxidizing conditions would require the consideration of

several phenomena including (a) pyrolysis (devolatilization under inert conditions prior

to ignition) - chemical reaction with associated internal and external transport

phenomena; (b) ignition of coal - heterogeneous (on the particle surface) or homoge-

neous (in the gas phase) (c) combustion of coal volatiles and its feedback effect on

subsequent devolatilization.

The effect of the combustion of volatiles on subsequent devolatilization is not

well understood. The models based on mass transfer limitations for the evolution of

coal voåltiles (Essenhigh, 1963; LaNauze, 1982) would not directly distinguish berween

devolatilization under inert and oxidizing conditions. Borghi et aI. (1977) proposed a

model in which heat transfer to the coal particle and chemical reaction were assumed to

be the rate limiting mechanisms. The effect of the heat transmitted back from the

flame, assumed to be at a constant adiabatic flame temperature, \ryas taken into account.

However the isothermal particle assumption is questionable (Agarwal et al., 1984b,c).
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Ragland and Yang (1985) developed a non-isothermal volatile combustion model,

where the devolatilization rate was presented by the DAE model and the temperature

profile was obtained using a spherical unsteady state heat conduction equation with a

radiation boundary condition. They assumed that at the particle surface the radiation

heat transfer was much greater than convective heat transfer since the rapid volatile

release screens the surface from convective heat transfer.

Choi and I(ruger (1985) developed a Sphericat Translucent and Radiation (STaR)

cloud model, where the volatile cloud was modelled as a radiatively and conductively

participating medium between the coal particle and the flame shietd. The model,

however, is limited to the calculation of the steady state heat transfer rate when the

particle surface temperature, flame sheet radius and temperature, and other environmen-

tal conditions are given.

Saito et at. (1987) recently conducted experiments in devolatilization characteris-

tics of single coal particles under combustion and pyrotysis conditions. They found out,

that the volatile evolution rate under combustion conditions was 2 - 3 times higher than

under pyrolysis conditions. They also obtained a higher weight loss in volatile matter

for combustion. This result could be explained with the higher ambient temperature

from the volatile flame resulting in a higher particle temperature, which in turn

influences the evolution rate and the final volatile yield.

The effects of the combustion of volatiles on subsequent d.evolatilization were

recently taken into account by Agarwal (1986). The evolution of coal volatiles was

modelled using coupled heat transfer (both to and through the coal particle) and

chemical reaction (represented by the distributed activation energy model (Anthony and

Howard, 1976) limited formulation. The analysis was divided into pre-ignition and
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post-ignition stages. The flame temperature was estimated from a modified

Schvab-Zeldovich approach. In the post-ignition stage, the heat transmitted. from the

volatile flame around the coal particle was taken into account. The model results were

applied with success to the devolatilization (under oxidizing conditions) data for single

coal particles in both stagnant as well as convective environments.

2.5 COUPLED DRYING AND DEVOLATILIZATION UNDER PY.

ROLYSIS AND COMBUSTION CONDITIONS

Few studies have been reported on the interaction of drying on subsequent

devolatilization and volatile combustion.

Kansa (1982) proposed a model for drying of wood under intensive heating

conditions. Mass, energy and momentum equations for the gaseous and liquid species

in one-dimensional rectilinear coordinates have been used to describe the problem. A

moving drying front has been assumed. The resulting non-linear partial differential

equations have been solved numerically. Comparisons of the model predictions and

data obtained by Lee and Diehl (1981) agreed qualitatively. The differences between

model and data was atffibuted to the existence of recondensation (not taken into account

by the model) and the formation of cracks in the wood specimen during experiments.

Tsang and Edgar (1983a,b) proposed a model for drying, pyrolysis and gasifica-

tion of large blocks of coal (as applicable in underground coal gasification). One

dimensional moisture and heat transfer equation on either side of a drying front were set

up. Pyrolysis was modelled by simultaneous independent first order reactions and the
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dusty gas model was used to calculate the concentration profiles. Reasonable agree-

ment was obtained by comparing the model with data reported by Westmoreland and

Forrester (1977).

Few investigations have been reported on devolatilization of wet coal. Jones et al.

(1964) reported data on the fluidized pyrolysis of wet (20Vo moisture) and pre-dried

sub-bituminous coal in nitrogen and steam at a¡ound TBvc.It was found that the tat

yield was slightly higher for moist coal. Gavalas (1982) thought that the differences are

due to the change in the pore and chemical structure which occurs in the coal during

drying.

Agarwal et al. (1984d) reported an experimental and theoretical study for coupled

drying and devolatilization of low-rank coals in fluidized beds. The analysis was

divided in two stages. Stage I (drying and devolatilization) was modelled using the

transient drying model as mentioned earlier and incorporating the drying particle

temperature profrle in the non-isothermal DAE kinetics model. Stage II (devolatiliza-

tion when drying is completed) was modelled by solving the unsteady state heat

conduction equation in one-dimensional spherical coordinates for a convective bound-

ary condition. The resulting temperature profile has been incorporated in the

non-isothermal DAE kinetics model. A good agïeement between mod,el calculations

and experimental data has been obtained.

Experimental studies on fluidized bed combustion of wet brown coal have been

reported by Jung and Stanmore (1980). They found out, that the total burnout time

changed little over a wide range of water content, and that the char from wetter coals

burnt faster than from nearly dry material. However the data for coupled drying and
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devolatilization indicates a time lag for the commencement of the devolatilization

process. Das (1983) developed a mathematical model for the combustion of moist

brown coal particles, however, the burning of volatiles was not taken into account.

Prins (1987) conducted an experimental investigation on devolatilization, ignition

and combustion phenomena in a 'two-dimensional' fluidized bed. Coal samples

differing in rank (lignite, bituminous, anthracite) and particle size (4 - 9 mm) have been

used. The experiments have been recorded using TV video techniques. Visual observa-

tions on the release, ignition and combustion of volatiles and char as well as

measurements on volatiles and char ignition times have been reported. It was found
+h

that the lenght of devolatilization period was dependent on size and moisture content of

the particle.

Massaquoi and Riggs (1983a,b,c) extended the model of rsang and Edgar

(1983a,b) to take combustion as well as drying and devolatilization into account. The

model predicts the flame position, flame temperature, combustion rate and temperature

on the coal surface for underground coal gasification.

Agarwal and Pedler (1986) investigated the effect of drying on the evolution and

combustion of coal volatiles. The pseudo steady state model as already outlined in the

drying section and the devolatilization model for large particles as already described in

the devolatilization section have been used to model the processes. Model prediction

and experimental data were in good agreement. This model, however, requires the

specification of the drying time determined experimentally. The pseudo steady state

approach would also suggest, that the drying time and the time required for the removal

of the volatiles are the same.
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2.6 COMBUSTION OF VOLATILES IN FLUIDTZED BEDS

The potential of fluidized bed combustion as an economic and environmentally

acceptable technology for burning low grade coals has drawn wide research attention.

Extensive reviews dealing with fluidized bed combustion of char and volatiles are

available in literature (La Nauze, 1985; Turnbull and Davidson, 1984). Major research

efforts have been focused on the combustion of carbon/char in fluidized beds

(Avedesian and Davidson, 1973; Ross and Davidson, 1979; Chakraborty and Howard,

1978; Rhemat et al., 1980). Low-rank coals contain a substantial amount of volatile

material which contributes a significant portion of the total energy released during

combustion. Moreover, volatile combustion would also play a significant role in the

formation and emission of CO and NOx . Consequently the importance of including

devolatilization as a rate process in the overall modelling of fluidized bed combustion is

now being rapidly recognized (Agarwal et al., 1984b; LaNauze, L9B2; pillai, 19gl;

Borghi et al., 1977; Park et al., 1981). Few investigations have, however, been reported

on the detailed process of evolution and combustion of coal volatiles and the impact of

these phenomena on the subsequent combustion of residual char (Pillai, 1981; pyle,

1975; Atimay, 1980).

In fluidized beds, the situation is more complex due to the bubble induced

disturbances and solid circulation patterns. Aoyagi and Kunii (1974) have shown that

combustion of char takes place predominantly when the particles are in the bubble

phase. Similarly, Cowley and Roberts (1981), using high resolution slow motion video

analysis, confirm that ignition and burning of volatile matter occurred preferentially in

the bubbles. Flames attached to the coal particles were observed to extinguish when the

particle entered the bubble cloud regions and no evidence was found for volatile matter
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combustion in the emulsion phase. Their findings on the manifestation of volatile

flames were confirmed by the more extensive work conducted by Prins (1937).

Depending on the momentary location of the coal particle, different volatile flames

were observed: as a yellow diffusion flame around the coal particle, when the coal

pafticle was above the bed surface or in the bubble phase and as a blue pre-mixed flame

straight above but apart from the coal particle which was then situated several

centimetres below the bed surface in the emulsion phase. At no time volatile flames

were observed in the dense phase of the fluidized bed. The extinction of the volatile

flame in the emulsion phase may be attributed to combined effects of thermal losses as

well as free radical quenching. Moreover oxygen partial pressure measurements

(Boiarski et a1., 1984; Minchener and Stringer, L984) inside fluidized bed combustors

showed high fluctuations, which could be attributed to the two phases in a fluidized

bed. Low oxygen content in the emulsion phase would be not favourable for burning

volatiles. LaNauze (1985) pointed out at the present stage of development that neither

the evolution of the volatiles nor the solid circulation is known with sufficient accuracy

to predict volatiles combustion from basic principles.

Agarwal (1986), as a preliminary estimate, suggested the introduction of phase

residence time factors p and q such that

\tr6= Ptu"* PIw (14)

p *q =I (15)

where rv¿ was the devolatilization time if the particle was in the emulsion phase

(corresponding to pyrolysis) and t", was the devolatilization time if the pafticle was in

the bubble phase. The factors p and q were to be determined from the hydrodynamics

of the fluid bed though no method was outlined to make such calculations. Prins (1987)
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obtained volatile flame history pictures for 33s, where the flame periods were up to 1.5

seconds long intemrpted by time intervals of no flames of maximal 2 seconds. The

intemrptions were thought to be caused by packets of bed materials extinguishing the

flame and possibly by discontinuities in the volatiles escape. The flame frequency in

bubbles seemed to be relatively low and it was concluded, that most of the volatile

combustion occurred in the freeboa¡d region.

Only few system models incorporating fluidized bed hydrodynamics and volatile

combustion are available. Park et al. (1980; 1981) developed a plume model presenting

a ABFC with large particles. It was assumed, that instantaneous devolatilization occurs

at the feed entry point where plumes of unburnt combustible gases are evolved. It was

assumed that a diffusion controlled combustion occurs at the boundary between

volatiles and the surrounding oxygen rich gas. Bywater (1980) developed a similar

model and included the effect of solids dispersion. The model identifies three distinct

combustion regimes: external flame, embedded flame (discrete diffusion flame around

individual particles) and instantaneous devolatilization limit. The particle and bed

temperatures were assumed to be uniform, implying instantaneous heating up of the

coal particle. This, however, does not apply for large particles as commonly used in

FBC. The calculations performed imply a significant impact of solids dispersion and

circulation upon flame structure and volatiles escape.
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3 EXPERIMENTAL INVESTIGATION

The experimental investigation was conducted with the following objectives:

measure moisture/volatile loss versus time for single particles under pyrolysis and

combustion conditions (weight loss experiments) to obtain time dependent histories

for drying and devolatilization;

estimate the paticle diameter as a function of moisture content to establish the

influence of shrinkage;

collect data on the evolution of gaseous species from large wet and predried coal

particles (gas analysis experiments).

The experimental conditions of the different experiments are shown in Table 3.1 and

Table3.2.

3.1 EXPERIMENTAL SYSTEM

A schematic diagram of the experimental apparatus is shown in Figure 3.1. Air

or nitrogen flows through a750 mm long by 100 mm diameter stainless steel fluidized

bed (1 mm sand bed particles) heated by twelve Silicon Carbide heating rods. Each of

these electrical heating rods can deliver a maximum of 666 W. A reducer on top of the
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Table 3.1 EXPERIMENTAL CONDTTIONS FoR \ryEIcHT LOSS EXpERIMENTS

Temp. Particle
size

Gas
velocity

(m/s)

Initial moist.
content

Conditions

(K) (mm) (g/g dry coal) Air Nitrogen

423

573

823

923

923

923

923

to23

923

423

423

573

823

923

923

923

923

LO23

10

10

10

10

10

10

10

10

5

1.8

1.8

1.8

1.8

1.8

1.8

1.8

1.8

1.8

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

1.2

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

1.10

1.10

1.10

0.00

0.47

0.64

1.10

1.10

1.10

1.10

0.68

1.10

1.10

0.00

0.59

0.68

1.10

1.10

NO

NO

YES

NO

YES

NO

YES

YES

YES

NO

NO

NO

YES

YES

YES

NO

YES

YES

YES

YES

YES

YES

NO

YES

YES

YES

YES

YES

YES

YES

YES

NO

NO

YES

YES

YES
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TAbIE 3.2 EXPERIMENTAL CONDITIONS FOR VOLATILE SPECIES EXPERIMENTS

Temperature Pa¡ticle Moisture content

(K) (mm) (e/g dry coal)

673 5 0.0

673 5 1.1

773 5 0.0

773 5 1.1

873 5 0.0

873 5 1.1

873 10 0.0

873 10 1.1

s1ze
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fluid bed decreases the diameter of the tube to the diameter of the quartz reactor. A

screen on the bottom of the qaartz tube prevents particles from falling into the fluidized

bed. Holes on the lower end of the reducer enable a part of the nitrogen stream to flow

outside the quar"tz reactor and minimize haat loss. A heat shield, insulated with

rockwool is also fitted a¡ound the reactor. A gap in the shield makes it possible to

observe the experiment visually. Two different outlet pipes can be swivelled onto the

top end of the quaftz combustor. Pipe 1 is fitted with a screen, which prevents coal

particles from beling blown out with the airlnitogen stream, followed. by a heat

exchanger, three gas sample ports and a rotameter. The gas sample ports are fitted with

special gas sampling cylinders mounted on quick .onn.rff Pipe 2 is fitted with a dry

ice container for quenching the coal particle after the experiment.

3.2 COAL PREPARATION

Chunks of Bowmans coal (proximate and ultimate analysis are given in Table 3.3)

were carved, using a sharp knife, into a roughly spherical shape. The smaller particles

size 1.8 mm were obtained by crushing and sieving the coal. Some of the moisture has

been lost through handling the coal. To obtain an equilibrium moisture content of about

1.1 g moisture per g dry coal, the coal has been stored for at least 12 hours in a

desiccator in a water saturated atmosphere under vacuum (app. 4 Mpas).
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3.3 EXPERIMENTAL PROCEDURE AND VISUAL OBSERVA.

TIONS

3.3.1 \ryEIGHT LOSS EXPERIMENTS

The butterfly valve was closed, the coal particle introduced into the qtrafiz

reactor and Pipe 1 swivelled onto the top of the combustor. The air flow was

adjusted with the butterfly valve allowing the coal particles to float in the quartz

tube. At the end of the required time the valve was closed, the connecting pipes on

top of the quartz combustor changed and the particles blown out into the dry ice

container using nitrogen. The particles were weighed and analysed for moisture and

volatile content. Five readings were taken for each time interval to ensure repro-

ducible results.

The following visual observations have been made during the combustion

experrments

After an initial heating up period, the coal particles starred to glow. Shortly

there after volatile flames were established around the coal particle. Two different

coloured flames were observed visually. The first, bright yellow in colour, is

thought to be due to the burning of aromatics/tars released in the earlier phase of

devolatilization. In the course of time, the bright yellow flame was replaced by a

relatively less dense whitish flame.
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3.3.2 VOLATILES ANALYSIS EXPERIMENTS

The butterfly valve was closed, the coal particles introduced into the qtrartz

leactor and pipe 1 fitted on to the top of the quartz reactor. The nitrogen flow was

adjusted to 2.21lmin using the butterfly valve. The gas sampling cylinders were

evacuated prior to connection with the gas sampling ports. Samples were obtained

at pre-determined time intervals. The gas samples wer analysed using a Shimadzu

gas chromatograph.

The extent of non-ideality (deviation from plug flow of gases from the

micro-reactor to the sampling ports was characteized by tracer experiments. A

pulse input of the racer gas CO, was injected by a syringe into the reactor - the

nitrogen flow being maintained at 2.2 Vmin - and the off-gas was analyzed (Figure

3.2). The exit age distribution (Figure 3.3) obtained from the tracer experiments was

used for the interpretation of experimental results.

3.4 ANALYTICAL PROCEDURE

3.4.I MOISTURE CONTENT

The samples were weight and dried at 1080 c for 3 hours in a drying oven

according to Standard ASTM D 3392.

3.4.2 VOLATILES CONTENT

Volatiles content was analyzed by subjecting the samples to a temperature of

9500 C for 10 minutes under nitrogen atmosphere in crucibles with a closed lid.

Samples were purged using nitrogen prior to heating up.



57

Table 3.3 ANALYSIS OF BO\ryMANS COAL

Proximate Analysis (wt%o)

Tot¿l moisture (wet basis)

Ash (dry basis) 11.6

Volatile matter (dry basis) 49.2

Fixed Carbon (dry basis) 39.2

Ultimate Analysis

(VM andFC Fraction) (%odafl

69.4

4.6

0.5

20.9

Ash Characteristics (kg/kg)

Sodium/Ash 0.11

Chlorine/Ash 0.11

Heating Value (VIJ/kg)

57

C

H

N

s 4.6

O (by difference)

Higher Heating Value (dry basis) 23.9
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3.4.3 GAS ANALYSIS

The gas analysis has been conducted using a Shimadzu gas chromatograph

under the following conditions:

flow rate:

column 1:

column 2:

30 mVmin

Carbosphere

temperature: 650 C

detection of: CO, CIt

Poropak

temperature: 75o C

detection of: CO, CrH., CrH,
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4 MATHEMATICAL MODELLING

Considering the inevtbl" p."r"nce of moisture in the fluidized bed combustion of

coal, a stagewise approach is being undertaken for the detailed study of the several

interactive processes. The various components of the overall study are depicted in Figure

4.1. The problems of drying without devolatilization (pseudo steady-stare model (Agarwal

et al., I984a) and transient model without shrinkage (Agarwal et a1., 1984e)), devolatiliza-

tion of predried coal under pyrolysis (Agarwal et al., 1984b), as well as combustion

- conditions (Agarwal, 1986), coupled drying and devolatilization (without shrinkage) under

pyrolysis conditions (Agarwal et 41., 1984d) and combustion conditions (pseudo

steady-state model (Agarwal and Pedler, 1986)) have already been treated. The problems

considered in the present thesis have also been considered.

In this chapter mathematical models were developed to analyse the phenomena of

coupled drying and devolatilization under pyrolysis conditions with particle

shrinkage taken into account

coupled drying and devolatilization under combustion conditions.

The results of parametric studies are also discussed.

4.1 DEVOLATILIZATION

All of the following sections involve devolatilization. For clarity of presentation, the

devolatilization model used is outlined first. Heat transfer to and through the coal particle

and chemical reaction are assumed to be the rate limiting steps for devolatilization.
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DRYING WITH NO DE-
VOLATILIZATION
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coAL)

seudo steady-state model
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(Agarwal et al., 1984e)
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- under pyrolysis conditions
(Agarwal et al., 1984b)

- under combustion conditions
- single particle analysis

(Agarwal, 1986)
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transient model
(Agarwal et aI., 1984d)
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pseudo steady-state model
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(Agarwal and Pedler, 1986)
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Fig. 4.1 Stagewise modelling approach
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Representing the chemical reactions by the distributed activation energy kinetics (Anthony

and Howild, L976), the volumetric average devolatilizatton for a spherical particle of

initial radius Rp can then be expressed as:

3 fRof* / rt \
x *s = 

ù I r' l, 
- 
*n[-0. ! o' 

r-''*'<"'t at)Frn>an f a,

(16a)

The Gaussian distribution of activation energies, f(E), has a mean Eo and a standard.

deviation o,

f @ ) = (o ç2æ),, 
2 )-'|"- 

[- Ç$ )
(t6b)

X",. was calculated by numerical integration using Gaussian quadrature (of order 12) at

each of three nested levels.

Equation (16a) may also be easily modifred to account for contributions from different

clustered volatiles sources

"*,=&1,þ,r:U,-'*/d) (16c)

where vi is the fractional maximum yield from ttre iocluster of sources.

To solve equations (16a-c) the temperature profile of the particle, T(r,t) has to be estimated.

It can be obtained from the analytical solution of the unsteady state heat conduction

equation in spherical co-ordinates with the appropriate convective boundary and initial

temperature conditions.
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4.2 EF'FECT OF SHRINKAGE DURING COUPLED DRYING AND

DEVOLATILIZ ATION UNDER PYROLYSIS C ONDITIONS

In several literature reviews (Wilson et al., 1978; Ockendon et al., 1975; Fasano and

Primicerio, 1983; Rubinstein, 1967) the analytical and numerical techniques available to

solve moving boundary problems have been pointed out. Differential equations for heat

and mass transfer have been applied to solve drying problems.

The procedure for the development of the model equations is similar to coupled

drying and devolatilization for single particles as reported by Agarwal et al. (Áçar*al++

-aL, 1986). In the following only the major steps are outlined and the principal differences

are identified. Drying, assumed to be controlled by the rate of heat transfer to and through

the coal particle, is modelled on a moving wet core formulation. The effect of chemical

reaction during devolatilization is modelled using the non-isothermal distributed activation

energy formulation (Anthony and Howard, I97 6).

In Table 4.1 the relevant heat conduction equation for the dry shell region and the

appropriate boundary conditions are listed.

where N:(T,-Tù(c-+co"lCo)+?', is the sum of sensible heat and latent heat of vaporization.

Transformation of the spherical coordinate system in Equation (17) to a rectilinear

coordinate system by substituting v = Tr yields

âv ð'v
ar=oð', (19)
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Table 4.1 HEAT CONDUCTION EQUATION AND BOUNDARY CONDITIONS

Dry shell heat conduction equation:
òT
=-òr

2 r" 1r 1Ro (r7)

convective boundary condition at particle surface:

t{ l,=*,= ø(t) (18ø)

heat balance at the receding wet-dry interface

n#l=,"=ycro"* (18å)
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(Q" - O)

l;*-=o$ t,="n{t,=*o

Applying Leibnitz's rule

. dr" dR" ðv.
vdr -r" d, 

*u" d, = ür, I,
ðv

=, {;-', dr Ro

(20)

(22)

(23)

(2t)

It may be noted, that the inclusion of shrinkage results in an additional term on the LHS of

Equation (21) in comparison with the non-shrinking formulation reported by Agarwal et al.

(nAsn"A-et.et., 1984e). The individual terms in Equation (2I) may now be evaluated as in

Tabte4.2.

The moving boundary in Equation (21) is immobibzed by redefining the space variable

ç' = (r - r,)l(Ro- r.). Also a quadratic temperature profile is assumed in the dry shell (Agarwal

et al., 1984e)

T =7"+ (?" - T")(2q'-Q'1)+q(t)

incorporation of shrinkage as per Equation (5), yietds:

* I; v dr = *o,r#(e' - o,e' - oþ+ oir

-'" ,!!r'" rer-ore) (0.e-o?)Ì_7"+Tn
4

where e is the volumetric shrinkage, R* the initial particle radius, r" the wet core radius, Q =

r/Ro, !the surface temperature and \wet-dry interface temperature.
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Table 4.2 TERMS OF EQUATION (21)

dr- dr-u.î=T"r"i e4a)

vs Q4b)

cr# l,=,.= rr"fr+ar. (25a)

Qsb)"*t,=--*rr.-"

dRo 
-dt

Tßo
dRo

dt
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Table 4.3 COEFFICIENTS OF DRYING EQUATION (29)

q(t)Roo 
= 

Bídoqp"(T" -7")
k 2þ0"- Biore(Qo" - e)

T"-T"
To-T.

, -L'cotJ 
-- cp"

(31)

(32)

(33)

(28)

(34)

o =%b(1-F.r") -'"*tl;^=, (r-Fx,)n
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Substitution of Equations (24a), (24b), (25a), (25b) and (23) into Equation (21) and

subsequent integration results in:

# ro- o,e' - qþ+ þÐ -L:#(e' - o,e)

-Lf(Q,e-Q?)+ (1-O?) -r"+L +7,
2

o I rT"-T.
= -uitJ,' '"u! " o'* I,'

eqG)

k
dt (26)

The time required for the particle to dry or for the moving boundary to reach the centre of

the particle (0r= 0) is defined t and incorporating 0 = t I t as dimensionless time yields:

q 

?:i:! @' - þ,e- oþ + QÐ -r " !:zr "(e, - o,e)

-''T'" o.€-o?) *t#rr-o?)- r"+

L'Tor* J,'+oe-1 (27)

l,'Tor*L'+da

where

o ={W(1 --Fr") -' " * tl;^=' 
çt -Fx,¡" -+ - r "(r 

- (r 
-F 

x')23)
(28)

The resulting equation for drying may be solved if an appropriate estimate of the particle

surface temperature, T,, as a function of time is available. In the absence of experimental

information'the pseudo steady-state model may be used (Agarwal et al., 1984e) to estimate

the time dependent behaviour of the par"ticle surface temperature T" and the heat flux at the
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surface q(t). The drying equation can then be written as:

q 

?#' @' - þÊ- oþ+ aÐ -+(e' - Q,e) (A'e-0?)

The coefficients of Equation (29) arc tabulated in Table 4.3

The total drying time can be obtained by a trial and enor solution to satisfy the equality

*!#rr-þî-r"G;ô-A*F =o

A _ r ,t - A?" l.=, , (1 -Fx"(t - 0i" lr=,))* - (l -Fx")n'22Fx

(2e)

(30a)

%=(1 +çl-Fx,'¡r't¡/z 30b

The devolatilization occurs only in the dry shell and the particle temperature prof,rle

required for the solution of equation (16a) can be evaluated from equation (22) during the

drying stage. When the particle is dry, devolatilization however will still occur. Agarwal

et al. (1986) used the heat conduction equation with a convective boundary and the

temperature profile of the particle at the end of drying as initial condition to obtain the

temperature profile of the particle as

r(r,t')=¿ -,åry'##"xpç-þ!w'rR2,) (3s)

Since no shrinkage is assumed to take place on account of devolatilization, equation (35)

applies. However the particle radius at the end of drying has to be used in equation (35).

The coefficients of equation (35) a¡e listed in Table 4.4.
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Table 4.4 COEFFICIENTS OF EQUATION (35)

N ¡ = 2(C rA, - (2C r- Ct)A, - (C t - C z)4)/ A4

Ar = sin Ê, - Ê, cos p¡

(36a)

(36b)

(36c)

(36d)

(36e)

(36f)

(36g)

(36h)

(36r)

Az = cos U,[å- *2sin þ,-3,i
'ì

6
Ar = cos B, *3sin

Þ,

Ao= þ,- sin B, cos B,

Cr= (T,-T")

t'=t-a

Cr= (T" l, =o -T 
") = Ur"o* ffi

t1 - ^r¿\, 
Ro 

- 
BidoqP"(T"-T")

vz - .l \,,/ l¡'=o k - 2qr;Bldoe(þr"_ù

e,I
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Results of the parametric studies made with the model are presented to study the

effect of shrinkage on drying and evolution of volatiles.

To demonstrate the influence of shrinkage, a set of standard parameters are chosen.

The standard parameters are Co = 1.1 g moisture/g dry coal, Bi* - 5, T" = 423 K, Rro=Smm,

c*= I.25 kJ/kgK, p"= 1250 kdm'and cr = 0.2 mm2/s.

In Figure 4.2 sample calculations are shown to demonstrate the effect of shrinkage

proportionality factor on drying time and behaviour. As one might expect for lower

shrinkage proportionality factors the drying times are higher.

Figure 4.3 shows the influence of initial moisture content on shrinkage plotted as

volumetric shrinkage e3 against dimensionless moisture content (C/Cr). As can be seen

higher initial moisture content results in more shrinkage of the particle.

4.3 GENERAL MODEL DESCRIPTION FOR COMBUSTION OF

WET COAL

The systematic modelling approach for combustion of a wet coal particle has been

outlined in Figure 4.4. When the cold coal particle is introduced into the hot combustion

environment, drying will commence as soon as enough latent heat of vaporization can be

supplied to the surface moisture. Due to the higher permeability of the vapour phase, the

wet core will recede with time towards the centre of the coal particle. The dry shell will

start heating up and devolatilization will cornmence with the break-up of the thermal bonds

in the coal structure. As the volatile release becomes more rapid, ignition of volatiles will

take place in the gas phase for particle sizes > 0.065 mm (Howard and Essenhigh,1967).

The volatiles will prevent any oxygen from approaching the surface of the coal. The

energy from the volatiles flame will increase the
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rate of drying and devolatilization which in turn can alter the location of the flame front

and the flame temperature. Finally, the volatiles will be depleted from within the coal

particle, the flame will collapse permitting oxygen to attack the residual char.

4.4 ESTIMATION OF FLAME TEMPERATURE

For the modelling of drying and devolatilization under combustion conditions it is

necessary to calculate the flame temperature. To estimate the flame temperature, the

Schwab Zeldovich approach applied to the fuel droplet combustion problem is adapted to

coal volatile combustion to obtain an estimate of the flame temperature T" The develop-

ment is based on the solution as presented by Kanury (1975). The following development

is valid for dry coal particles (Agarwal, privatecommunication).

The steady state conservation equations and the definition of the conserved variable,

b, leads to the following differential equation

0 (37a)
db

dr

for Ro < r 1Rp+ ô which has to be solved with the boundary conditions

0,",#?'#) (wr') *.

db* l*o PtUr dr *,

å l*r*¡= 0

To obtain an expression for õ,

k, 
dr{lno=h(7"-7"¡

(37b)

(38¿)

Assuming that the temperature profile in the thermal boundary layer is linear,
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k8(T'-7")/õ, --h(T"-T") (3Så)

Further assuming that the momentum boundary layer thickness and the conduction

thickness are equal prior to ignition,

ô-ô^ = krlh =2krnpl(k.nid) (38c)

The flame radius, in general, may be assumed tobe rr:Rr+ô/i where i may vary from one

to infinity (corresponding to the flame sitting at the edge of the momentum boundary layer

and the particle surface respectively). Then after ignition,

4#4= hfrr-r,¡ (39a)

Retaining the assumption of a linear temperature profile in the thermal boundary layer,

ks(Tr-7")lLu= hÁT¡-T") (39b)

Since tf:Rr+ô/r , then ô,r:ô/i . Consequently

Bir= krR.ol(k"õ¡¡) = iBi (39c)

Using equation (38c), the solution of equation (37) leads to an expression for the Mass

Transfer number

rn(l+B) =gï#h(L+fY.") (40)

where B is the mass transfer number, f is the stochiometric coefficient and Y- is the oxygen

concentration of the combustion environment. It has been assumed that all the volatiles

released are combustible. It may be seen that the value of B is most sensitive to the flame

location for lower values of Bio and that the value of B increases as the value of i decreases

(conesponding to flame radius moving away from the particle).
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As pointed out by Agarwal (1986), the movement of the flame front with time is

expected to be complex. The simplifying assumption made in the text leads to rr=Ro¡6¡2

and

Bi, -fi¡ (4ra)

h(1+A¡ = ,, (Bid+kslk")
ln(I+fY.") (4rb)

Bi¿

It may also be shown that

T¡-T"
O

B -rYo^
cor(I + fY,")

@2a)

In the fuel droplet combustion problem, Q, â constant is the sum of the sensible heat

required to raise the temperature of the droplet surface to its evaporation temperature and

the latent heat of vaporization. In the case of coal, the temperature of the whole solid

changes with time. This changing temperature proflle results in the thermal break-up of

bonds; the reactions themselves being thermally neutral. Hence, the value of Q is expected

to be time dependent.

To obtain an estimate for Tn Q' is defrned as the average amount of sensible heat

required for the per gram release of volatiles and T,' as the average surface temperature. If

T, is defined as a temperature at which devolatilization is complete (Agarwal et al., 1984c),

then the particle may be considered to be depleted of all volatiles when the temperature at

the particle center reaches Tr. Pyrolysis data for different coals (Wen and Dutta, 1979)

indicates that T, may vary between 900 - 1200 K. Assuming a linear temperature profile in

the particle with its center at T2,

(42b)
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where V0 is the volatile content of the coal. T"'may be estimated from the definition of the

mass transfer number and equation (42) as

, , _LHfYo"* coeT"-A'(Tz-2To)t, =---,{*cos . @3a)

A'=Bco"l(2vo) (43b)

T, may be obtained from equations (41-43)

TÍ=
(A'cor+1)

(44)

The effects of the various tenns in the expression obtained was tested numerically. In

the absence of other information, the flame temperatue may be approximated, for oxygen

concentration less thqn that of air, by

,ro.st(4-[=*r"\ (4s)' I cPs ")

The results of a parametric study to consider the effect of the assumptions made

regarding the flame locations are shown in Figure 4.5 and 4.6. The values for the

parameters chosen are NI=2465kIlkg, f = 0.3 kg fuellkg oxygen, Vo = 0.36,8o = 236

k/mol, o = 36 kímol, Bi = 1, T. = 1000 K, Y- = 0.15, \ = 1.S mm, Ç = l.f/*clQt3 s{ and c[

= 0.1 mm2/s. In Figure 4.5, the effect of the va¡iation in the assumed value of i (related to

flame location as discussed earlier) on the estimation of the flame temperature is examined.

Results using the detailed equation (44) as well as the approximation equation (45), are
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shown. The flame temperature appears to be fairly insensitive to the value of i for i > 1.5.

In Figure 4.6, the time dependent devolatilization structure is shown for a convective

oxidizing environment with i as a parameter. As expected, pre-ignition behaviour does not

depend on flame location. Post-ignition behaviour is different for various values of i, but i

= 2 appears to be a reasonable average.

The procedure for the estimation of the flame temperature for wet coal particles may

be developed along similar lines. For estimation of Q, the average heat required per gram

release of volatiles, the initial moisture content of the coal particle has to be considered. Q

can be approximated as

c *Tz-ZTò+2Co?,"t
O-

2Vo

Tr-ay then be obtained as

B_ lY_
Y¡a pc

r+fYø

Y¡a

(46)

r'fio * n'¡
(47)

The effect of the various parameters in equation (47) has been tested numerically. The

following simpler approximation may be used.

Y@

Yrnr+f

Tr=0 To (1 + cJt tt

for 0.08 < Y-< 0.23,0.4 < Vo< 0.6, 0.1 ( Co( 2.5,700 < T.< 1200 K.

(48)



Eq.45

Eq.44

:<

t--

260 0

2400

2200

2000

oo
O

2 4 6 I 10 12 14 16

Fig. 4.5 Flame temperature as a function of the flame front position



1,0

trn

CJ

80

0,6

0. l*
X

oo

0,2

0

0 2 4 6 B 10 12 14

Ti me (s)

Fig. 4.6 Time dependent devolatilization structure in a convective oxidizing environment with flame front position as a parameter

\
\

\
\
l+- =11

=l

\

\
\

\
\
\
\

\\

t
\
.\

\

\

\

-\61

\
\

4

\\

¡l
I

t\
1l

I

I



82

Admittedly, the procedure for estimating the flame temperature is crude and more

rigorous theoretical as well as experimental work is required. Kanury (1975) notes that the

major restriction in the analysis involves the unity Lewis number assumption. Also, a more

detailed analysis should consider the time-dependent movement of the flame front which

would require the consideration of the transient conservation equations in the gas phase.

Moreover, the presence of non-combustibles in the volatiles released, like CO' must be

taken into account.

4.5 COUPLED DRYING AND DEVOLATILTZATION UNDER COM-

BUSTION CONDITIONS

The mathematical analysis for coupled drying and devolatilization under combustion

conditions is divided into pre-ignition and post-ignition stages. The pre-ignition stage

corresponds to drying and devolatilization under pyrolysis conditions as developed by

Agarwal et al. (1986). Post-ignition stage is cha¡actenzedby the formation of a diffusion

flame around the coal particle.

The procedure for the development of the model equations is similar to coupled

drying and devolatilization under pyrolysis conditions. For clarity of presentation, the

major steps are outlined in the following; principal differences from earlier work have been

identified. The model assumes that drying takes place from the surface of a receding wet

core of radius r" within the coal particle of initial radius \. Devolatilization has been

modelled using the DAE kinetics as developed by Anthony and Howard (1976). The heat

conduction equation, boundary conditions and devolatilization model for pre- and post-ig-

nition stages are shown in Figure 4.7.
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Using equation (20) and applying l-eibnitz's rule for non-shrinking particles yields

#[;,"-,"fr=o] t,=,.n{t,=*, (4s)

To solve the above equation for combustion conditions the integral has to be divided into

two paÍs

*,1;'*=*[i,''rdr+ I::,,,') (so)

By redefining the space va¡iable for the pre-ignition part âs Q'=(r -r,,)t(Rr-r.,) and the

post-ignition part âs rþ'=(r-r.)t(r,,-r,) of the integral, the moving boundary in equation (a9) is

immobilized. Incorporating a quadratic temperatue prof,rle equation (22) and, estimating

an appropriate surface temperature using pseudo steady-state formulation (Agarwal and

Pedler, 1986) yields the drying equation as:

(T# r,, -' " 
*4' 

" " r,, -Wtt 
)*.

fwr,,-+.T)**ffoi
-A(F-1)=0 (51)

The coefficients of equation (51) are lisred in Table 4.5

The indices i always indicate the value of the particular variable at ignition time.

The value of the total drying time can be obtained by a trial and eror solution to

satisfy the equality

-7")
(B++4)

r"(1 - o,) + Bift#.) rt - oi.,1 (s5)
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Table 4.5 COEFFICIENTS OF DRYING EQUATION (51)

q(t)Ro Bíqþe"(Tr-T")
(s2)k zQP"-Bí4'(q^ - 1)

T""-7" Bí4{1-0^)
T¡-7" 2þp"-Biq{q^ - 1)

_ ?Jco| -_
cp"

l=

(s3)

(32)

(s4)

(33)

W('-'t('-oÐ ('-*'ì-+q',('-*'l
q(t)"1"=".R, T"+57""1"=ø* 

^,t2k 0i, - 12 Yz'¡
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STAGE 1 STACE ?

Ht]Mt]GENEEUS
IGNIITIEN

+

T¡RYING VITHEUT
DEVELATILIZATII]N

DRYING VITH
IIEVELATILIZATITIN
FRNM SHELL

cq d

DRYING (a,b,c)

ðT aA(rârl
ðr r2âr( A, )

r"1r 1Po (r7)

boundary conditions

o#r,=,"-¡'coo"* (18å)

n{l=*,= h(7"-7,) (18c)

(a,b)

t{ l,=*,= h(Tr-7")

(c) (18d)

DEVOLATILIZ ATION (b, c,d)

x*, =fr;,.'1,- e -EtRT(r"'alrn>an
ar dr (I6a)

Í (E ) = ço çzn¡'' 
2¡-'"- 

[- %t )
(t6b)

TEMPERATURE PROFILE

(a,b,c)

T (r,t) = T 
" 

+ (T 
" 
- T.) (zq' - q") + q ØT (Q" - q') (24)

(d)

T (r,t) = T, -,i,t t,#ä"4f1
(s6)

Figure 4.7 Mathematical model for drying and devolatilization under combustion conditions
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The devolatilization model and the respective temperature profiles for the different

stages is depicted in Figure 4.7. When the particle is dry, devolatilization will still occur.

The initial temperature condition for this case will be the temperatue profile of the dry

particle where r"= 0. Then

r(r,, =,)=r"+þ b=., *)[,(å) tËl 
+qll,=._ (?)(;)' tå) (s6)

Using the heat conduction equation with a convective boundary and initial condition

equation (56), the temperature profile can be written as

r(r,t')-rÍ-,ånäH*r[_ þ?{a
R3

O<rcRo (57)

The coefficients of equation (57) are lisred in Table 4.6

In Figures 4.8 - 4.I3 the results of the parametric studies for drying, devolatilization

and volatiles combustion are shown. Ignition is assumed to take place when 5Vo of the

volatiles are released. As can be seen in the f,rgures as soon as ignition takes place the

d.ying devolatilization rates increase rapidly. To demonstrate the influence of the

operating conditions , a set of standa¡d parameters are chosen. Each parameter is varied in

turn. The standa¡d parameters are Co = 1.1 g moisture/g dry coal, Bio = 4, \ = + mm, T. =

1000 K, Y -= 0.23.

In Figure 4.8 sample calculations a¡e shown to demonstrate the effect of the heat

transfer Biot number. For lower Biot numbers, the heat-up time a for the particle is larger

and therefore the times required for complete drying and devolatilization are larger too.

For Bio = 1 the particle could be considered as isothermal, there is almost no devolatiliza-

tion as long as the moisture content, acting as a heat sink, is present. Therefore for low

Biot numbers drying and devolatilization may be treated as sequential. For large Biot
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Table 4.6 COEFFICIENTS OF EQUATION (57)

N ¡ = 2(D tF | - (2D z - D t)F, - (D t - D r)\)/ F 4

Dr= (Tr-T")

(s8¿)

(s8å)

(s8c)

(s8d)

(s8¿)

(s8/)

(s8g)

(58/r)

(s8r)

D z = (T 
" l, = o J 

") -B 
ird(Tr - T') (L - þ P")

2þ0"+Bí¡a(l -Qo")

6_B+d(Tr-T")Dr=q(t)l(=o=rþpJ;Ffi

Fr = sin Þr - Þ, cos p,

u,)., sin P, -fr

ul.r,*u,[, å)
Fo=þ¡-sinp,cosp,

t'=t-tr
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numbers, a coupled approach is more reasonable. In Figure 4.9 the effect of the variation

of particle size is shown. As expected smaller particle dry a.rd devolatilize much more

rapidly. In Figure 4.10 the effect of the variation of ambient temperature is considered. As

expected, for lower ambient temperatures, the drying and devolatilization times are much

larger. A larger ignition delay is also predicted. Figure 4.11 shows the effect of variation

in oxygen concentration of the combustion environment. As would be expected the

pre-ignition stage is not affect by the flame temperature. It can be seen that, for the

conditions simulated, changing oxygen concentration from ïVo to 237o resalts in - 207o

reduction of the drying and devolatilization times. The effect of change in the initial

moisture content is shown in Figure 4.L2. Higher moisture contents result in a larger

ignition delay as well as drying and devolatilization times. In Fig. 4.13 different coal types

are simulated by different mean activation energies. As expected the initial drying stage

prior to ignition is not effected by coal type. However the total drying time for coal with

lower values of mean activation energy is smaller due to earlier ingition time.

4.6 COMBUSTION OF VOLATILES IN GAS FLUIDIZED BEDS

The schematic representation of the model is shown in Figure 4.L4. It is assumed that

the coal particle moves alternatively between bubble and the emulsion phases. Such

mobility for char particles, at least in shallow beds, has been visually observed by

Chakraborty and Howard (1978). The characteristic frequency describing this particle

mobility between the phases as well as the relative amounts of time spent in each phase for

the bubble-emulsion cycle depend on the hydrodynamics of the bed.
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Based on the visual evidence of Aoyagi and Kunii (1974), Cowley and Roberts

(1981) as well as Prins (1987), it is assumed that homogeneous combustion of volatiles

takes place (in a diffusion flame mode) when the coal particle is in the bubble phase.

Pyrolysis like conditions a¡e assumed to prevail in the pre-ignition period as well as in each

time interval the coal particle is in the emulsion phase. It may be noted that probe

measurements of oxygen concentrations in fluidized bed combustors (Boiarski et at., 1984;

Minchener and Stringer, 1984) have indicated sharp fluctuations - the lows corresponding

to the emulsion phase and the highs corresponding to the bubble phase. From this point of

view, under steady combustor operating conditions, char or volatile combustion in the

emulsion phase appears to be less likely. The devolatilization behaviour for the two stages

and in each phase depends on the chemical reaction and transport phenomena associated

with the coal.

The mathematical description for the coal related phenomena and the fluidized bed

parameter estimation can thus be 'decoupled' and is presented in the following:

4.6.I COAL PARTICLE PHENOMENA

The volatile combustion analysis, for the pu{pose of mathematical description, can be

divided into two major stages: the pre-ignition stage and the post-ignition stage which

includes two minor stages representing the particle being in the bubble or in the emulsion

phase. The volumetric average fractional amount of volatiles retained within a non-isother-

mal, spherical, non-swelling particle of radius \ can be expressed (Agarwal et a1., 1984b)

by using the non-isothermal distributed activation energy formulation of Anthony and

Howard (197 6) for the overall decomposition of coal (equations (16a-b)).

The calculation for the devolatilization history within each of the above stages then

depends on the estimation of the spatial and temporal temperature distribution within the
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coal particle for each stage. In the following, the derivation of the temperature prof,rles for

the stages (pre-ignition, post-ignition: bubble phase, emulsion phase) are presenred. These

profiles may then be used in conjunction with equations (16a-b) to obtain the time resolved

devolatilization characteristics. Nested numerical integration is required - the basic

technique for such integmtion has been discussed by Agarwal et al. (1984b).

The reactions leading to the production of volatiles from coal are thermally neutral

(Anthony and Howard, t976). Then the required temperature profile is obtained from the

solution of the unsteady state heat conduction equation, in one-dimensional spherical

co-ordinates for a convective boundary condition, as (Jacob, 1959)

(s9a)

where 0 is the time interval under conside¡ation, T"r is the temperature of the exterior

source of heat to the particle and B. are the roots of the transcendental equation

Bcosp = (l-Bi,)sinp 69b)

\ a.e the coefficients which depend on the initial temperature condition T(r,o=0) and

Bi,is the heat transfer Biot number based on the particle radius.

In the first stage - before the initial ignition takes place - whether the coal particle is

in the emulsion or in the bubble phase, pyrolysis like conditions prevail. During this

particle heat-up period, the temperature profile may be obtained as

r(r,o)-r.-,åo,î#-r[-O*) (60¿)

where

r (r,o) =, * - ri=,* r'W.-[- ff )
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A¡:2(T"-T") (60b)

recognizing that T.n = T. for 0<e<r,:s and T(r,Q:O)=?,. B, 's are the roots obtained

from equation (59b) with Bi,= Bi.

For a single particle in convective flow, the heat transfer Biot number can be

estimated using available conelations (Agarwal, 1988). For a fluidized bed, however the

heat transfer is affected by gas convection as well as particle-particle interaction and

radiation. Correlations are available for gas-particle heat transfer in beds of monosize

particles. Heat transfer to and from cylinders or spherical objects, large in comparison with

bed particle size and immersed at a fixed in-bed location, has also been studied extensively

(Kunii and Levenspiel, 1969). However, transfer from a freely moving targe particle in a

bed of smaller and more dense particles has received scant attention and the estimation of

Biot number is difficult. Due to the current lack of information the correlations summa-

nzed by Kunii and Levenspiel (1969) for estimating the particle Nusselt number in

fluidized beds has been used

Nu = 0.03R¿r'3 R¿ < 80 (6la)

for Re > 80, the fluidized bed gas-particle heat transfer has been found to lie between

the correlations for fixed bed and single particles. Hence,

Nu = 2.0 + l.2Rettzprtt3 R¿ ) g0 (6rb)

Bio- Nukr/È, (61c)

Using these correlations and the reported values for thermophysical properties, it may

be shown that the Biot number may range from 1 to 20 for particle sizes and operating

conditions of interest in fluidized bed combustion (Agarwal et al., 1984b).
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Initial ignition is assumed - for the particle sizes, bed temperatures and oxygen

concentrations of interest in fluidized bed combustion - to take place when app. 5Vo of the

initial volatile content of the coal has been removed. Though this seryes as a simplifying

assumption for the present analysis - more detailed calculations would obviously be

preferable - the importance of ignition phase criterion increasing with decreasing particle

sizes.

As visualized in the model description, homogeneous ignition of coal volatiles would

take place when the coal particle is in the bubble phase. To formulate the heat conduction

problem, the flame temperature and the flame radius have to be specified to obtain the

requisite convective boundary condition. The initial condition may be derived as the

temperature profile at the time of ignition or when the particle enters the bubble phase. A

detailed outline for the estimation of flame temperature has been discussed in a earlier

sectlon.

The.solution of the heat conduction equation leads to

(62a)

where

N¡=2.0(T¡-7")
sin p, - cos pp

p; - sin p; cos B;

.,å[n*'[-ry)fl+# +i#)
/(þ¡ - sin B, cos Br) (62b)
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recognising that \n = T, for r. ( 0 ( r. +rr. pr's are the roots of equation (59b) obtained

with Bi = Bi, = 2Bi. it may be noted that for the period r,r.t.rjs+rå as shown in Figure

4.14, the telrn N,exp(-P?a!,tRÎ) in equation (62) is equivalent to.a,exp(-plcrr.lRr,). The coefficient

\ in general, are defined from the consideration of the behaviour in the emulsion phase as

following.

At the end of its residence time in the bubble phase, the coal particle is transferred to

the emulsion phase resulting in volatile combustion becoming negtigible. The solution to

the heat conduction equation may then be obtained with the initial temperature condition

obtained from the previous stage. The temperature profile may be derived as

r(r,o)=r"-,åryiffi"{ry) (63a)

where

N¡=2.0(7"-T¡)

.,å[n"-'(-W)trt - Þ,) sin(p, + p,)

Ê,-Þ' Þ;+Þ,

/(Þ, - sin p, cos B,) tr;3b)

for T.o- T., lt 1o < t, + t,

The solutions for the devolatilization in each stage of the bubble-emulsion cycle may

then be obtained using equations (16a-b), (59) - (63). A computational flow chart is shown

in Figure 4.15.
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4.6.2 INTERACTION OF VOLATILE COMBUSTION WITH FLU.

TDTZED BED PARAMETERS

As visualised by the model, after the initial ignition the coal particle goes through a

sequence of volatile combustion (bubble) and pyrolysis (emulsion phase) steps. The

fluidized bed parameters determine the frequency at which these transitions take place as

well as the relative amount of time spent between the two phases for each cycle. Agarwal

(1985) has been developed a model for bubble coalescence and growth in non-slugging gas

fluidized beds based on the population balance approach. The model was used to obtain

distributions and averages of bubble characteristics. The model was also used to obtain

expressions for bubble point and level frequencies; and in conjunction with the two-phase

theory, for number concentration and bed expansion. From the model expressions, the

height dependent local volume fraction constituting the bubble phase is obtained as

6aa)

where 7 is the average of the bubble velocity density function and is expressed in

tenns of the initial bubble diameter d.and local height above the distributor ,2, as

i' = ((Jo-U^¡)+22.26drt2 +8.220'4 64b)

the initial bubble diameter may be estimated for the geometry of the distributor under

consideration using the correlations of Miwa et aI. (1972).

Assuming that the relative amount of time spent between the two phases is equal to

the relative fractions of each phase at any specifrc height within the bed, it can be shown

that
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tb (U"-U,,s,)
(65a)

(6sb)

(67a)

t" 22.26d1!]+8.ZZo'4

The average value over the total bed height, H, may then be obtained

lîLr = 0.61l+,æ]tï-oo'+,*'o'J
where

e =o.3lHooul] (6sc)

the frequency of the bubble-emulsion cycle would depend on the frequency with

which bubbles strike/envelope the coal particle. The level frequency of bubbles (the

number of bubbles passing a level per second) is given by (Agarwal, 1985)

(66a)

where

dr' = (d!l +0.3720.4)2 if,6b)

Then multiplying the level frequency with the projected area of the coal particle

(=tø't+) yields the required cycle frequency as

The average value over the total bed height may also be calculated

233d2f
f =-lrc Hdl:L

f-r
(1+Õ)3

(67b)
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It may be noted that the local expressions for frequencies would be more appropriate

for constrained coal par:ticles as in the experiments of Yates et al. (1980). The average

values computed here are rigidly applicable if it can be assumed that, during the entire

devolatilization process, the coal particle could be at any location with an equal probability.

It is obvious, that solid circulation patterns and the location of the coal injection ports

would influence the frequency values. It is felt, however, that the present technique

provides a fairly reasonable method for the determination of devolatilization characteristics

of individual coal particles in fluidized beds as well as assessing the influence of the

fluidized bed design p4hameters on volatile combustion.

In the following, the results of parametric studies made with the model are presented

to study the effect of fluidized bed va¡iables on volatile combustion. The complete

computational flowchart is shown in Figure 4.15. In all cases, a porous distributor is

simulated using (lrtliw{et al., 197 2)

du =o.00376(uo-u*)' (6g¿)

Calculations may be performed analogously for perforated plate distributors using

(Agarwal, 1985)

du=0.347(A,(uo-u*)tn)o'o (6gå)

In Figure 4.16a, the local residence time ratio t/t" is plotted as a function of height

within the bed with the excess gas velocity as a pammeter. It may be seen that the values

are sensitive to bed height only for Z <20 cm.

In Figure 4.16b, the average values (using equation (65b)) are plotted with total bed

height as a parameter. It may be seen that for larger values of excess gas velocity, the

average value does not depend strongly on the total bed height.
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In Figures 4.17a-d,local and average frequency values of the bubble-emulsion cycle

are plotted. From Figures 4.L7a-b, it may be seen that the local frequency increases with

the size of the coal particle and decreases with increasing values of d- (reflecting the excess

gas velocity through equations (68a-b)). A similar trend is observed for the average values

of the frequency (Figures (4.17c-d).

In Figures 4.18 and 4.19, sample calculations are presented to demonstrate the effect

of operating variables and bed parameters on the devolatilization history of the coal

particle. The values chosen for the estimation of the flame temperature are Â H = 2464

kJlkg, f = 0.3, and Y* = 0.08. In Figure 4.18, results are presented for the devolatilization

characteristics for constrained coal particles with height within the bed as a parameter. It

may be seen that the total devolatilization time is larger for a particle constrained to be near

the distributor. In Figure 4.L9a-c, unconstrained coal particles a¡e simulated and the

expressions averaged over the total bed height (equations (65b) and (67b)) have been used.

In Figure 4.19a, the amount of volatiles retained are plotted as a function of time . Three

different coals are simulated by using different values of the mean of the activation energy

distribution. It may be ascertained that the total time between initial flame ignition and

final extinction is virtually the same for the three coals. This would suggest that for coals

of similar physical properties, the devolatilization time as defined above would not depend

strongly on the type of coal. The experimental investigations of Pillai (1981) suggest a

similar conclusion as the values of k, and n, for coals with similar swelling numbers, were

found to be similar. This suggest that effects of coal swelling may erroneously be

understood as differences due to coal rank and type. It is noreworthy that Essenhigh (1963)

found that the scatter in values of k, for different coals was substantially reduced once the

swelling aspect was taken into account (Table 2.2). However, the duration of the

pre-ignition stage depends on the type of coal. Thus to evaluate the complete devolatiliza-
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tion characteristics, kinetic pammeters obtained in pyrolysis studies should also be reported

with combustion results. Moreover, the influence of kinetics is expected to become

stronger as the size of the coal particle decreases (> 0.5mm). In Figure 4.19b, the effect of

bed temperatue is examined. As may be seen, the devolatilization time depends more on

the bed temperature than on the type of coal. The importance of bed temperature is also

confirmed by experimental results of Pillai (1981). In Figure 4.19c, the effect of oxygen

mass concentration has been shown. As expected the devolatilization times are larger for

lower oxygen mass fractions.

In Figures 4.20a and b, sample results of the interaction of fluidized bed design

parameters with volatile combustion have been presented. From Figure 4.20a, it may be

seen that higher values of excess gas velocity result in quicker combustion of coal volatiles

due to the increased value of (Çt ).", and lower values of f.. For lower values of the excess

gas velocity, the value of (ç/t").,, decreases rapidly leading to predominance of pyrolysis

like conditions. Thus for lower values of (U. - U*), as employed by Yates et al. (1980), the

devolatilization is expected to lead to formation of volatile bubbles detaching from the coal

particle in preference over diffusion flame mode of volatile combustion as observed by

Pillai (1982). In Figure 4.20b, the effect of total bed height is considered. As may be seen,

though the devolatilization rates may differ on time resolved basis, the total devolatilization

time is fairly independent of bed heights greater than 20cm.

In Figure 4.21, predicted spatial and temporal temperature profiles are plotted for a

coal particle with Ro = 4mm. Fluctuating temperatures are predicted at the surface of the

coal particle; the fluctuations are damped out in the inner core. The temperature profiles

and the fluctuations are expected to have an important bearing on the fragmentation aspects

of the coal as well as the subsequent combustion of cha¡. Moreover, sufficiently high

temperatures may result in ash fusion and consequently decrease combustion eff,rciency.
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An isothermal particle model would not predict these fluctuations in temperatue nor the

possibility of high particle temperatures during the volatile combustion srage. As the

temperature fluctuations would be localised primarily in the outer regions of the coal

particlo, the experimental verification of such a phenomenon would be a problem.

Several assumptions of the model require more detailed verifrcation/consideration.

Ignition aspects need to be addressed. Though homogeneous ignition may be adequate for

large particles, volatiles in smaller particles could combust while still trapped in the solid

matrix. Heat transfer aspects in the two phases of the fluidized bed also have to be

considered in greater detail. It may be more accurate to obtain heat transfer coefficients

from the Froessling correlation while the particle is in the bubble phase and from suitably

modifred fixed/packed bed correlations while the particle is in the emulsion phase. The

increased sophistication in modelling would also have to be matched with experimental

data. Unfortunately time resolved coal volatile evolution behaviour in combustion systems

does not appear to have been investigated and most experimental investigations have dealt

only with the total volatile burn-out time.

The model presented here, however, provides a ¡easonable first step towa¡ds a

quantitative link between combustion of coal volatiles a¡ound individual particles and

fluidized bed parameters. It is expected that volatiles evolved during the time spent by the

coal in the emulsion phase could combust within the bed (provided the bed temperature is

sufficiently high (Dennis et al., 1982)) or in the freeboard region of the bed. Higher values

of excess gas velocity would provide maximum in-bed combustion of coal volatiles.

However, due to the limiting values reached by (Vt ).,r, certain amount of freeboard

combustion of coal volatiles is inescapable. Presence of heat exchange surfaces and,/or

baffles could break the bubbles and alter the behaviour of the system. As pointed out
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earlier, calculations presented here are valid strictly for the cases where either the coal

particle is constrained at a specifrc height within the bed or could be at any location with an

equal probability. Optimal design strategies for coal feed port location and distribution

would require additional consideration of solids movement patterns inside the bed. As

pointed out by Bywater (1980), the general class of one-dimensional models for fluidized

bed behaviour can not be expected to yield quantitative information on such aspects. Solid

circulation patterns would be controlled by bubble gowth; however the effect of the walls

as well as the possibility of non-uniform initial bubble formation at the distributor are

required to explain the different types of solid circulation patterns observed (Lin et al.,

1985). A bubble growth model incorporating these details would be able to predict the

experimentally observed (V/erther and Molerus, L973) increased bubble activity in an

annular region concentric with the bed axis which may result in plume like behaviour for

volatile combustion (Bywater, 1980; Park et a1., 1981).
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5 EXPERIMENTAL RESULTS AND MODEL COMPARISON

The results of the experimental investigation are presented in this chapter. Experi-

mental data obtained in this study as well as data collected from literature on drying and

devolatilization under pyrolysis and combustion conditions are compared with the model

predictions. A detailed description of the experimental set-up, experimental procedures,

observations during the experiments and analysis methods of the coal samples can be found

in Chapter 3.

5.1 OVERALL WEIGHT LOSS DUE TO DEVOLATILIZATION

The experimental data for devolatilization of pre-dried Bowmans coal was collected

at 923 K for particle sizes of 10 mm and 1.8 mm. The data are tabulated in Appendix A.

The model formulation for devolatilization requires the specification of the mean Eo and the

standard deviation o of the activation energy distribution. To obtain these values

devolatilization experiments on dry coal were performed. The model reported for

devolatilization of dry coal (Agarwal et al., 1984b), which assumed heat uansfer (both to

and through the coal particle) and chemical reaction (presented by DAE kinetics) as rate

limiting steps, was used to estimate the values for Eo and o. As can be seen in Figures 5.1

and 5.2 the values of Eo = 210 kJ/mol and o = 40 k/mol are in good agreement with the

experimental data obtained for 10 mm and 1.8 mm particles.

The heat transfer Biot numbers for all of the single particle experiments were

calculated using the Froessling correlation for single particles in a convective environment

(Kunii and Levenspiel, 1969)
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Nu = 2 +o.6Prrtt*Ren (6e)

k8

kn
Bi= *Nu*/,o¿

Where f* is a radiation factor. Since radiation effects have not been accounted for

explicitly in the model, the heat transfer Biot number has been multiplied by 1.0 < f.d < 1.3

with the limiting values corresponding to temperatures up to 573 K and 1023 K

respectively, to include a rough estimate. The estimated Biot numbers have been included

in the data tables in Appendix A.

Only few (Carabogdan, 1965; Waibiao et al., 1987; Masahiro et al., 1987) experimen-

tal investigations have been reported on devolatilization of large particles - as used in

fluidized beds - in a convective environmenL

Weibiao et al. (1987) studied devolatilization of large coal particles 3 - 9 mm in an

argon plasma stream at temperatures between 1173 - 1733 K. The coal particles were

obtained by pressing pulverized coal in a mould to a spherical shape. This method is

however questionable. By pressing the pulverizeÅ. coal the pore structure and consequently

the thermo physical properties of the coal will change. The results of the experiments can

not be applied to 'real' coal. The authors also compared their experimental data with a

single order kinetics equation and found good agreement for 5 different coal types.

Masahiro et al. (1987) reported experimental data on devolatilization of large single

coal particles in nitrogen and air. Two different coal types (Taiheiyo and Datong),

temperaturesof 1l23Kand1273 Kandparticlesizesof 2.42- 3.81 mmwereusedforthe

experiments. The authors pointed out the importance of the pafiicle size; however, in the

graphs reported no information on particle size was supplied. The large scatter of the data

(70)
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implies that the whole range of particle sizes has been used. The experimental results have

been compa¡ed with a first-order rate expression assuming isothermal particles. In the case

of combustion the weight loss during the volatile combustion exceeded the value of

proximate analysis. Only the weight loss itself (no proximate analysis for residual volatile

matter) was deterrnined in the experiments. Therefore, it is impossible to differentiate

between weight loss due to volatile or carbon combustion. At least in the final stages of the

experiments, simultaneous volatile and char combustion can be expected. In Figures 5.3a,b

the experimental data for Taiheiyo coal at LL23 K under pyrolysis and combustion

conditions have been compared with the DAE model as outlined by Agarwal et al. (1984b)

and Agarwal (1986). The values of Eo - 26O Hlmol, o = 35kJ/mol and lq - 1.67*108 s-l

have been used for the simulations. In Figure 5.3a the pyrolysis behaviour is shown and

compared with model predictions for the particles sizes2.42 and 3.81 mm. As can be seen

most of the data range is inside the two theoretical curyes. The combustion behaviour

seems to be slightly under predicted in the final stage as seen Figure 5.3b. More

information about the experimental technique employed and particle sizes used would be

necessary to comment on that. Figures 5.4a,b show the devolatilization behaviour of

Datong coal at 1273 K. The values of Eo = 300 kJ/mol, s = 60 k/mol and q = l.SJ*lQr s-r

have been applied for the model predictions. The predictions for pyrolysis seem to be in

reasonable agreement with the experimental data, the model seems to underpredict the

volatile combustion behaviour in the final stage.

Ragland and Yang (1985) reported experimental results on combustion of large coal

particles in a convective environment. V/eight loss versus time data have been collected

for volatiles and char combustion of different coal types, temperatures, Reynolds numbers,

oxygen concentrations and particle sizes. No analysis on residual moisture, volatile matter

and fixed carbon was reported. Loss of volatiles especially in the later stages of
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combustion could not be separated from fixed carbon loss. That might be the reason for

the higher volatile matter yield reported than indicated in the proximate analysis. In most

runs only one or two data points have been obtained in the volatile combustion stage which

is not sufficient for comparison with the model. Data and model predictions for 5.3, 6.4

and 9.5 mm particles are depicted in Figures 5.5 and 5.6. In Figure 5.5 the values of Eo =

L54 Hlmol, 6 = 17.5 kI/mol and \ = 29L*IU s{ as suggest by Ragland and Yang (1935)

have been used for the model predictions. A better fit using the values Eo=220 k/mol, o =

40 kJ/mol and ko= 1.67*10ßsicould be obtained in Figure 5.6.

5.2 EVOLUTION OF' VOLATILES SPECIES F'OR WET AND DRY

COAL

An investigation on the evolution of gaseous volatile species during the pyrolysis of

Bowmans coal has been conducted. Concentrations of carbon oxides and lighter hydrocar-

bons in the off-gas have been measured as a function of time for single wet and dry coal

particles (sizes 5mm and 10 mm) exposed to convective heating at different gas

temperatures (673 - 873 K). The data are listed in Appendix A.

This investigation was conducted with the following objectives

- to measure the pyrolytic evolution of gaseous species from large particles of

coal from Bowmans deposit in South Australia

- to determine the kinetic parameters based on the non-isothermal particle model

to ascertain the rank insensitivity hypothesis.

Additionally, low-rank coals contain appreciable amounts of moisture in their

'as-mined' state. Since complete moisture removal prior to utilization is economically

impractical, the need to study the effect of coal moisture on the pyrolysis behaviour has
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been pointed out (Agarwal et al., 1986). No data appear to have been reported on the

influence of moisture on the pyrolytic evolution of volatile species from large wet coal

particles. Consequently experiments were conducted with pre-dried as well as wet coal

particles. The experimental set-up employed (Chapter 3) enables a more precise estimate

of external transport characteristics and residence time of the solid in the hot zone in

comparison with a fluidized bed. The effect of fluidized bed reactor operating conditions

in modelling efforts is usually incorporated in terms of an appropriate boundary condition

(external heat Eansfer coefficient (Agarwal et al., 1984b)). This study, then, is expected to

be of importance in developing methods for predicting the pyrolytic evolution of volatile

species from coal in fluidized beds.

In Figure 5.7 the computational flow-sheet for comparison of the experimental results

for the evolution of gaseous volatile species of Bowmans coal with the model predictions

are depicted.

For the analysis of the volatiles evolution from wet coal, the effect of moisture has to

be taken into account. A model for intense convective drying and pyrolysis has been

reported by Agarwal et al. (1986). Model calculations revealed that the drying and

devolatilization, which have to be treated as coupled processes in general, may be treated

as sequential for Bi < 1 if the presence of the temperature gradient at the end of drying is

taken into account for devolatilization. For Bi S 1, this implies that a uniform temperature

initial condition may still be employed in the solution of the transient heat conduction

equation for quantifying the volatile evolution characteristics from wet coal. At atmo-

spheric pressure conditions, this uniform temperature is 100'C.

The experimental results described here have been obtained at low nitrogen flow rates

ancl Bio - 1. Hence, for moclelling the present experimental data for wet coal, based on
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parametric results (Agarwal et al., 1986) outlined above, the drying was assumed to cause a

time lag in the initiation of volatiles release. Further, the pyrolytic evolution of gases from

wet coal was determined from the solutions of equations (16a-c). To solve equations

(16a-c), the temperature profile, T(r,t), is obtained from the analytical solution (Jacob,

1959) of the unsteady-state heat conduction equation with convective boundary and

unifonn initial temperature conditions equations (60a-b).

As already pointed out in Chapter 3, the flow through the reactor deviates from plug

flow. For the interpretation of the experimental data the results of tracer experiments

(Chapter 3) were used to obtain a exit age distribution (Figure 3.3)

Experiments were conducted with 5 mm particles of Bowmans coal at gas tempera-

tures of 673,773 and 873 K and with 10 mm particles at 873 K. The effect of moisture

was considered by performing experiments for pre-dried as well as wet (q = 1.1 g

moisture/g dry coaf) coal particles

At 673 K, only CO, was evolved in measurable quantities. The time-resolved

evolution characteristics for dry atrd wet coal are shown in Figure 5.8. At 773 K,lighter

hydrocarbons were evolved in measurable quantities besides COr. The results for the

evolution characteristics of CO2, CHo, CrHo and CrHu are shown both for dry and wet coal in

Figures 5.9a-d. Carbon monoxide was not detected at this temperature. At 873 K,

measurable amounts of CO were also evolved; the experimental results and the modelling

predictions for 5 and 10 mm particles are shown in Figures 5.10a and 5.1la. The evolution

characteristics for the other species at873 K are shown in Figures 5.10b-e and 5.11b-e. The

effect of particle size is shown in Figure 5.12 by comparing CO, evolution characteristics

for 5 and l0 mm dry coal particles at 873 K. The effect of gas temperature is shown by

comparing CO, concentrations in the off-gas for 5 mm wet particles at 673, 773 and 873 K
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in Figure 5.13

The kinetic parameters used in the present simulations are compared with those

reported by Solomon and Hamblen (1983) and Agarwal et al. (1987) in Table 5.1. The

mean activation energies for the release of CI{. and C"H. from Bowmans coal appear to be

somewhat lower in comparison with other coals; the activation energies for CO, CO, and

CrHuare in good agreement.

These experimental results and modelling comparisons reveal that the kinetic

parameters for the evolution of gaseous volatile species from Bowmans coal are not very

different from the coals found elsewhere. Further, the non-isothermal particle model is

capable of simulating the trends of volatile release from large pre-dried or wet coal

particles. The effect of moisture content can be modelled, for the low Biot number

experimental conditions considered here, by incorporating a time lag due to drying in the

history of the evolution of the volatile species. The kinetic parameters, it may be noted,

have been obtained from different experimental techniques. The trends for volatile species

evolution from large wet or dry coal particles in fluidized beds may then predicted using

this model with the heat transfer Biot number from an appropriate correlation (Agarwal et

al., 1984b).

From the results described above it is concluded that

the kinetic parameters for the evolution of light hydrocarbon species and ca¡bon

oxides from Bowmans coal a¡e similar to coals found elsewhere lending support

to the rank insensitive hypothesis;

the non-isothermal particle model is capable of simulating the trends in the

release of volatiles from pre-dried as well as wet coal.
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Table 5.I KINETIC PARAMETERS FOR THE EVOLUTION OF GASEOUS SPECIES IN THE PYROLYSIS OF
BOV/MANS COAL

+
cn(tr

Parameters for Bowmans Coal

1

0.33
216
28.8
t3.22

)
0.67
300
26.7
13.22

1

0.2
180
16.6
t4

')

0.6
236
25
t4

J
0.2
300
27.4
l4

1

0.5
230
12.5

14.23

2
0.5
230
25

12.23

1

1.0
230
10

13.22

1

1.0
220
20

t3.22

Agarwal et al
(1e87)

1

0.33
2t6
28.8
13.22

2
0.67
300
26.1
13.22

I
1.0
226
52

13.22

I
0.5
250
12.5
t4.2

,)

0.5
2s0
25

12.23

I
1.0
250
t2.5
13.22

1

1.0
220
20

t3.22

Solomon and Hamblen (1983)

I
0.36
208
20.8
rr.23

2
0.64
330
50
t4

I
0.2
r80
16.6
l4

)
0.6
236
25
14

a
J

0.2
300
27.4
t4

I
0.5
250
r205
14.23

2
0.5
250
25

12.23

I
1.0
250
12.5

14.23

I
1.0
250
12.5

14.23

Sources
vi'
Eo(kJ/mol)
o (kJ/mol
log,ßn

Sources
v¡'
Eo(kJ/mol)
o (kJ/mol
log,Jn

Sources
v¡'
Eo(k/mol)
o (U/mol
log,*"

Sources
v,'
Eo(k/mol)
o (U/mol
log,ß"

Sources
vi'
EoG/mol)
o (kJ/mol
log,ß,

CO

CO,

crl

crFI.

Cfio
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5.3 OVERALL WEIGHT LOSS DUE TO DRYING AND DE.

VOLATTLTZATTON UNDER PYROLYSIS CONDITIONS

Experiments for drying (without devolatilization) and coupled drying and de-

volatilization were conducted for temperatures of 423 K to 1023 K, particle sizes 1.8 to 10

mm and initial moisture content of 0.64 to 1.1 g moisture/g dry coal under nitrogen

atmosphere. The experimental conditions are listed in Table 3.1 and the experimental ra'w

data can be found in Appendix A. The thermo-physical parameters used for the model

predictions are listed in Table 5.2 and comparable to data reported in literature (Badzioch

et a1., 1964).

Table 5.2 THERMO-PHYSICAL PARAMETERS FOR BOWMANS COAL

1250kg / mj

1.25 kI / ke K

0.2 mmz/ s

2380 kJ / kg

373 K

293 K

This data as well as reported data on drying of coal in literature (Agarwal, 1984; Ziesing et

al., 1.979; Mclntosh, 1976b; Jung and Stanmore, 1980) have been compared with the

predictions of pseudo steady-state model without shrinkage as developed by Agarwal et al.

(1984a) in Fig. 5.14. As already pointed out earlier the total drying time has to be used as

p,

co

CT,

l"

T"

T.
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Table 5.3 OPERATING CONDIIONS AND ESTIMATED BIOT NUMBERS FOR
DATA IN FIG. 5.10

T.[K] R* [mmì Bi C, tg/e] t [sl Svmb.

present

study

(1)

(2)

(3)

(4)

423

573

823

923

1023

923

423

423

573

823

923

923

t023

923

423

463

538

613

713

993

1093

873

873

-393

-473

3.1

3.2

4.2

4.3

4.4

4.3

0.71

0.71

0.75

1.1

1.1

l.l
1.2

2.t

5.3

4.s
4.5

4.0

3.0

5.7

5.0

8.0

11.0

< 2.6

< 5.8

1.1

1.1

1.1

1.1

1.1

0.64

1.1

0.68

1.1

l.l
l.l

0.69

l.l
l.l

0.66

0.6ó

0.69

0.69

0.69

1.36

1.36

1.8

1.8

667

400

195

180

r20

90

r20

80

40

15

t2
8

10

60

2t0
180

100

80

50

55

35

74

180

5

5

5

5

5

5

0.9

0.9

0.9

0.9

0.9

0.9

0.9

2.5

l.l9 - 2.0

l.19 - 2.0

l.19 - 2.0

l.19 - 2.0

l.19 - 2.0

3.2 - 4.2

2.5 - 2.8

3.t75
6.35

< 1.7

<3.t75

o
o
o
e
o
o
!
I
E
tr
tr
tI
ñ
S
A
A
L
A
V
o
o
c
e
a
o

(1
(2
(3
(4

) Agan',lal , 1984
) Jung and Stanmore, 1980

) McIntosh, 1976b
) Ziesing et al., 1979
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an input parameter for the pseudo steady-state model. The dimensionless time parameter, e

*: wâs therefore calculated using the experimental drying time. The relevant operating

conditions and estimated Biot numbers for Fig. 5.14 are listed in Table 5.3. As may be

seen, the model predictions are in good agreement with data for the different coal types

used. It is also possible as Agarwal (1984) suggested to correlate the data with a simple

expression

/r -o^)3/2
Q''"=c/co= [i n".J Qr)

This expression is very close to the pseudo steady-state model predictions with Bi = 4, and

could be used as a first estimate on the total,drying time.

To estimate the shrinkage proportionality factor, F, for Bowmans coal, the particle

diameters as a function of time and moisture content have been obtained through

experiments. In Figure 5.15 the experimental results are plotted as volumetric shrinkage, e

3, against dimensionless moisture content (C/CJ and compared with model predictions for

different shrinkage proportionality factors. The experimental data are in the range of

model predictions for proportionality factor 0.25 to 0.75. No clear distinction between the

ambient temperatures and initial particle sizes used, can be made. Therefore shrinkage

proportionality factor of 0.5 has been chosen for further model comparison.

To ensure reproducibility of the experimental results, 5 experiments at each condition

and time have been carried out. Furthennore one experiment has been completely repeated

on a different day. As can be seen in Figure 5.16 there are no differences worth

mentioning of between the experimental results of the two series of experiments. To obtain

a large enough sample for the analysis roughly the same amount on weight of 1.8 mm
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particles as the large particles has been used for the experiments. The data from detailed

experimental investigations are plotted in Figures 5.17 to 5.21 and 5.23 to 5.26; the

symbols are the average value of the 5 points and the error bars show the range of data.

The drying history of 1.8 mm particles with initial moisture content of 0.68 g

moistureþ dry coal at 423 K is shown in Figure 5.17. In Figure 5.18 the drying behaviour

of 10 mm and 1.8 mm particles at 423 K is plotted. Figure 5.19 shows the drying histories

for 1.8 and 10 mm particles at 573 K. The drying time for smaller particle size, as one

would expect, is much shorter. The model seems to overpredict the drying behaviour. At

higher temperatures (823 - 1023 K) this may be due to a time delay in quenching the

particles. Further, radiation effects are expected to be important. These effects have not

been accounted for expticitly in the model, though the convective heat transfer Biot number

has been increased up to 30Vo, depending on temperature, to include a rough estimate.

Since the radiative contribution is proportional to t4-4y, the effect of radiation would be

stronger in the initial part of drying, which would confirm the experimental data (the

discrepancies between model and experiments are higher in the initial stage). However the

model also overpredicts the drying behaviour for lower temperatures (423,573K). At these

temperatures the quenching and radiation effects are not important. Mclntosh (1976b)

observed substantial cracking of the coal particles during drying. The same observation

has been made with experiments reported here. It is thought that the cracks allow a more

rapid evaporation of the water md a higher drying rate. Furtherrnore, at low temperatures

the particle has more time to build cracks than at higher temperatures (shorter drying

times). The model also appears to predict the data for small particles better than for larger

ones, Figures 5.18 antt 5.19. Experiments on 55 samples also showed that the initial

moisture content of the coal particles varied between 1.008 and 1.17 g moisture/g dry coal.

This variation is considered in Figure 5.20, the dashed lines show the drying history for the
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upper and lower limit in moisture content values. As may be seen the experimental data

are in reasonable agreement with the lower limit. By adopting a+ 20Vo limit for the drying

history, Figure 5.2L, the data are inside the upper and lower limit of the model predictions.

As already pointed out earlier coal is an inhomgeneous substance with wide variations in

chemical and physical properties and a 20Vo vana¡on is common.

In Figure 5.22 the computational flow-sheet for comparison of the data with model

predictions for coupled drying and devolatilization (shrinkage included) under pyrolysis

condition is depicted. In Figures 5.23 to 5.26 the coupled drying and devolatilization

behaviour of coal particles are plotted. For devolatilization the values obtained for the

mean Eo=2L0 k/mol and standa¡d deviation o = 40 k/mol of the activation energy for the

dry coal experiments have been used. In Figures 5.23 and 5.24 two different initial

moisture contents (0.64 and 1.1 g moisture / g dry coal) have been chosen. Initial moisture

content of 1.1 g moisture /g dry coal results in about twice as long drying and

devolatilization time. In Figures 5.25 and 5.26 the influence of different ambient

temperatures has been investigated. The drying and devolaúlization times at 823 K are

longer than at lO23 K as expected. It also can be seen that for small particle size (1.8 mm)

and low Biot number the drying and devolatilization process can be decoupled (Agarwal et

al., 1986); drying is nearly completed when devolatilization stafis. It may be seen that

though the model overpredicts drying history, the agreement with devolatilization charac-

teristics is very good for all the experimental conditions. Devolatilization depends on the

temperature profile in the dry shell; this agreement supports the basic applicability of the

d¡ying model and the possibility of the fissures increasing the moisture removal rate in the

earlier stages of drying. In this model drying has been considered as a physical process -
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no chemical impact of drying on devolatilization has been considered. The fact that kinetic

pÍìrameters obtained from the devolatilization of dry coal are capable of simulation

devolatilization of wet coal (Figures 5.23 to 5.26) appears to substantiate this assumption.

5.3 OVERALL WEIGHT LOSS DUE TO DRYING AND DE.

VOLATILIZATION UNDER COMBUSTION CONDITIONS

Experiments for coupled drying and devolatilization under combustion conditions

were conducted for temperatures 823 to 1023 K, particle sizes 1.8 to 10 mm and initial

moisture contents 0.49 to 1.1 g moisture/g dry coal. The experimental conditions are listed

in Table 3.1 and the experimental raw data can be found in Appendix A. The thermo-phys-

ical parameters used for the model predictions are the same as for coupled drying and

devolatilization under combustion conditions listed in Table 5.2

In Figure 5.27 the computational flow-chart for comparison of the experimental

results for coupled drying and devolatilization under combustion conditions are depicted.

The data for drying and devolatilization under combustion condition are compared with the

model in Figures 5.28 to 5.32. In Figure 5.28 the drying and devolatilization histories for

1.8 mm particles are shown. As expected the drying and devolatilization times for lower

initial moisture contents are smaller. It may be seen, that drying is already completed for

the lower moisture content experiment when ignition takes place. The model seems to

overpredict the drying history in the initial stage of drying when the low moisture content

coal was used. However it may be noted, that the first data point was obtained after 2.5

seconds so that only a small time delay in quenching the particles could produce a much

lower moisture content result. The time-lag for blowing out the particle into the dry-ice

corìtairrer is about L second. In Figure 5.29 the drying and devolatilization histories for a
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10 mm particle for initial moisture contents of 0.47 and 1.1 g moisture/g dry coal at923 K

are depicted. As can be seen the experimental results and model predictions compare well

especially for the lower moisture content, where less shrinkage of the particle can be

expected. The initial moisture contents for both conditions seems to be proportional to the

dryi.tg time. Figure 5.30 shows the drying and devolatilization histories of 5 mm particles

at923 K. The model predictions and experimental data are in good agreement. Comparing

Figures 5.28, 5.29 and 5.30, it may be seen that smaller particles result in more rapid

drying and devolatilization. Figures 5.31 and 5.32 depict the drying and devolatilization

behaviour for different ambient temperatures. As can be seen for both particle sizes the

drying and devolatilization times increase by about 40Vo for a temperature change from 823

to LO23 K. Discrepancies between model predictions and experimental data for the drying

behaviour may be due to not fast enough quenching, radiation effects in the initial stages of

drying and fracturing of particles. The agreement with devolatilization is good for all

experimental conditions. In Table 5.4 experimental ignition times and ignition times

predicted by the model are listed. It seems that the model slightly overpredicts the ignition

time. It may be noted, however, that due to the lack of a satisfactory ignition criterion it is

assumed that homogeneous ignition takes place when approximately 57o of the initial

volatiles content has been released. In reality a lower percentage could be possible. The

ratio between experimental ignition time and model prediction is also listed in Table 5.4.

The ratios are between 0.87 and 0.95 for wet coal. For dry coal a ratio of 1.33 was

obtained for 1.8 mm particles with 0.0 moisture content. Since the ignition time is very

short 4 s experimental and 3 s model the value of the ratio can only be seen as qualitatively.
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Table 5.4 COMPARISON OF PREDICTED IGNTTION TIMES WITH EXPERIMENTAL

IGNTTION TIMES

Rpo co T^ t,[sl tnl*o

[mm] [g/g dry coal] tK1 exp. model

1.1 72 -79 85 0.89

0.47 t9 -22 26 0.79

1.1 47 -52 60 0.83

1.1 35-37 45 0.80

1.1 28-33 36 0.86

1.1 t3-t4 14 0.94

0.0 4 3 0.75

0.59 6 7 0.86

1.1 8-9 ll 0.78

1.1 7 -8 9 0.82

5.0

5.0

5.0

5.0

2.5

0.9

0.9

0.9

0.9

0.9

823

923

923
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5.4 FLUIJ)TZED BED APPLICATIONS

The comparison of fluidized bed experimental data obtained by CSIRO (V/ildeg-

ger-Gaissmaier et al., 1988) for a Victorian brown coal in a bench-scale fluidized bed are

shown in Figures 5.33 to 5.36.

For a single particle in convective flow, the heat transfer Biot number can be

estimated using available correlations (Agarwal, 1988). For a fluidized bed, however the

heat transfer is affected by gas convection as well as particle-particle interaction and

radiation. Correlations are available for gas-pafticle heat transfer in beds of monosize

pafticles. Heat transfer to and from cylinders or spherical objects, large in comparison with

bed particle size and immersed at a fixed in-bed location, has also been studied extensively

(Kunii and Levenspiel, 1969). However, transfer from a freely moving large particle in a

bed of smaller and more dense particles has received scant attention and the estimation of

Biot number is diff,rcult. Available results (Prins, 1987; Pillai, 1976) indicate that for the

present conditions the heat transfer Biot number could range from about 1.2 to 5. Due to

the current lack of information, the Biot number has been treated as an adjustable

parameter. The model also requires specification of the mean Eo and the standard deviation

o of the activation energy distribution; the values used - Eo= 210 k/mol and o = 40 kJ/mol

- are in good agreement with coals found elsewhere (Anthony and Howard, 1976). The

value for the thermal diffusivity of coal cr has been chosen as c[, = 0.2 n'u¿rÊ/s, comparable

in magnitude with other coals (Badzioch et al., 1964).

Figure 5.33 shows an example of raw data obtained and the model predictions plotted

as g moisture/g dry coal. As there are not many data points in the first part of drying

available no distinctive statement can be made. Generally speaking the model seems to

slightly over-predict the drying behaviour. The differences may be due to a time delay in
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quenching the particles. The moisture content drops rapidly during drying and even a small

delay in quenching might prove important. As expected the feed to the hotter bed d¡ies

more rapidly. The same can be said for the smaller particle size feed.

Figure 5.34 provides an example of typical devolatilization curves obtained by the

model predictions and compared with the experimental data. As can be seen the agreement

between the model and experimental data is good.

Figures 5.35 and 5.36 show the coupled drying and devolatilization behaviour for

4.075 mm particles, initial moisture content 62.3 Vo w.b. and 6.05 mm particles, initial

moisture content 53.2 Vo w.b. for 650'C and 850oC. At lower temperatures a longer

time-lag is observed for the initiation of devolatilization.

Jung and Stanmore (1980) reported drying and devolatilization histories under

pyrolysis and combustion conditions for Victorian brown coal. The shrinkage of the coal

particles has been investigated. In Figure 5.37 the experimental results are plotted as

volumetric shrinkage, €3, against dimensionless moisture content (C/CJ and compared with

model predictions for different shrinkage proportionality factors. The experimental data

are in the range of model predictions for proportionality factor 0.25 and 0.75. The

shrinkage seems to be independent of temperatures and conditions of the experiments. A

shrinkage factor of 0.5 has been chosen for further comparisons. Figures 5.38 and 5.39

show coupled drying and devolatilization behaviour under pyrolysis and combustion

conditions for 993 K (Figure 5.38) and 1043 K (Figure 5.39). A slight overprediction of

the model for the pyrolysis stage can be seen. However as soon as ignition takes place the

model underpredicts the drying and devolatilization behaviour. The single particle model

assumes the flame sheet will be positioned around the coal particle during the whole time

of volatile combustion, in a fluidized bed however the coal particle would be alternatively
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in the bubble and emulsion phase and depending on the position of the particle the flame

temperature or the bed temperature would be the actual environment. Therefore one would

expect an underprediction of the model. The single particle model is not able to predict

coupled drying and devolatilization under combustion conditions in fluidized beds

accurately.

No time resolved histories on volatile combustion of dry coal in fluidized beds could

be found in literature. Salam et al. (1988) investigated devolatilization times as a function

of fluidizing gas oxygen concentration. It was found, that decreasing oxygen concentration

resulted in longer devolatilization time. The same observation has been made in the

parametric studies reported in Chapter 4 (Figure 4.I9c) using the fluidized bed model.

In Table 5.5 ignition times for single particle (Ragland and Yang, 1985; present

study) and fluidized bed experiments (Prins, 1987) have been listed. As can be seen

ignition times are dependent on ambient temperature, initial moisture content and particle

size. Higher ambient temperatures, lower initial moisture contents and smaller particle

sizes result in smaller ignition times. The ignition time seems to be independent (Ragland

and Yang, 1985) of oxygen concentration.



o

\
\

\

\
\

\

Symbol T. d Co

moisture

model exp. ["C] [mm] lele dry coall

\ o
o
o
o

650

850

6s0

8s0

6.05

6.05

4.075

4.075

0.739

0.739

0.852

0.852

\
\

)

c

1

0.8

0.6

d
o
C)

x
t{
€

oo{*,
U)

o
\Jri v.¿

0 0 10 20

time [=]
Fig. 5.33 Comparison of experimental data obtained by CSIRO with model predictions

30 40



oo
oo

0.4

0.3

0.2

0

d
o
C)

x
Ê{
!
Þ0

Þ0

o

0.6

0.5

1

10 20 30
time [s]

0
0 40 50 60

co

o

dT

o

['C] [mm] [g/g d¡y coal]

O qso

O 850

O 6so

O 8so

o

0.739

0.739

0.8s2

0.852

6.0s

6.05

4.075

4.075

Symbol

volatiles

model exp.

\.!l
U\

.-\
__

-.O

-O-

Fig. 5.34 Comparison of experimental data obtained by CSIRO with model predictions



1

0.8

0.6

õ
o
C)

x
¡{

15

Þ0

Þ0

1.2

0 10 20 30 40
time [=]

Fig. 5.35 Comparison of experimental data obtained by CSIRO with model predictions

l¡
oo\o

-';o

ß{ 0.4
o

0.2

0

.{-)
v)

o
L{¡{

50 60

Symbol

moisture

Symbol T. d Co

volatiles

model exp. ["C] [mm] lele dry coallmodel exp.

o
o

G
O

650

850

6.05

6.05

1.137

T.L37

o

o

o-
0 -3- -

\

o

\
\

\
\

\
\

\

\



\o
O

1

1

1

0.8

0.6

0.4

0

1

d
o
c)

h
È{
ld
Þ0

Þt)

o

¡-{
o

.{-)
V)

o
L{
l-{

1.8

6

4

2

0.2

10 20 30
time [.]

Fig. 5.36 Comparison of experimental data obtained by CSIRO with model predictions

0 40 50 60

Symbol

moisture

model exp.

Symbol T. d Co

volatiles

model exp. ['C] [mm] Íele dry coall

o
o

o
o

650

850

4.075

4.075

r.653

1.653

o

o
-s

+

\

\

\

d
o

o



7

o
e o .//

F = 0.25

F = 0.50--6
o F = 0.75

T. tK]
993

993

r043

1043

Rr[mmJ

-8.4 +6.4 e
-8.4 +6.4 O
-6.4 +5.6 O
-6.4 +5.6 C

e
o arr

nitrogen

ai¡

nitrogen

1

0.9

0.8

t(^)

0.7

0.6

0.5
0.2 0.4 0.6 0.8

(c tco)

Fig. 5.37 Comparison of experimental data obtained by Jung and Stanmore (1980) with model predictions

\o

10



nltrogen

Eo

o
Bi

R
P

T.

air

molst.

o--

240 Hlmol
40 kJ/mol

5.5

-8.4 +6.4 mm

993 K

vols.o--o-

o
o

B

o

\

\

o\o\

1

0.8

d
o
C)

>ì
ß{

'ìd

Þ0

Þ0

1.4

2

1

0 10 20 30 40 50
time [.]

Fig. 5.3g Comparison of experimental data obtained by Jung and Stanmore (1980) with model predictions

\o
t..)

õ 0.6

¡<o 0.4

0.2

0

*,
V)

o
L{
l-{

60



1.4

1

1d
o
C)

h
¡{
'õ

Þ0

þ0

2

0.8

10 20 30 40 50 60
time [=]

Fig. 5.39 Comparison of experimental data obtained by Jung and Stanmore (1980) with model predictions

\o(,

ã 0.6

¡{o 0.4

0.2

0

*,
(J)

o
E

0

Eo

o
Bi

R
P

T.

240kJlmol

40 kJlmol

5

-6.4 +5.6 mm

1043 K

moist. vols.

o--o-air

nitrogen
o
o

\

o
o

o
o

o
o \\

\



L94

TABLE 5.5 REPORTED IGNTTION TIMES FOR SINGLE PARTICLE (SP)
A}TD FLUIDIZED BED (FB) ÐGER l\{TS

Ref. T t.

rÅl

Bi
tKl

co
lg/g dry coatl

d
lmml

O¡conc.
Í7ol

Ragland
and

Yang
(1e8s)

kins
(1987)

present
study

0.06s
0.06s
0.065
0.06s
0.065
0.065
0.06s
0.06s
0.06s
0.065
0.065

0
0

0
0

0.94r
0
0

0.941
l.l
l.l

2L
2l
2l
2L
4.5
10.5
14.0
2L

3.17
3.t3
3.6
4.0
3.r7
3.r7
3.L7
3.17
3.83
4.49
5.92

900

1100

0.065

0.065

5.3

5.3

5.3
5.3

5.3
5.3
5.3

2L 3.L7 39 SP

2L 3.L7 7

1200
1100
1 100
1100
1200
1200
1200
1200
1200
1200
1200
953
953
9s3
1023
r023
t023
tr23
rL23
tt23
823
923
923
r023
923
823
923
923
923
t023

5.3
5.3

5
7
7
7
6
5
5
5
5
5
5
9FB

17.6
45.9
2.8
3.3
19.2
t2.4
32.3
s3.9
75.6 SP
49.6
20.5
36.1
30.8
13.2
8.6
6.0
4.0
7.4

0.941

5.3
6.4
7.5
9.9
4.7
8.6

9.3
4.7
8.6
9.3
l0
l0
10
l0

o.47

1.8
1.8
1.8
r.8
1.8

9.3
4.7
8.6

2l
2L
2l
2t
2t
2l
2L
2l
2l
2T
2l
2r
2r
2t
2t
2r
2L
2L
2l
2l
2t
2l

l.l
t.l
l.l
1.1

5

4.2
4.2
4.3
4.4
2.t
1.1
l.l
t.l
1.1
1.2

0.s9
0.0
l.l
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6 CONCLUSIONS AND RECOMMENDATIONS

SINGLE PARTICLE ANALYSIS

Drying, devolatilization and coupled drying and devolatilization under pyrolysis and

combustion conditions of single wet low-rank coal particles have been studied experimen-

tally as well as theoretically. The aspects of volatiles combustion of dry coal particles in

fluidized beds have been investigated theoretically.

A uansient model incorporating shrinkage of particles was developed. Heat transfer to and

through the coal particle was assumed to be the rate limiting step and was modelled on a

moving wet-core formulation.

It has been assumed, that shrinkage to be directly proportional to the volume of the water

being removed. Evans (1973) however investigating shrinkage on Victorian brown coal

found out that the extent of shrinkage varies with the type of \ilater being removed. Clearly

a model which could distinguish between the type of water removed would be preferable.

However, additional parameters and added computational difficulties could be expected.

The model seems to overpredict the drying behaviour. Possible causes could be:

- radiation effects in the model have not been accounted for explicitly;

- time-lag in quenching;

- formation of cracks which may lead to faster removal of moisture.

The model could be improved by the inclusion of the effects of radiation and cracking.

Further the temperature and the heat flux at the surface of the particle was estimated using

the predictions of the pseudo steady-state model as developed by Agarwal (1984a);

improvement is clearly desirable.
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The model for devolatilization for pre-dried and wet coal assumes that heat transfer to and

through the coal particle and chemical reaction are the rate limiting steps. The model used

the distributed activation energy model for modelling the kinetics of coal decomposition.

Devolatilization depends on temperature profile in the dry shetl of a wet particle or the

temperature profrle of a dry particle. The unsteady state heat conduction equation with

appropriate boundary conditions was applied to obtain the temperature profiles. The model

predictions were compared with data for wet and dry Bowmans coal for overall

decomposition and the evolution of single volatiles species. The model predicts the overall

coal decomposition well for wet and dry coal particles. The kinetic parameters obtained

from the devolatilization of dry particles are capable to simulate the devolatilization of wet

coal well. The assumption that dtying is a physical process - no chemical interaction of

drying on devolatilization has been considered - seems to be valid. For the evolution of

volatiles species it was assumed that drying and devolatilzation are sequential processes for

the low Biot number experimental conditions considered here. The experimental results of

the evolution of gaseous volatile species from Bowmans coal reveal that the kinetic

parameters for the evolution of light hydrocarbons and carbon oxides are similar to coals

found elsewhere lending suppoft to the rank insensitive kinetics hypothesis. The

non-isothermal particle model is capable of simulating the trends in the release of volatiles

from pre-dried as well as wet coal. The simple modification of decoupling drying and

devolatilization however is only applicable for experimental conditions corresponding to Bi

<1.

Experimental data for Bowmans coal are seen to be in good agreement with the model

proposed for predicting the influence of drying on devolatilization and volatiles combus-

tion for single particles. General the same restrictions as already pointed out above apply

for it. Slight discrepancies have been observed between predicted and experimental
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ignition times. Homogeneous ignition was assumed to take place when - 57o of the

volatiles a¡e released. A more detailed analysis of the ignition aspect is desirable. Also

though homogeneous ignition may be adequate for large particles, volatiles in smaller

particles could combust while still trapped in the solid matrix.

The flame temperature was estimated using a modified Shwab-Zeldovich approach to the

fuel droplet combustion problem. The method described requires some further refinement.

As Kanury Q975) pointed out the major restriction in the analysis involves unity Lewis

number assumption. Also a more detailed analysis should consider the time-dependent

movement of the flame front which would require the consideration of the transient

conservation equations in the gas phase. Moreover, the presence of non-combustibles in

the volatiles released like CO, must be taken into account. Experimental verifrcation of

the predicted flame temperatures are necessary.

APPLICATION OF SINGLE PARTICLE ANALYSIS TO FLUIDIZED

BEDS

In principle, if the heat uansfer Biot number was known the model for coupled drying and

devolatilization under pyrolysis conditions could be applied to predict the drying and

devolatilization characteristics in a fluidized bed. An attempt was made to use this model

to predict the drying and devolatilization behaviour data obtained by CSIRO for a

Victorian brown coal in a fluidized bed. For a single particle in convective flow, the heat

transfer Biot number can be estimated using available correlations (Agarwal, 1988). For a

fluidized bed, however, the heat transfer is affected by gas convection as well as

particle-particle interaction and radiation. Correlations are available for gas-pafricle heat

transfer in beds of monosize pafticles. Heat transfer to and from cylinders or spherical
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objects, large in comparison with bed particle size and immersed at a fixed in-bed location,

has also been studied extensively (Kanury, 1975). However, transfer from a freely moving

large particle in a bed of smaller and more dense particles - as applicable in a fluidized bed

combustor - has received scant attention (Prins, 1987) and the estimation of Biot number is

diff,rcult. In our simulation of fluidized bed drying and devolatilization, the Biot number

had to be treated as an adjustable parameter, these values were, however, in agreement with

the approximation (Ross and Davidson, 1979) Nu-Sft/e'. More detailed analysis of heat

transfer to freely moving objects in fluidized beds is thought necessary.

F'LUIDIZED BED ANALYSIS

A single particle model was proposed for the combustion of coal volatiles around coal

pafücles in fluidised beds. The coal particle phenomena were modelled using the coupled

heat transfer (to and through the coal particle) and chemical reaction (represented by the

distributed activation energy model) approach. The analysis was divided in pre- and

postignition stages. The effect of the heat conduction from the volatiles flame was taken

into account. The coal particle was assumed to be in contact with the bubble and the

emulsion phase for specif,rc time periods. The frequency of the bubble-emulsion contact

cycle as well as the residence time of the coal particle within each phase during the cycle

are calculated from a bubble coalescence model proposed by Agarwal (1985). It was

possible to relate volatile combustion behaviour with fluidized bed design parameters like

bed height, excess gas velocity and distributor design. Several assumption of the model

require more detailed verification/consideration. The ignition problem has already been

addressed above. Heat transfer aspects in the two phases have to be considered in greater

detail. It may be more accurate to obtain heat transfer coefficients from the Froessling
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correlation while the particle is in the bubble phase and from suitable modified

fixed/packed bed correlations while the particle is in the emulsion phase. The model also

assumes that the coal particle is constrained at a specified height within the bed or could be

at any bed location with an equal probability. It is obvious that solid circulation patterns

should be included in the model. The increased sophistication in modelling would also

have to be matched with experimental data. Unfortunately time resolved coal volatile

evolution behaviour in combustion systems does not appear to have been investigated,

most experimental investigations have dealt only with the total volatile burn-out time.
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NOMENCLATURE

A,(i=1 to 4)

A'
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coefficients def,rned in equ. (28), (30), (52) and (55)

coefficients defined in Table 4.4

coefficient defined in equ. (43b)

cross sectional area of the distributor plate [cmrl

mass transfer number

conserved va¡iable in the solution to the fuel droplet combustion

problem

Biot number

Biot number based on particle diameter

initial Biot number based on particle diameter

Biot number under combustion conditions based on particle

diameter

Biot number based on particle radius

moisture content [g/g dry coat]

initial moisture content [g/g dry coal]

coeffìcients defined in Table 4.4

mean concentration of volatiles in coal particle

specif,rc heat of coat [kJ Klkg]

specific heat of gas [kJ IVmol]

A.

B

b

C,(i=1 to 3)

Bi

BL

Bioo

Bi.

Bi,

C

co

c
Pc

c
P8

c



D (i=1 to 3)

c
Pw

D

d

do

db

db

E

Eo

F

20t

speciflc heat of water tkJ Klkgl

effective diffusivity of volatiles through char [mmr/s]

coefficients defined in Table 4.6

diameter [mm]

initial particle radius [mm]

initial bubble diameter [cm]

average of the bubble diameter distribution [cm]

activation energy lkJlmol]

mean of the activation energy distribution [kJ/mol]

coefficients defined in Tables 4.3 and 4.5

coefficients defined in Table 4.6

shrinkage proportionality constant

stochiome tric coefficient [kg fuellkg oxygen]

bubble emulsion cycle frequency at any specific bed location[s-t]

the average bubble emulsion cycle frequency over the total bed

height Is-']

level frequency of bubbles [cm'ls]

radiation factor

total bed height [cm]

heat of combustion of volatiles ¡ulkC)

F (i=1 to 4)

F

f

f
c

Í"

f,

f*

H

AH
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h

1

heat transfer coefficient [kW IVmI

variable

coefficient defined in equ. (6)

thermal conductivity [W/m K]

thermal conductivity of gas [V//m K]

thermal conductivity of coal [Wm K1

preexponential factor [s-t]

constant

constant [s/mm']

ì"CJc, fKJ

Nusselt number

constant equ. (3)

number of perforations in the distributor plate

Prandtl number

probability of the coal particle being in the bubble phase

permeability of char

sensible heat required I kg volatiles released

average sensible heat required / kg volatiles released

K

k

kt

k,

t.

k'

k"

L

N,r*(ij,k=l to *) coefficients

Nu

n

nd

Pr

p

p

a

o

q probability of the coal particle being in the emulsion phase
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q(t)

q(t)"

heat flux at the surface lkWml

heat flux at the surface under combustion conditions [kWmI

heat flux at the surface at ignition time [kWmr]

universal gas constant [kJ/mol]

Reynolds number

particle radius [mm]

initial particle radius [mm]

radius [mm]

radius wet-dry interface [mm]

radius wet-dry interface at ignition time [mm]

flame radius [mm]

temperature [K]

initial temperature [K]

ambient temperature [K]

temperature wet-dry interface [K]

effective temperature [K]

flame temperature [K]

surface temperature [K]

surface temperature at ignition time [K]

R

q(t),

T,"

Re

R
P

RPo

r

fo

fq

rf

T

T.

T.

T

T"o

T,

T,

7", surface temperature at ignition time [K]
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T"'

T.

T2

average surface temperature [K]

wet bulb temperature [K]

temperature at which devolatilization is complete [K]

tlme

¡'=¡-t [s]

time spent in bubble phase [s]

time spent in emulsion phase [s]

ignition time [s]

experimental ignition time [s]

ignition time predicted by model [s]

superficial gas velocity [cm/s]

minimum fluidizing velocity [cm/s]

volatile content of coal [g/g dry coal]

initial volatile content of coal [g/g dry coal]

fractional maximum volatile yield from the i,hcluster of sources

Tr, transformation variable

Tr", transformation variable

TRr, transformation variable

average of the bubble velocity density function [cm/s]

t

t'

t,

tê

t.
¡ß

t.sp

t.

0

Df

U

vo

U

V

V

v

v

v¡

v

u) mass flux of volatiles
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X

Xdg

Y

DAE kinetics expression for volatile species

volumetric average fraction of volatiles retained

initial volume fraction of water

oxygen mass fraction in the oxydizing envi¡onment

initial volatile fraction released

height above the distributor within the fluidized bed [cm]

thermal diffusivity of coal [mm,/s]

thermal diffusivity of gas [mm'/s]

roots

momentum boundary layer thickness [mm]

conduction thickness [mm]

conduction thickness in the presence of the flame [mm]

volumetric shrinkage equ. (5)

volume fraction of the bubble phase

coefficient defined in equ. (30b)

vbiscosity of flowing volatiles [kg/m s]

x

YFR

Z

Greek Symbols

q

ct,

%

F,r*

ô

ô,

ôo,

e

e

%

Tì

e dimensionless time



o*"

À

7"'
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dimensionless time when particle is dry

latent heat of vaporization [kJlkg]

sum of sensible heat and latent heat of vaporization [kükg]

density of wet coal [kg/m3]

'drop' density, equ. (10)

molar density of volatiles [moVm3]

standard deviation of the activation energy distribution [kJ/mol]

drying time [s]

drying time under combustion conditions [s]

ignition time [s]

devolatilization time measured as the time between flame ignition

and extinction [s]

devolatilization time in a fluidized bed [s]

devolatilization time if the coal particle was in the emulsion phase

Is]

devolatilization time if the coal particle was in the bubble phase [s]

parameter defined in equ. (65c)

rrlR, pseudo steady-state model

r/Rrtransient model

rrlRrtransient model at ignition time

p.

Pu

p"

o

x

1,c

fi

1,"

Írfb

T,

f vt

Õ

Qo"

Qr

0.,
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0' space variable
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APENDIX A
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A = crucible weight [mg]

B = crucible + sample weight [mg]

C = crucible + dry sample weight [mg]

D = Grucible + devolatilized sample weight [mg]

M = moisture content [g/g dry coal]

V = volatiles content [9g dry coal

V-..^ = average volatiles content of original sample [g/g dry coal]¡vg.

Calculation of volatile content tdg dry coa!

V = (C -D) t (( 1. + V*,./ (1. - V*,.)) (D - A))

Calculation of moisture content [g/g dry coat]

M = (B - C) t (( 1. + V*"/ (1. - V_,.)) (D - A))
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WEIGHT LOSS EXPERIMENTS
Temperature: 423 K
Particle size: 10 mm

Initial moistu¡e content: l.l g/gdry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 3.1

Condition: Pyrolysis

Time Cruc. Cruc. +
dry smpl.
wt.

(me)

wt
Cruc. +
smpl. wt.

Moist.

eledry
coal

(sec) (mg) (mg)

30

30

30

30

30

90

90

90

90

90

180

180

180

r80

180

240

240

240

240

240

300

300

10483

12343

10919

r0930

1497r

9747

10010

9979

to243

r0482

12343

10920

10930

t497t
9747

10008

9978

t0243

to482

r2344

10919

10930

11169

2991

1568

7623

5654

0225

0686

0837

1054

2793

r379

t4t7
5467

0599

0568

10691

I r039

r28r5
11410

I 1353

10841

12657

11260

tr275
r5328

10019

10270

70373

10567

10802

12619

0.916

1.063

0.903

1.008

0.913

0.757

0.790

0.798

0.830

0.788

0.630

0.669

0.623

0.615

0.609

0.s59

0.62s

0.524

0.614

0.559

0.558

0.516

0477

I

I
1

I
I
I
I

I
I

I
1

I

I

I

1

1

I

I

I

I
I
I

I
I
I

I

I

1

I

I 195

r230

5278

0021

0387

0341

0537

0827

2646

0188

234

209
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300

300

300

600

600

600

600

600

900

900

900

900

900

1200

1200

1200

1200

t2ffi

9748

t497r

9747

10009

9978

10243

10483

r23M
ro920

10930

14972

70243

10483

r2343

10920

r0929

14970

9746

t0244

10483

r2343

r0920

10930

r5426

10230

t0439

10322

10641

10999

12698

1 1386

1 1316

r5394

t0t32
10631

10849

t2757

tr285
11186

15273

15281

10075

10287

t023t
10538

10861

12609

7T271

tt239
r5328

10055

10568

1o782

727t5

11232

ttt67
15249

r0015

10551

10835

t2696

rt278
t1274

0.468

0.473

0.546

0.359

o.349

0.36s

0.336

0.327

0.249

0.185

0.250

0.190

o.224

0.113

0.169

0.080

0.086

0.104

1.107

r.023

1.158

1.095

1.163

0

0

0

0

0

r0033

10891

11195

13105

r1670

I t7l8
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Temperature: 573 K
Particle size: 10 mm

Intial moisture content: l.I g/gdry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 3.2

Condition: Pyrolysis

Time Cruc.

(sec) (mg)

wt
Cruc. +
smpl.
wt

(me)

Cruc. +
dry smpl.
wt

(me)

Moist.

eledry
coal

30

30

30

30

30

60

60

60

60

60

90

90

90

90

90

t20
t20
t20
120

120

180

180

180

13704

r5032

15262

9498

I 1896

74206

t3717

9489

1 1896

r4630

12721

r4683

9837

l 1896

14639

13468

r0287

t0424

r3480

14204

54t9

54t9

5710

14300

r5622

15773

r00M
12503

t4762

14t40

r0032

12478

15274

t3067

15154

t0322

12332

14962

r3904

r0786

10875

13906

t44to
5864

5872

6151

14031

15366

15559

9810

12237

14538

13969

9830

12233

1s010

t2951

14983

10145

tzr83
14856

t3773

t0626

10733

13776

t4351

5756

5766

6043

0.823

o.766

0.72r

0.750

0.780

0.675

o.679

0.636

0.730

0.69s

0.504

0.570

0.575

0.519

o.s29

o.429

o.472

0.459

0.439

0.400

0.320

0.30s

o.324
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180

180

240

240

240

240

240

300

300

300

300

300

5037

5456

13722

L4097

5460

5381

5442

t3476

t3474

4L34

5499

54lr
t3602

14850

t4424

t5261

15031

5430

5841

1399r

14373

5792

5692

5656

13787

138 15

4506

5776

5648

14281

1ss99

150r r

r5941

t5739

5349

5750

13936

r4330

5726

5647

5690

t3762

13774

447L

5750

5632

r3940

15200

14702

15587

1s376

0.259

0.309

0.204

0.185

0.248

0.169

0.159

0.087

0.t37

0.104

0.104

0.072

1.008

1.140

1.1 10

1.086

7.O52

0

0

0

0

0
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Temperatue: 823 K
Particle size: 10 mm

Initial moisture content: l.L glgdry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.2

Condition: Pyrolysis

Time CYuc.

(sec) (mg)

Cruc. +
smpl.
wt

(mg)

Cruc. +
dry smpl.
wt

(me)

Cruc. +
dev.
smpl. wl
(me) eledty

coal
eledry
coal

Moist. Vols.
wt

30

30

30

30

30

60

60

60

60

60

720

t20
t20
r20

120

r80

180

180

180

180

240

240

240

10483

t2343

10930

14958

9758

13602

r0220

9989

9990

1235t

10505

10932

r2356

r09M
14973

14973

9770

13616

1O243

100r0

9979

12356

9747

I 1063

12823

tr46r
t5479

10328

r4052

r0652

10428

10418

r2798

ro823

tt255
r2707

1 1306

r5290

15217

r0048

13849

10524

r0288

10186

12543

9970

10844

\2637

r1264

15277

10103

13915

10518

t0290

10286

12666

10778

r1230

12669

tt257
15268

t52tl
t004r''

13849

t052r
10288

10186

12543

9970

10674

12487

11106

t5127

9929

r3762

10363

r0149

10135

t2515

r0638

rt073
125t3

1t092

151 18

15r08

9933

13753

10390

10163

10119

12482

9883

0.564

0.636

0.551

0.588

0.647

0.42r

0.46r

0.424

0.M7

0.396

0.166

0.087

0.r l9
0.163

o.074

o.022

0.012

0.000

0.010

0.000

0.000

0.000

0.000

0.438

0.513

0A42

o.437

0.500

0.470

0.533

0.433

o.512

0.453

0.5r8

0.527

0.488

0.479

0.509

0.375

0.335

o.344

0.438

o.402

o.235

0.238

0.31s
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240

240

300

300

300

300

300

0

0

0

0

0

1497t

10919

9748

13606

10196

10483

1.2343

13610

10208

10496

10483

10189

15163

rttt4
9981

L3785

10365

10630

12496

14372

10876

t12;07

I 1205

10889

15163

Lttr4
9981

r3785

10365

10630

12496

13973

10528

10841

r0833

10519

15098

1 1053

9851

13752

10333

10595

12467

r3784

10361

10668

10659

ro354

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.100

1.088

1.061

1.063

t.120

o.252

o.224

o.t2L
0.111

0.115

0.154

0.115

0.520

0.522

0.501

o.497

0.500
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Temperature:923K

Particle size: 10 mm

Initial moisture content: l.l g/g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.3

Condition: pyrolysis

Time CYuc.

(sec) (mg)

Cruc. +
smpl.
twt

(mg)

Cruc. +
dry smpl.
wt

(me)

Cruc. +
dev.
smpl.wt

(mg) (e/Sdry
coal)

(e/eev
coal)

Moist. Vols.
wt

30

30

30

30

30

60

60

60

60

60

90

90

90

90

90

t20
120

120

120

120

150

150

150

10188

r3313

10904

12628

lo2t7
12626

9449

13313

10893

9448

14962

9465

10978

r3314

10213

r4968

10963

t262t
r0203

10199

14966

10956

10206

10700

13822

11175

r2958

10492

r30t7
9868

t3763

I 1304

9760

15332

9801

rt333
13607

10554

t5329

t1284

12875

10521

t0546

15165

trt52
t0362

10509

13640

tr234
r2829

10391

t29t3
9742

13623

11189

9668

r5255

9730

tt267
13554

10501

r5292

l 1250

t2846

10203

10519

15159

11150

10353

t03M
r3481

tt067
t2724

10304

t2767

9539

13474

11041

9565

15109

9650

rtt23
t3451

t0371

15145

11141

r2761

10500

r0382

15091

rt092
10316

0.590

0.522

o.574

0.647

0.560

0.475

0.419

0.374

0.379

0.252

0.1 85

0.2t9
0.1 86

0.161

0.101

0.092

0.099

0.rl6
0.071

0.023

0.007

0.039

0.030

0.510

0.456

0.504

0.527

0.482

o.499

0.497

0.446

0.482

0.424

0.478

0.408

o.479

0.362

0.397

0.400

0.295

o.293

0.388

0.361

0.262

0.206

o.t62
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150

150

180

180

180

180

180

0

0

0

0

0

13318

10920

1263L

t022r

r4962

9481

10984

12277

9774

14962

t022t
10984

13602

ITL22

12795

LO42T

15159

9677

ILT79

13009

r0459

15625

10925

I 1665

13591

11116

r2795

ro420

15159

9677

rL79

2628

0096

5287

0545

13496

lt044
L2755

10380

L5r2l
9638

11140

L2M2

9932

151 18

to379

11114

0.023

0.030

0.000

0.003

0.000

0.000

0.000

1.085

r.t28
1.040

r.170

1.080

0.257

o.279

0.155

o.Lzl
0.115

0.119

O.T2T

0.s30

0.509

0.520

0.512

0.520

1

1

1

I
I
1 1311
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Temperature:-923K

Particle size: 10 mm

Initial moisture content: 0.64 glg dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.3

Condition: Pyrolysis

Time Cruc.

(mg)

wt.
Cruc. +
smpl.
wt.

(me)

Cruc. +
sry smpl.
wt.

(me)

Cruc. +
dev.
smpl. wt.

(me)

Moist. Vols

Gleey Gledrycoal) coal)
(s)

10

10

10

10

10

20

20

20

20

20

30

30

30

30

30

40

40

40

40

40

60

60

60

12760

11266

13503

t4237

14049

r3782

14789

9947

14828

983r

t3571

14088

t4875

99s6

100s8

13575

15161

10056

9401

14568

12752

14047

993s

r3397

1 1861

13953

r48t4
14747

14249

15178

10382

15244

10355

r3999

t4384

t52t6
r0503

10541

13862

15524

10388

9758

t4926

t3t46
14351

10222

13200

1167t

1381 I
14647

t4521

14125

r5079

r0265

15136

1021r

t3919

t4331

15r46

10401

10443

r3827

t5474

10349

9712

14878

t3124

r4337

10208

12966

1r468

13653

14/.37

14267

13960

14927

10107

14978

10012

r3748

142t5

15016

t0r77
t0253

r37tt
15324

10208

9566

r4735

t2939

14209

1009r

0.458

0.451

o.453

0.400

0.496

0.334

o.344

0.350

0.34s

0.381

o.216

0.200

o.238

o.22t
o.24r

0.123

0.147

o.t23
0.134

0.138

0.056

0.041

0.043

0.533

0.516

0.513

0.512

0.538

o.444

0.527

0.473

0.504

o.526

o.463

0.437

0.441

0.48s

o.467

0.409

0.44r

0.444

o.424

0.410

o.474

0.378

0.3s9
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60

60

80

80

80

80

80

0

0

0

0

0

t424t
r4797

t4953

15161

9845

15163

t4343

13780

10055

14831

9399

13508

t4535

r5147

t5227

t5456

r0144

t54t9
t4s45

t4393

10691

r5326

9949

74024

r5522

15130

t5222

t5M7
r0137

t54t2
t4542

14150

LO44L

1s133

9742

13814

t4391

14980

t5L23

t5347

10048

15335

r4466

13960

t0242

14972

9564

136s5

0.061

0.044

0.014

o.o23

0.017

0.019

0.012

0.6s6

0.648

0.639

0.603

0.664

0.361

0.393

o.279

0.258

o.2t0
0.2r4
0.296

0.514

0.515

0.533

0.518

0.526
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Temperature:923 K
Particle size: 10 mm

Initial moisture content: 0.0 g/g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.3

Condition: Pyrolysis

Time Cruc. Cruc. +
smpl.
wt.

(me)

Cruc. +
dev.
smpl.wt.

(mg)

Vols.

Gle&y
coal)

wt.

(me)(s)

10

10

10

10

10

20

20

20

20

20

40

40

40

40

40

60

60

60

60

60

70

70

70

r2737

9420

r5701

1 1086

13375

14670

13883

13860

74r42

r5320

10484

r3299

10085

15334

tto77
13604

9492

r2733

94rt
15699

14674

r3740

10473

72937

9913

16100

rt446
13665

t4993

14215

14230

t4296

r5654

t0776

13630

10391

75645

I 1409

13896

9806

11955

9s60

16003

14963

t4004

1074r

12835

9657

15904

rt26l
13523

14835

14062

14068

14220

15505

t0674

r3510

10281

t5543

11289

13806

97ll
t29r0
9518

t59M
14895

13954

10681

0.503

0.522

0.466

0.511

0.463

0.463

0.413

o.376

0.47t
0.389

0.2s9

0.274

0.271

o.236

o.273

0.2t5
0.209

o.26r
0.190

0.1r6

0.t49
0.1 13

0.139
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70

70

80

80

80

80

0

0

0

0

0

135t7

13869

t4139

t36t4
94lL
15699

10492

13306

10094

15346

9528

t3782

14t40

74375

13855

9646

r5966

10867

r3704

10457

15734

9916

r373r

14081

14331

13810

9606

0.115

0.134.

0.1 10.

0.1 1 1'

0.099'

0.083.

0.554

0.515

0.490

0.515

0.512

5927

0659

3499

1

1

1

I
1

0279

5s34

797 I

fractured
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Temperature: 1023 K
Particle size: 10 mm

Initial moisture content: I.l g/g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.4

Condition: Pyrolysis

Time Cruc. Cruc. +
smpl.
wt.

(mg)

Cruc. +
dry smpl
wt.

(mg

Cruc. +
dev.
smpl. wt.

(mg)

Moist. Vols
wt.

(me)(s) (eledry (g/g drY
coal) coal)

10

10

10

10

10

20

20

20

20

20

50

50

50

50

50

70

70

70

70

70

90

90

90

10588

13600

10983

L496s

9786

t2344

9892

t0778

10586

13602

to974

14963

978r

r2347

10771

12347

10s90

13609

to972

r4972

9773

t2351

to766

r 1050

14295

rt620
15576

10s00

t2970

10521

r1268

ttt49
t4204

11451

153 15

10295

12880

1t234

12735

10898

r4006

I 136r

t5397

10001

r2740

lt02t

10835

r3966

11315

15283

10166

t268t
to254

I 1055

10909

r3945

I l3l0
r5206

10136

t2722

I 1086

r2660

10843

13922

r 1288

153 15

9986

12698

10983

10710

t3768

ttt43
15r 19

9974

12507

10075

10913

r0740

r3779

11155

15102

9966

t2553

10946

t2544

r0734

r3812

1r165

15178

9899

12573

10900

0.853

0.948

o.923

o.92r
0.860

0.8s8

0.706

o.764

0.754

0.708

o.377

0.379

0.4t6
0.37r

0.409

0. r84

0.185

0.200

0.183

0.193

0.057

0.091

o.t37

0.49s9

0.540

0.520

0.515

0.494

0.517

0.473

0.s09

0.531

0.454

o.414

0.362

0.445

o.397

0.387

0.285

0.366

o.262

0.308

o.322

0.334

0.272

o.299
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90 9883

10575

12339

98s8

10576

13590

10933

10751

13600

ro944

14959

9750

12338

9743

r4960

70744

9855

10087

10871

12560

10072

10821

13766

11119

10931

r3777

1r184

15190

9909

r3052

10481

15789

r1341,

10586

10068

10849

r2560

10072

10821

r3766

11119

10931

t3777

11184

15190

9909

12338

L0092

15343

r 1033

10r89

9992

1O743

12494

10004

10750

t37t7
1 1056

10888

r3740

11138

t5137

9880

t2681

9919

15148

10885

10018

0.084

0.063

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.082

1.1 l4
1.164

1.065

1.180

o.337

0.305

0.206

o.225

o.r97

0.187

o.248

o.525

0.524

0.509

0.5r2
o.512

90

0.152

0.128

0.115

0.t44
0.107

110

110

110

110

110

130

130

130

130

130

0

0

0

0

0
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Temperature:923

Particle size: 5 mm

Initial moisture content: l.I glgdry coal

Fluidizing velocity: 1.2 mls

Estimated Biot number: 2.1

Condition: Pyrolysis

Time Cruc.

(me)

wt.
Cruc. +
smpl.
wt.

(me)

Cruc. +
dry smpl.
wt.

(mg) Gledry
coal)

Glgdry
coal)

Cruc. +
dev.
smpl. wet

(me)

Moist. Vols.

(s)

20

20

20

20

20

30

30

30

30

30

40

40

40

40

40

60

60

60

60

60

80

80

80

9832

14089

14870

t4456

t478r
11242

13829

9933

r2749

r3785

15163

13577

t4837

t3tt2
10050

14940

9395

t4798

9826

r4419

14467

13772

13101

10280

74660

15770

14860

15341

I 1661

t4203

to273

13t52

1408r

r5446

13858

15r83

134r9

1029r

15163

9668

r5058

10067

14686

14684

r3942

13307

10128

14480

15223

14732

15156

I 1585

13980

r0220

13077

14030

15435

t3847

15162

t3405

t0282

15163

9668

r5057

10067

14686

14684

t3942

13307

996s

14286

r5047

14602

r4965

t1420

l414t
10084

129t0

739t4

15308

t37t7
15010

13254

10165

15069

9562

t494t
9963

14576

r4632

t3893

13257

0.555

0.M4

0.502

o.426

0.489

0.208

0.191

0.171

0.226

0.r92
0.037

0.038

0.0s9

0.048

0.038

0.000

0.000

0.003

0.000

0.000

0.000

0.000

0.000

0.ss0

0.478

0.483

o.432

0.504

0.450

0.516

0.438

0.504

0.437

o.426

0.451

0.427

0.516

0.494

0.354

0.308

o.394

0.368

0.341

0.153

0.r97

0.156
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80

80

0

0

0

0

0

13s60

7274t

15155

t382r
939s

14789

9826

r3770

t2921

t5776

14775

10082

r5423

10s38

t3770

T292L

ts4s6
L4t3l
978t
1s087

10164

t37t5
t287t
15313

13970

9550

14926

9988

0.000

0.000

1.063

1.077

1.130

1.130

1.110

0.L72

0.187

0.475

0.519

0.520

0.540

0.520
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Temperature: 423 K
Particle size: 1.8 mm

Initial moisture content: 0.69 g/gdry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 0.71

Condition: Pyrolysis

Time Cruc. Cruc. +
dry smpl.
'wt.

(mg)

twt.

(s) (mg)

Cruc. +
smpl.
wt.

(mg)

Moist.

(9e drv
coal)

10

10

l0
10

10

20

20

20

20

20

40

40

40

40

40

60

60

60

60

60

80

80

80

5358

5414

5577

5461

4084

5503

5433

5420

s420

5461

5539

5335

5298

5413

5444

5418

5501

4838

5500

5599

5534

4136

5501

5716

5788

597r

s739

4420

5921

5744

5733

5734

5751

5933

5720

5704

5838

5706

5668

5843

5t45

5787

5827

5687

4460

5799

5591

5655

5848

5644

4321

5815

5662

5650

573t

5682

5863

5662

5623

5771

5660

564t

5796

5120

5754

5802

s683

4452

5798

0.s36

o.552

0.454

0.520

0.418

0.339

0.358

0.361

0.42r

0.3r2
0.2t6
0.r77

0.249

0.187

0.213

0.121

0.159

0.088

0.130

0.t23
0.030

0.025

0.0s3
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80

80

0

0

0

0

0

56t4
5439

5474

5582

5384

537L

5384

5892

ss98

6101

6151

597r

s983

5988

5886

5590

5870

5922

5728

5728

5769

o.022

0.052

0.680

0.673

0.706

o.7t4
0.640
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Temperature: 423 K
Particle size: 1.8 mm

Initial moisture content: l.l g/g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 0.71

Condition: Pyrolysis

Time CYuc Cruc. +
smpl.
wt.

(mg)

Cruc. +
dry smpl.
wt.

(me)

Moist.

Gle ev
coal)

wt.

(me)(s)

10

10

l0
t0
l0
20

20

20

20

20

30

30

30

30

60

60

60

60

60

70

70

70

70

5275

5392

5508

5465

5406

552t

4362

5438

4201

5339

s352

5502

5M2

4086

5556

5647

5458

54t6

5445

5626

5283

5418

s608

5748

5947

6002

6051

5935

5967

4804

s923

459t
5865

5736

6025

5981

4643

6045

6089

s638

s763

5768

5953

5573

5673

5866

5537

5693

5785

5795

5705

5775

4617

5715

4432

5637

5584

582r

5775

4433

5895

5954

5593

5685

s689

s888

5533

5613

5815

0.778

0.820

0.739

0.749

o.740

0.709

0.668

0.702

0.639

0.708

0.620

0.700

0.590

0.573

0.42r

o.407

0.333

o.290

0302
0.220

0.280

0.260

0.21t
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90

90

90

90

90

r20
120

120

t20
720

150

150

150

150

150

0

0

0

0

0

5369

54t9

5506

5318

5553

5603

5336

5409

5596

4L3l
5450

5389

4430

5460

s473

5446

4149

5293

s399

5391

5s96

5760

5958

5651

s8s4

5875

5637

5690

5596

4381

5774

5669

472r

s735

5773

6t53

4988

5992

6t25

6094

5647

5699

57t6
5s96

5811

5875

5622

5675

5835

4364

5750

5651

4708

5736

5758

5793

454t

s630

5742

5735

0.159

0.209

0.141

0.181

0.149

0.071

0.0s2

0.056

0.092

0.073

0.013

0.068

0.046

0.045

0.050

1.037

1.140

1.070

l.l 16

r.0M
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Temperature:573

Particle size: 1.8 mm

Initial moisture content: l.l glgdry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 0.75

Condition: Pyrolysis

Time Cruc

(mg)

wt.

dry(s)

Cruc. +
smpl.
wt.

(me)

Cruc. +
dry smpl.
wt.

(mg)

Moist.

(e/e
coal )

5

5

5

5

5

5377

5502

s329

5564

5280

5289

s386

5553

547t

5412

5420

4058

4160

5337

5520

5384

4tt7
5390

559r

5429

4t32
5422

557t

s360

6048

s846

6036

s826

s393

5776

5962

5946

5732

5798

4r''39

4507

5762

5929

5763

4436

5786

5990

5828

4396

5691

5926

5658

5807

5626

5837

5594

s355

5632

5822

5774

5606

5667

4321

4396

5634

5804

5673

43s8

s685

s890

57t9
4336

5645

5840

0.7t9
0.790

o.74r
0.729

0.739

0.576

0.585

0.s20

0.s68

0.649

0.s30

0.448

0.470

0.431

0.440

0.311

0323

0.342

0.334

o.376

0.294

0.206

0.319

10

10

10

r0

l0
t5

15

15

l5
15

20

20

20

20

20

25

25

25
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25

25

30

30

30

30

30

35

35

35

35

35

40

40

40

40

40

0

0

0

0

5564

5390

5501

5386

54r7

5420

5463

544t

4r38

5417

5386

5512

5474

7138

10475

6450

10648

6657

ttM0
t2348

17379

5937

5643

5781

5697

5672

5689

5709

5737

4423

5614

5675

5813

5759

13575

t0722

6622

10860

7346

r2t86
13084

12079

5845

5583

573r

5638

5623

5650

5689

5703

4384

5591

5638

5781

5735

7370

10718

6618

10858

6980

1t793

r2702

1 1706

o.327

0.311

0.2t7

o.234

0.237

0.169

0.088

0.t29
0.158

0.110

0.147

0.118

0.090

0.020

0.016

0.023

0.009

1.130

1.1 10

1.080

1.140
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Temperature: 823 K
Particle size: 1.8 mm

Initial moisture content: l.l glg dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: Pyrolysis

Time Cruc.

(s)

wt.

(me)

Cruc. +
smpl.
wt.

(me)

Cruc. +
dry smpl.
wt.

(me)

Cruc. +
dev.
smpl. wet

(mg)

Moist. Vols.

Glecrv Gledrycoal) coal)

5

5

5

5

5

r0

l0
r0

10

l0
15

15

15

15

l5
20

20

20

20

20

25

25

25

r2346

997t
14966

9738

13608

to920

10841

10185

12345

9972

13610

9735

12850

10516

15s06

t0299

74144

t7290

10889

1058s

12764

1047t

13938

10086

tt204
15366

to759

10418

t2599

10263

13839

10666

r5209

9958

11079

t2675

10299

1529r

10067

t3939

r1224

1081 1

10508

12689

10350

1391 1

10051

11181

15305

10747

10418

12599

r0263

13839

10666

15209

9958

tt079

12501

10131

15r29

9895

13767

I 1068

10640

10340

12509

10r49

r3762

9889

t1047

15139

10610

r0316

t2485

r0126

r3735

r0563

15131

9863

I 1028

o.552

0.663

0.64s

0.722

0.630

o.2r8
0.190

o.243

0.224

0.334

0.087

0.111

0.084

0.r74
0.041

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.530

0.512

0.498

o.523

0.519

0.5r5

0.416

0.530

0.s36

0.535

0.479

0.514

0.489

0.475

0.465

o.326

0.401

0.416

0.400

0.475

0.229

0.349

0.210

4968

o466

I 181

63

2346

I

I
I
I
I

10

996s

13608

10457

14965

9730

10909
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25

25

30

30

30

30

30

40

40

40

40

50

50

50

50

50

0

0

0

0

0

10160

r2351

9963

13607

10458

1497r

10899

9723

97t5
136t2

10879

14968

10451

12349

9962

10157

9719

13606

10883

t4964

10438

to347

12508

10071

L3779

t0626

I52TT

1 1060

9828

9926

t3765

10998

5082

0s93

2459

0099

5726

r 190

1O347

12508

10071

r3799

10626

t52tr
1 1060

9828

9926

r3765

10998

15082

10593

12459

r0099

10290

10070

13968

r1230

t53t4
1080s

10279

12458

10037

13725

10563

t5r44
1 1005

9802

9871

r3738

10972

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.139

1.080

1.095

1.170

1.049

0.279

0.228

0.225

0.307

0.293

0.189

0.254

0.161

0.172

0.105

o.t37

0.092

0.154

0.151

0.r74
0.r42
o.527

0.s30

0.501

0.495

0.502

1

1

I
1

1

I
I
I
I
I

0559

I
I
1

1

1

5064

2433

0063

0260

9885

t3776

I 1056

15141

t062r

0469

4359

0290

l6l0
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Temperature:923 K
Particle size: L.8 mm

Initial moisture content: 0.0 9g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: Pyrolysis

Time Cruc.

(s) (me)

wt.
Cruc. +
dry smpl.
wt.

(me)

Cruc. +
dev.
smpl. wet

(me)

Vols.

Gleüv
coal)

5

5

5

5

5

r0

10

10

10

10

l5
15

15

t5
15

0

0

0

0

0

13600

L3s94

9665

14953

10060

1234r

r49&
r0369

9909

13600

9664

t4964

r0068

r0838

10333

10061

r0317

10813

t3596

t4953

13873

14241

9938

15189

10307

12586

r5237

10601

10154

t3826

9925

t5237

t0251

I 1053

10567

10641

10905

I 1370

r4t65
15531

13782

13809

9826

15104

102t6

t25M
15169

10555

10102

t3768

9878

t5204

10231

11016

to532

t0334

t0592

11072

1444r

t5263

o.238

0.286

0.331

0.267

o.278

0.098

0.158

0.118

0.128

0.164

0.105

0.065

0.058

0.099

0.084

0.529

0.532

0.53s

0.515

0.510
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Temperature:923 K
Particle size: 1.8 mm

Initial moisture content: 0.69 glgdry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: Pyrolysis

Time Cruc.

(s) (me)

wt.
Cruc. +
smpl.
wt.

(me)

Cruc. +
dry smpl.
wt.

(mg) Gle dry
coal)

Cruc. +
dev.
smpl. wet

(mg)

Moist. Vols.

Gle
coal

dry
)

5

5

5

5

5

10

10

10

10

10

t5

15

15

15

15

20

20

20

20

20

25

25

25

0870

1

I
1

1

L2349

9950

IOL37

10131

13603

970r
4949

t2692

70246

r0458

r0628

13901

9901

15r44

tt029
r2386

10602

r0226

10229

138 19

9853

1s 163

11029

t2485

10660

10062

10198

t3716

9813

15016

12633

10189

10409

10391

r3851

9906

5140

1027

2386

0592

0226

0229

t2490

10060

ro27l
10258

t3725

9808

15051

10954

12370

10529

10151

10186

t32767

9824

15115

10999

t26t3
10613

10043

10185

13703

9794

15008

0.200

0.248

0.175

0.r92
0.196

0.o22

0.019

0.011

0.000

0.046

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.485

0.561

o.492

0.501

0.493

0.438

0.4r7

0.415

0.347

o.290

0.168

0.210

0.148

0.106

0.150

0.091

0.023

0.113

0.078

0.068

0.06s

0.080

0.087

I

I

I

1

I

1

I

2348

0425

9938

10088

13602

9693

14962

10842

72346

to4l4
9927

r0094

13608

9680

14964

98s3

15163

1t029

t2485

10660

10062

10198

137t6

9813

15016

3819
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0

0

0

0

0

t0844

L2354

10390

9925

9904

rL496

t2897

11026

t2538

0563

0.689

0.619

0.726

0.680

0.730

0.528

0.s36

4.526

0.s07

0.51s

t230
5127

I
1

1

1

1

10111

1

1

0755

0347

0298

1

1

1

0634

0s86

0133

0095
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Temperature:923

Particle size: 1.8 mm

Initial moisture content: l.l g/g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: Pyrolysis

Time Cruc

(s) (me)

wt.
Cruc. +
smpl.
wt.

(mg)

CYuc. +
dry smpl.
wt.

(mg)

Cruc. +
dev.
smpl. wet

(me)

Moist. Vols.

Gledry (eledry
coal) coal)

5

5

5

5

5

10

r0

l0
10

r0

l5
l5
15

l5
15

20

20

20

20

25

25

25

25

9899

r4564

r0719

13528

9844

tM75
t4480

15648

10412

9899

13540

9459

13610

9844

tM75
15583

14056

r3095

9881

t35M
t0717

13531

14566

t0374

15r59

rt290
14086

t0343

14856

14689

15988

10598

10118

t3703

9s60

r3743

9987

r4634

r5760

14267

t32t4
10137

13599

10834

13651

14704

10187

14943

10936

1388 1

10r56

14785

746/;9

r5929

10561

r0076

t3702

9557

13742

998s

14632

15760

14265

13250

10r36

13599

10834

13651

14704

10035

r4750

10823

13701

9994

t4623

r4563

t5790

10485

9986

13645

9516

13689

9933

14572

1s725

r4228

13213

r0075

13590

10813

13646

14688

0.657

0.s55

0.627

0.566

0.595

0.229

0.230

0.199

0.242

0.230

0.004

0.025

0.006

0.01r

0.010

0.000

0.009

0.019

0.004

0.000

0.000

0.000

0.000

0.534

0.496

0.519

o.497

0.516

o.523

o.495

0.468

0.498

0.494

0.259

0.344

o.32r

0.279

0.296

0.117

0.103

0.150

0.150

0.093

0.10s

0.021

0.063
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25

30

30

30

30

30

40

40

40

40

40

0

0

0

0

0

9838

rr404
L4734

t4480

13544

rr404
13506

1457r

9462

15587

13460

13528

984/.

t4475

14480

13540

9972

TT449

14819

t4546

13623

11515

13608

14630

9544

15673

13506

1427r

10583

t524r

15225

T4321

9972

1t449

148t9

t4546

t3623

1 1515

13608

r4630

9544

15673

13506

13885

10191

r4843

14834

13915

9953

r1445

t48t2
14536

T36T4

11502

13599

t4623

9534

15668

13500

13728

10011

14652

14646

r3720

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.080

1.130

1.080

1.105

1.083

0.079

0.046

0.043

0.085

0.061

0.063

0.046

0.064

0.066

0.029

0.071

o.52r

0.519

0.519

0.531

0.s20



Temperature: 1023 K
Particle size: 1.8 mm

Initial moisture content: l.l glgdry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.2

Condition: Pyrolysis

(s) (mg)

Cruc. +
smpl.
wt.

(mg)

Time Cruc

250

Cruc. +
dry smpl.
wt.

(mg)

Cruc. +
dev.
smpl. wet

(me)

Moist. Vols.

(eleey G/e ¿rv
coal) coal)

wt.

5

5

5

5

5

10

10

10

10

10

15

15

l5
l5
15

0

0

0

0

0

9843

15618

9988

1,3943

r5266

14260

14054

13255

13975

r0284

14381.

13536

t2965

t4262

10409

14053

t5265

13248

r1220

1296r

10140

15893

10288

r4245

15652

7M29

74253

13344

14031

10333

t4r'.86

t3635

r3059

14704

10581

14808

1600s

14076

rt993
1369r

10068

15836

t0tzr
13187

15572

r44t8
14239

t3342

r4029

r0332

rM86
13635

13059

r4704

10581

tMr6
15611

13650

r 1582

t3312

9949

15725

10102

131 18

t54t6
14342

14140

13300

14004

10308

14446

136t3

13035

14690

10541

14227

t5435

t3453

I 1398

13r30

0.334

0.262

0.329

0.282

0.262

0.066

0.080

0.022

0.034

0.020

0.000

0.000

0.000

0.000

0.000

1.080

1.138

1.059

1.138

1.080

0.529

0.509

0.49t
o.52r

0.510

0.455

0.535

0.458

0.423

0.49t
0.182

0.140

0.168

0.181

0.r49

0.52t
0.s08

0.490

0.508

0.518
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Temperature: 823 K
Particle size: 10 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.2

Condition: combustion

1) yellow flame

2) white flame

Time Cruc. Cruc. +

(sec) (mg) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me) Gle dry
coal)

Moist. Vols. t.
I

smpl
wt

wt

Gledry (s)
coal)

10

10

r0

10

10

20

20

20

20

20

30

30

30

30

30

40

40

40

40

40

50

10473

9836

10563

10478

10935

10560

10563

10932

r1203

t0927

9834

t0474

9835

I 1200

9836

10560

rr201
10928

10473

10556

r0465

10775

10090

10952

10851

1 1313

10794

ro902

t1229

11526

1t278

10051

10760

t0207

tt449
100s9

r0844

l 1486

r 1086

t0739

ro766

r0584

10620

99s7

0.855

0.853

0.845

0.945

o.902

0.768

0.760

0.849

0.741

0.783

0.632

0.582

0.629

0.623

0.ó11

0.519

0.503

0.517

0.s08

0.516

0.4t2

0.513

0.524

o.524

0.522

0.530

o.521

0.510

0.528

0.5r0

0.530

0.530

0.s00

o.532

0.525

0.515

o.427

0.418

0.411

0.41r

0.426

0.397

1038

0306

1

I
1

I
I
I
I
1

1

1

1

1

I

I
1

I
I
I
1

1

I

t279 to748

10574

11113

to672

to129

I 1386

I 136r

11140

0860

t649

o974

1 166

0891

0886

0640

9936

t0617

10009

1r3r8

9944

107r0

r 1353

1r0r3

r0616

10667

10530

t466

t77l
1538

0186

o934

0436

1603

ot97

0894

1646

tI78
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50

s0

50

50

60

60

60

60

60

70

70

70

70

70

80

80

80

80

80

90

90

90

90

90

0

0

0

0

0

1

1

1

1

1

0926

0473

0560

o567

10568

9836

1200

r0727

tor22
11405

70972

tLo62

r0627

10773

9996

10676

ro042

t1376

t0844

IT026

10582

to716

9955

1 1380

10037

10536

I 1890

1 1039

9929

I 1280

10659

10490

tt256
10642

1t279

10978

10616

ro495

9899

I 1561

r0806

10909

10183

I l3l5

ro627

9947

T1297

10710

10986

10556

to657

9901

tL29l
10011

10518

11838

1 1005

9901

r126r
10639

10479

ttl92
r0626

tt272
10977

10611

r0492

9892

1t367

10627

r0724

10005

11113

0.4r3

o.3M

0.343

0.407

0.287

o.259

o302
0.32r

0.338

0.281

o.272

0.207

0.229

0.219

0.000

0.000

0.000

0.03s

0.025

0.000

0.000

0.000

0.000

0.000

0.930

1.000

1.100

1.100

1.010

0.397

0.409

0.389

o.427

0.319

0.449

0.313

0.423

0.443

0.243

0.232

0.24r

0.222

0.2r9

0.146

o.t26
0.110

0.118

0.r37

0.045

0.021

0.061

0.0s9

0.063

0.528

0.520

o.s28

0.sr2

0.524

9840

11195

9960

1048r

1181r

r0932

9840

11199

10s63

10431

10934

10570

11199

10954

10572

10468

9839

tt794
10462

10559

9836

r0927

9957

I 1280

10659

10490

t1275

r0645

11279

10978

r0616

10495

9899

r1902

11150

tt294
r0565

1t706

1r448

10067

10557

rr913
rto74

72

75

74

77

75

77

74

76

79

77
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Temperature:923 K
Particle size: 10 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.3

Condition: combustion

1) yellow flame

2) white flame

Time Cruc

(sec) (mg)

Cluc. +
smpl.
wt

(mg)

Cruc. +
dry smpl.

wt

(mg)

Cruc. +
dev.

smpl.wt

(mg)

Moist. Vols. t.
I

wt

Gledry (g/g ¿ry
coal) coal)

(s)

5

5

5

5

5

10

l0
l0
10

10

20

20

20

20

20

30

30

30

30

30

40

I
1

I
I
1

1

1

I
11

l1

1046

1039

0078

1 183

0616

1840

22

10079

10070

10082

1 1838

r1645

1,t728

10529

1 1783

1t232

12220

11600

r1547

107 r6

r0709

10559

t2r32
r 1030

r1537

11627

11574

rt346
I 1528

t220t
11531

r r596

1 1363

1 1389

703t4

11489

10938

12056

tt4t2
l 1361

r0427

10519

10344

12024

1086s

1 1368

lt4I5
11402

rt256
r1320

12053

1t394

11459

1r193

1t210

t0425

r1324

r0767

1t942

259

258

192

r89

94t
283

343

0.92

0.95

0.99

0.99

0.93

0.77

0.81

0.77

0.84

0.84

0.84

0.63

0.70

0.70

0.73

0.60

0.61

0.67

0.69

0.64

0.45

0.54

0.51

0.33

0.54

0.53

0.53

0.51

0.52

0.s3

0.s3

0.s3

0.51

0.50

0.53

0.s3

0.50

0.44

o.42

0.52

0.52

0.38

86

lrl2t
trtzl
ttt22
11041

10623

ttt23

1 1838

11180

ILL96

1t297

rt237
t0243

70234

10205

t1920

10384

t1238

11

l1
1t

1l
ll
t1

ll
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40

40

40

40

50

50

50

50

50

60

60

60

60

60

70

70

70

70

70

60

70

0

0

0

0

0

r0623

1 1838

tt037
tt037
r0625

10075

11188

10616

r1829

9859

r0939

t0074

7t832

L0624

10079

11014

10801

12106

t1204

11189

10909

10527

11319

10764

11948

001s

tt43
0406

t0719

11978

TII22
11118

10780

10315

t126l
t0102

1 1898

9986

ttt29
10230

11999

10802

t0248

rll80

0.41

0.46

0.48

0.48

0.29

0.32

0.2t

0.23

0.26

0.00

0.00

r.t4
1.08

l.l0
1.09

r.L2

0.41

o.44

0.46

o.42

0.40

0.42

0.31

0.34

0.3s

0.11

0.04

0.53

0.51

0.52

0.53

o.s2

I
1

0883

0686

1

0805

1

1

1

1

1

1

1

1

1

I

t240

t289

270

oo2

354

869

47

49

48

47

52

50

52

52

50

48

51

50

47

5l
10015

7t143

10784

72541

11401

t0829

t1748 1

I
I

I

I
I
I
I

0994

0438

2t73

603
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Temperature: 923 K
Particle size: 10 mm

Initial moisture content: 0.47 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot numb er: 4.3

Condition: combustion

1) white flame

2) yellow flame

Time Cruc

(sec) (mg)

Cruc. +
smpl.

wt
(me)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me)

Moist. Vols. t.
I

wt

Gle drv
coal)

Gledry
coal)

(Ð

5

5

5

5

5

l0
t0
10

10

10

20

20

20

20

20

25

25

25

25

25

30

10979

10559

10961

1o547

10955

10563

LO4L4

10406

10396

10449

10552

10970

10s54

r0532

10528

10503

10552

10458

1042r

10s43

10465

I 1507

t1025

1 1486

lLo26

1 1387

l 1003

to764

10872

t0832

10877

r0705

tt3t9
r0893

10828

10869

10665

10689

to6t2

1 1356

10900

r1327

10882

1t259

10904

10688

10751

r0737

ro778

10689

11274

r0844

10794

10817

1066s

10689

10672

10650

10763

10700

Ltt57
10722

rtt37
0621

0.42

0.38

o.44

0.M
o.43

0.29

0.29

0.36

0.28

0.30

0.10

0.14

0.17

0.13

0.16

0.00

0.00

0.00

0.00

0.00

0.00

0.528

0.5226

0.519

0.510

0.520

0.5r9

0.536

0.519

0.510

0.510

0.396

o.437

0.486

0.478

o.420

0.062

0.052

0.068

0.047

0.055

0.031

1101

I
I
I
1

1

I
I
I
I
I
I
1

I
I
I
1

1

I

0

0628

1131

14070763

0686

06

0727

0541

0572

0563

0700

0665

0684

0647

0676

0646

0630

1

06s0I
I
1

19

22

22

2l
19

22

190700
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30

30

30

30

0

0

0

0

0

10539

r04-/;9

10961

10002

70543

10386

1O527

10451

10955

10751

r0625

11138

rcLn
11046

10931

11009

10973

tt435

t0751

t0625

11138

10r27

10889

L0764

10854

10807

t13r4

10740

10613

1t129

r0t20
10709

10571

10654

10620

11131

0.00

0.00

0.00

0.00

0.45

0.M
10681

0.49

0.48

0.o27

0.036

a.026

o.029

0.520

0.510

0.47

0.525

0.s10

20

22

20

20
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Temperature: 1023 K
Particle size: L0 mm

Initial moisture content: 1.1 g moist.ig dry coal

Fluidizing velocity: 4.2 mls

Estimated Biot number: 4.4

Condition: combustion

1) white flame

2) yellow flame

Time Cruc.

(sec) (mg)

Cruc. +
smpl.

wt
(me)

Cruc. +
dry smpl.

wt
(mg)

Cruc. +
dev.

smpl.wt

(mg)

Moist. Vols. t.¡
wt

Gleev
coal)

Gleev
coal)

(s)

10678

r1407

1t379

r1333

I 1384

r0456

12245

r0838

12201

t04t4
11310

10119

t2361

5

5

5

5

5

10

10

10

10

10

20

20

20

20

20

25

20

20

20

20

25

r0941

10937

10938

10938

t0172

1r828

10465

11822

t0027

t094t
9873

t1826

9864

t1826

ro470

9974

10465

9977

tt826
tt823
t0473

10435

t22t6
to779

to254

to745

10313

12010

t2167

10778

ttt79
11165

7t145

7rt67
10172

r206t
10667

t2029

10241

11182

Lm22

tzt4l
10206

r2067

10661

10148

10646

r0194

11946

12047

I r0s8

r1044

rro37

I 1050

10021

11944

10560

rt927

t0236

I 1054

9952

r 1987

10034

11949

1056s

r0070

r0562

10093

I r888

r1936

r0582

0.94

0.96

0.91

0.93

0.90

0.76

0.86

0.79

0.80

0.54

0.s9

0.66

0.65

0.58

0.60

0.s3

o.49

0.49

0.s0

0.51

0.44

0.s0

0.54

0.52

0.s0

0.48

0.48

0.54

o.47

0.46

0.54

0.43

0.46

0.48

0.46

0.48

0.39

0.42

0.42

0.45

o.47

0.42
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o.43

0.47

o.49

0.54

0.20

0.21

o.t4
0.18

0.19

0.04

0.06

0.05

0.08

0.07

0.46

0.48

0.41

0.40

0.40

0.30

0.36

0.41

0.28

0.24

0.32

0.30

0.27

0.29

35

37

35

36

37

36

37

35

37

s0 9978 10266 tO266 10230 0.00 0.07

50 11818 12036 12036 12008 0.00 0.07

0 10467 trt64 10799 10626 1.10 0.52
0 10461 11208 10807 10620 1.16 0.54
0 10936 11583 11253 11091 1.04 0.51

0 10244 10658 t0244 10045 1.08 0.52
0 fign n5?6 nW ll.grs l:rc

25

25

25

25

35

35

35

35

35

40

40

40

40

40

50

50

50

50

50

10939

987t
9982

9980

9868

9977

10466

9980

10936

9981

t1829

r0466

tt826
986t

TIT74

10273

10249

10254

10110

10128

10682

10296

11110

10111

7t952

10630

12008

10046

11100

10140

10154

10159

1006s

10096

10651

10244

rr076
10104

1t944

10621

I 1990

10031

rl02t
10006

10075

10064

9976

10050

ros72

10

1024

0063

1

1

I
1

1

1

22

9881

360562

L93l
9969
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Temperature:923 K
Particle size: 5 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 1.2 mls

Estimated Biot numb er: 2.1

Condition: combustion

1) yellow flame

2) white flame

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.

wt
(mg)

Cruc. +
dev.

smpl.wt

(mg) (g/g dry
coal)

Gledry
coal)

Moist. Vols. t.
I

wt

(Ð

10

10

10

10

l0
15

l5
15

15

15

20

20

20

20

20

30

30

30

30

30

40

10516

to523

to427

r0502

104r3

70452

10530

10530

10947

10382

ro947

1o542

t042t
10411

10513

10379

1o952

10385

10370

r0908

to523

11061

10814

r0665

10819

10843

t0642

10812

10781

1t322

10723

71393

1 1003

r0944

10547

t0745

10826

rt32l
10710

10742

1 1083

10905

10831

10681

r0562

10683

106s6

10565

10705

10681

1l 180

10590

tr284
r0889

10797

10508

r0680

10558

r1264

10660

10636

I 1053

10859

0607

1060

0478

1119

0729

0608

0.75

0.8s

0.78

o.73

o.77

0.69

0.64

o.64

0.62

0.68

0.31

0.30

0.39

0.40

0.3s

0.29

0.17

0.18

0.28

0.18

0.12

0.53

0.52

0.53

0.49

0.51

0.52

0.s2

0.47

0.52

0.54

o.47

0.42

0.50

0.50

0.40

0.45

0.M
0.48

0.45

0.40

0.36

0667

0600

0492

0593

1

1

1

I
1

I
I
I
1

I
I
I

I
I
1

1

I

1

I
I
I

o532

0507

0612

0459

060s

0s79

ttt7
os24

0508

0988

07t6 28
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40

40

40

40

45

45

45

45

45

0

0

0

0

0

t0544

10516

10909

t05t2
10011

10380

t0922

10516

10952

t0423

t037r
10911

10518

t0423

r0744

to6t7
1098s

10682

10063

r0424

ro979

10582

1 1036

t0872

10846

I 1350

1 1053

10961

10733

LO6L2

10969

10669

10063

t0424

10979

10582

I 1036

10625

r0604

11115

10775

10684

10682

10576

L0957

r0612

10039

t042r
t0974

10577

I 1028

t0532

10483

11011

10641

10554

0.04

0.04

0.16

0.06

0.0

0.0

0.0

0.0

0.18

0.29

0.t2
0.28

0.04

0.04

0.05

0.04

0.0s

0.s0

0.52

0.51

0.52

0.5

29

30

28

33

31

33

32

330.0

5

.12

.04

1

1

1

1

1

I

.08

.06
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Temperature: 823 K
Particle size: 1.8 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: combustion

1) yellow flame

2) white flame

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(mg)

CYuc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me) Gleev
coal)

(e/edry
coal)

Moist. Vols. ti
wt

(s)

2.5

2.5

2.5

2.5

2.5

7.5

7.5

7.5

7.5

7.5

10

10

l0
10

10

12.5

t2.5

12.5

12.5

12.5

L4

t0267

t0245

tt4tr
9690

10422

l0Ml
tt453
9929

L0074

t0452

t1428

1027t

9704

r04r9
t0M3
7044t

1O422

9707

7t425

t0266

l04M

10894

10750

1 1948

70r44

10963

10777

r 1875

r0362

10517

10875

1 r598

70523

9864

10563

10528

r0810

10573

9947

r 1686

10s88

l0s3s

10608

10532

7t729

99s4

r0733

10688

r1729

10220

1o382

10720

1 1554

10455

9835

10538

105r5

10743

10704

99M
I 1684

10s50

10534

r0427

10391

11564

9814

1056s

10558

1 1580

10080

10222

10589

I 1490

103s6

9767

t047s

10475

10589

10555

9830

11549

10405

10498

0.85

0.71

0.66

0.73

0.76

0.36

0.55

0.45

0.43

0.54

0.34

0.38

0.22

0.21

0.19

0.15

0.17

o.t2
0.1r

0.13

0.01

0.53

0.46

0.51

0.53

0.55

0.53

0.55

o.44

0.5r

0.45

0.51

0.54

o.52

0.53

0.54

0.49

0.53

o.44

0.52

o.49

0.32
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0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1.0s

1.13

1.11

1.10

1.13

t4
L4

T4

t4
15

15

15

15

15

0

0

0

0

0

10036

9920

LT437

t0423

10253

It4t7
9693

10410

IO4r''L

10427

t1436

10280

9713

10450

10087

10130

1 1570

10628

10303

1 1455

9734

t0466

10484

LtttT
122t6

rr2r2
r0477

1 1280

10115

10130

11570

10630

10303

11455

9734

70466

10484

1O763

1 1802

10718

10076

10839

10103

t0042

1t537

10548

10296

TT443

9723

1O453

ro469

10753

11604

10490

9884

10633

0.29

o.34

0.26

0.31

0.08

0.22

0.r7

0.14

0.25

0.51

0.54

0.52

0.s3

0.s3

t4
13

13

L3

L3
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Temperature:923 K
Particle size: 1.8 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: combustion

1) yellow flame

2) white flame

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(mg)

Cruc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me) Gledry
coal)

Gle drv
coal)

Moist. Vols. t.
¡

wt

(s)

5

5

5

5

5

7.5

7.5

7.5

7.5

7.5

10

l0
10

10

10

12.5

12.5

12.5

t2.5

12.5

9940

10084

10466

rL46t
10458

t0464

tt477
10476

r0104

9974

10467

tt482
1048r

10108

9968

9970

10104

10469

10470

t0467

999s

10358

10486

10671

11952

1O646

10570

1 1590

r0702

10334

t0269

t0771

I 1561

10653

t0217

t0167

9992

t0t42
10518

10516

10.504

10605

10215

10323

10596

1 r680

10580

r05M
I 1558

10630

10277

10180

t047r
I 1548

10632

10204

10t47

9992

t0r42
10518

10516

10s04

ro287

10080

10199

r0526

1 1570

105r0

10507

11515

10548

10196

1008s

10607

11517

10566

r0160

10070

9988

10r38

10s09

10508

r0499

10135

0.48

o.67

0.59

0.s9

0.60

0.28

0.40

0.47

0.29

0.38

0.09

0.18

o.12

0.r2

0.09

0.0

0.0

0.0

0.0

0.0

1.09

0.45

0.51

0.54

0.47

0.s3

0.40

0.53

0.54

0.41

0.40

0.46

0.42

0.37

0.40

0.36

0.10

0.06

0.l l
0.10

o.07

0.520

8

9

9

8

9
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0

0

0

0

10509

10115

tt73t
10302

trttT
r0794

t237L

10974

10800

t0M6
T2O4I

r0629

10649

10266

11878

10453

0.52

0.54

0.53

0.54

.09

.05

.07

.06

1

1

1

1
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Temperature:923K

Particle size: 1.8 mm

Initial moisture content: 0.59 g moist./g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: combustion

1) white flame

2) yellow flame

Time Cruc

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me) (e/edry
coal)

Gleev
coal)

Moist. Vols. t.
¡

wt

(Ð

2.5

2.5

2.5

2.5

2.5

5

5

5

5

5

7.5

7.5

7.5

7.5

7.5

0

0

0

0

0

10480

9981

10114

lLTtl
to267

r0469

10266

I 1693

10105

9974

9973

1010s

11693

10264

10468

10004

10510

1014r

tt747
10303

10830

r0304

10532

l 1989

r0543

10620

10478

1 1898

10332

10137

10020

10t52

1t730

r0327

10494

r052r

tt022
r06s2

t2284

10840

10782

10269

t0472

11951

10511

t0620

t0474

I 1894

r0332

r0137

10020

10152

l 1730

ro327

10494

10317

r0830

10471

12098

10641

10626

10113

10285

t7824

10389

10569

10386

r1813

r0240

r0003

10016

1015r

tt729
to326

to493

r0r52
10665

10293

tt9r4
10466

0.16

0.13

0.17

0.16

0.t2
0.0

0.02

0.02

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.68

0.60

0.5s

0.s3

0.s9

0.52

0.54

0.52

0.53

o.52

0.24

0.3s

0.32

0.32

0.28

0.04

0.01

0.01

0.01

o.02

0.53

0.52

0.54

0.53

0.52

6

6

6

6

6
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Temperature;923K

Particle size: 1.8 mm

Initial moisture content: 0.0 g moist./g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.1

Condition: combustion

1) white flame

2) yellow flame

Time Cruc.

(sec) (mg)

wt
Cruc. +

dry smpl.
wt
(mg)

Cruc. +
dev.

smpl.wt

(me)

Vols. q

Gleev
coal)

(s)

2.5

2.5

2.5

2.5

2.5

10285

r1729

t0Lt2
10495

9983

rI7t6
10496

9980

t0tL2
10280

10276

tr7t7
10r 18

9983

10476

r0612

12t79

10514

10844

LO312

12005

10667

10107

10r69

10399

10788

r2r6t
ro642

10594

10991

t0491

L2O7I

t0346

10677

10168

I 1990

10660

r0096

10166

t0392

10518

tt927
10364

10273

r0717

0.37

0.38

0.42

0.48

0.44

0.0s

0.04

0.09

0.06

0.06

0.s3

0.s3

0.53

0.52

0.53

5

5

5

5

5

0

0

0

0

0

4

4

4

4

4
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Temperature: 1023 K
Particle size: 1.8 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 0.5 m/s

Estimated Biot number: 1.2

Condition: combustion

1) white flame

2) yellow flame

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.
wt
(mg)

Cruc. +
dev.

smpl.wt

(me) Gle dry
coal)

Gleüv
coal)

Moist. Vols. t.
¡

wt

(s)

2.5

2.5

2.5

2.5

2.5

5

5

5

5

5

7.5

7.5

7.5

7.5

7.5

r0420

10260

t0425

1t420

9699

10431

t1420

9701

10260

r0422

r0413

r0247

rr404
10411

9689

9669

10249

lo413

10409

11403

9692

10789

10679

10867

l 1880

10031

10896

r1823

10135

10659

10823

10553

10470

11691

10610

9926

98r7

10370

10516

r0497

1t546

t0248

10645

10509

10710

LL7L4

9912

10746

rr7t2
10029

10553

10719

10528

10427

11639

10656

9870

9817

t0370

r0516

r0497

1t546

9973

10532

10383

10562

tt557
9799

10s88

r1557

98s8

0468

10341

r 1533

10518

9799

0.61

0.65

0.54

0.57

0.56

0.45

0.38

0.32

0.36

0.34

0.22

0.22

0.19

o.20

o.24

0.0

0.0

0.0

0.0

0.0

0.98

0.48

0.48

0.51

0.54

0.53

0.48

0.s3

0.51

0.s3

0.51

0.52

0.43

0.39

0.40

0.39

0.13

0.06

0.06

0.0s

0.1r

o.s2

I
I
1

0398

0s65

9769

520

9827

10

10

10

1Q

t0
0

0356

0505

0488

I

I
I
I

1

7

7

7.5

7.5

7.5

7.5

8

7

7

7.5
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0

0

0

0

11409

10411

L0252

to4t7

r2t6s
1t347

11089

11208

71776

10855

t0643

t0799

11585

r0620

10436

10s93

1.06

1.10

L.T4

1.07

o.52

0.53

0.53

0.54
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SHRINKAGE EXPERIMENTS
Temperature: 423K
Particle size: 10 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Condition: pyrolysis

estimation of shrinkage

Time CYuc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.
wt
(mg)

Cruc. +
dev.

smpl.wt

(mg) (g/g ary
coal)

Moist. Vols. d
wt

Gleev (mm)
coal)

100

100

300

300

800

800

1200'

t200

1500'

1500'

0

0

r5194

15274

14307

13642

14372

1 1887

t3794

t0973

L4725

13700

9013

1O422

15637

t5773

14771

t4124

14709

12266

14047

1 1338

1,4875

13950

9622

rtog4

15461

1s559

14608

r3953

14649

12201

t4026

tt317
14870

r3945

9303

1o747

15322

15408

t4452

13789

14505

12038

13905

ttI37
t4796

13818

9150

10578

0.660

0.750

o.542

o.549

o.216

0.207

0.09

0.06

0.03

0.02

1.1

1.069

o.52

0.529

0.518

0.527

0.52

0.52

0.52

o.523

0.51

0.52

0.527

o.52

9.8

9.7

9.6

9.6

9.2

9.2

8.8

8.9

7.8

8.2

10.

10.

fractured
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Temperature: 823 K
Particle size: 10 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Condition: pyrolysis

estimation of shrinkage

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.
wt
(me)

Cruc. +
dev.

smpl.wt

(mg) (g/g ¿ry
coal)

Moist. Vols. d
wt

(g/g dry (mm)
coal)

20

20

40

40

60

60

90

90

t20
t20
0

0

ro72r

9934

12869

t3255

15010

14605

15024

15106

13066

r5346

11309

t0274

tt2L8
10474

r3356

t3677

15430

t4995

15403

1538s

13309

15562

1 1980

10891

11015

10246

13185

13540

r5296

t4884

15325

1s333

t3279

r5546

1T623

t057t

LO862

10090

t3021,

13392

15150

14739

r5169

t5220

13188

15450

1t460

10416

0.690

0.700

0.539

0.479

0.458

o.397

0.258

0.2t8
0.1 18

o.074

1.t36
t.o77

0.520

0.479

0.517

0.517

0.s00

0.518

0.515

0.475

o.357

0.442

0.52

0.522

9.9

9.8

9.6

9.5

9.2

9.3

8.9

8.8

8.4

8.5

10.

10.
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Temperature: 1023K
Particle size: L0 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 4.2 mls

Condition: pyrolysis

estimation of shrinkage

Time Cruc.

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(mg) Gledry
coal)

Moist. Vols. d
wt

(g/e dry (mm)
coal)

20

20

40

40

60

60

80

80

100

100

0

0

r3909

14959

9983

LO94T

9446

13305

14T29

14243

L5r39

14877

t3726

r255t

t4403

15481

10364

I 1356

9762

13637

14357

r4484

15338

15087

14404

t31,87

1,4195

t5268

t0244

tI2t8
9680

13553

r4327

t4464

15339

15087

1,4045

t2857

t4047

t5t02
10119

11078

9s65

t344t
14243

t4376

15261

15008

t3917

t2697

o.722

o.713

0.423

0.482

0.330

0.296

0.126

o.072

0.0

0.0

t.r2
1.08

0.514

0.530

0.440

0.489

0.463

0.394

0.3s3

0.3t7

0.306

o.289

0.52

0.522

9.7

9.6

9.2

9.2

9.0

8.9

8.7

8.8

8.5

8.6

10.

10.
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Temperature: 423K
Particle size: 5 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 1.2 mls

Condition: pyrolysis

estimation of shrinkage

Time Cruc.

(sec) (mg)

Cruc. +
dry smpt.

wt
(mg)

Cruc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(me) (g/g drv
coal)

Moist. Vols. d
wt

Gledry (mm)
coal)

30 13794 t4233 13929 t391,4 0.76 o.s2

60 14262 14580 r4509 t4381 0.287 o.52

90 12302 t2635 12585 t2438 0.180 o.52

r20" 14631 14881 14859 t4738 0.096 0.53

180' 13700 13878 13873 13785 0.03 0.51

t5192 t5793 t5524 15055 1.10 0.520

4.9
4.9
4.9
4.9
4.9
4.9

4.8
4.7
4.8
4.8
4.9
4.7

4.7
4.6
4.7
4.7
4.7
4.6
4.6

4.6
4.7
4.6
4.5
4.4
4.5

4.5
4.6

5.0

fractured
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Temperature: 823 K
Particle size: 5 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: I.2 mls

Condition: pyrolysis

estimation of shrinkage

Time Cruc

(sec) (mg)

Cruc. +
dry smpl.

wt
(mg)

Cruc. +
smpl.
wt
(me)

Cruc. +
dev.

smpl.wt

(me) Gledry
coal)

Moist. Vols. d
wt

(g/g dry (mm)
coal)

10 t4r27 14342 t4244 14183 0.838 o.522

20 13698 13989 t3879 t3787 o.592 0.495

40 15145 t5447 15380 t5260 0.279 0.500

60 13847 t3972 t3963 13909 0.070 0.417

0 14878 t5472 15162 15014 1.09 o.52t

5.0
4.9
4.9
4.9
4.8

4.7
4.7
4.7
4.7
4.7

4.6
4.6
4.6
4.7
4.5
4.5

4.4
4.5
4.5
4.5

5.0



274

Temperature: 1023K
Particle size: 5 mm

Initial moisture content: 1.1 g moist./g dry coal

Fluidizing velocity: 1.2 mls

Condition: pyrolysis

estimation of shrinkage

Time CTuc

(sec) (mg)

Cruc. +
dry smpl.

wt
(me)

Cruc. +
smpl.

wt
(me)

Cruc. +
dev.

smpl.wt

(mg) Gleev
coal)

Moist. Vols. d
wt

Gleey (mm)
coal)

10 12553 12995 12828 12687 o.592 0.500

20 t4963 t5265 15198 15080 0.272 0.479

30" t39t4 r4092 14082 14005 0.052 0.402

40" t3730 13869 13869 13811 0.0 0.340

0 t2552 t32rt 12866 1270r 1.10 0.525

4.9
5.0
5.9
4.9
4.9
4.9
5.0

4.7
4.8
4.9
4.8
4.8
4.7
4.9

4.7
4.8
4.t
4.7
4.7
4.t
4.5
4.6
4.5

5.0

.fractured
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VOLATILE SPECIES EVOLUTION EXPERIMENTS
Temperature: 623K
Particle size: 5 mm

Initial moisture content: 0.0 g/g dry coal

Flow rate: 2.2Unliln.

Conditions: Pyrolysis

Response factors: CO, O.92

time

(min.)

Column 2

co, co2*f

00:30

00:30

00:40

00:50

1:00

2:O0

2:00

2:30

2:3O

3:00

4:00

5:00

6:00

0.243

0.242

0.375

o.420

0.444

0.180

o.r79

0.116

0.128

0.r34
0.126

0.054

0.062

0.223

0.220

0.345

0.386

0.408

0.166

0.164

0.107

0.1 18

0.123

0.116

0.049

0.057
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Temperature: 623K
Particle size: 5 mm

Initial moisture content: l.l glg dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, 0.92

time

(min.)

Column 2

co, co2*f

4:00

4:00

4:40

5:00

5:20

6:00

6:00

8:00

8:00

0.186

o.237

0.464

0.856

0.489

0.135

0.105

0.115

0.079

0.171

0.218

o.427

0.787

0.449

0.124

o.o97

0.124

0.073
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Temperature:773K

Par:ticle size: 5 mm

Initial moisture content: 0.0 g/g dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, 0.9

clr4 1.15

crH4 1.0

crH, o.94

time

(min.)

Column 1

clr4 cl{.*f
00:30

00:30

1:00

1:00

1:30

1:30

2:00

2:00

2:30

2:3O

3:00

3:00

3:30

3:30

4:00

4:00

4:30

4:30

5:00

5:00

5:30

5:30

0.2

0.2

0.44

0.45

o.27

0.25

0.09

0.08

0.11

0.r2

0.08

0.09

0.07

0.07

0.06

0.05

0.05

0.05

0.05

0.0s

0.05

0.03

o.23

0.23

0.51

0.52

0.31

0.29

0.10

0.09

0.13

o.L4

0.09

0.10

0.078

0.08

0.07

0.06

0.06

0.06

0.06

0.06

0.06

0.03
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6:00

6:00

o.o2

0.03

0.02

0.03

time Column 2

(min.) CO, CO,*f C,H4 qI{.*f cr}l6 crH.*f

00:30

00:30

1:00

1:00

1:30

1:30

2:00

2:00

2:3O

2:30

3:00

3:00

3:30

3:30

4:00

4:00

4:3O

4:3O

5:00

5:00

5:30

5:30

6:00

6:00

t.269

r.323

1.316

1.367

0.668

0.686

0.26r

0.247

0.243

0.250

0.154

0.165

o.r37

0.129

0.093

0.089

0.085

o.o92

0.078

0.077

0.072

0.088

0.063

0.076

7.t42

1.191

1.184

t.23

0.601

o.617

0.235

0.222

0.2r9

0.225

0.139

o.t49
o.r23

0.116

0.084

0.080

0.077

0.083

0.070

0.069

0.06s

0.079

0.057

0.068

0.004

0.003

0.01

0.008

0.01

0.09

0.003

0.003

0.00s

0.003

0.002

0.003

0.002

0.002

0.001

0.004

0.003

0.01

0.008

0.01

0.09

0.003

0.003

0.005

0.003

0.002

0.003

0.002

0.002

0.001

0.005

0.003

0.01

0.009

0.011

0.01

0.002

0.006

0.003

0.003

0.003

0.003

0.002

0.003

0.005

0.003

0.009

0.008

0.010

0.009

0.002

0.006

0.003

0.003

0.003

0.003

0.002

0.003

0.002

0.002

0.002

0.002

0.001 0.001
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Temperature:773 K
Particle size: 5 mm

Initial moisture content: l.L gl9 dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, 0.92

cH_ 1.15

crH4 1.0

c,H. 0.94

tlme

(min.)
Column 1

cI{4 cHo*f

3:00

3:20

3:40

4:00

4:3O

5:10

5:30

0.056

0.024

0.028

0.023

0.019

0.013

0.011

0.064

0.028

0.032

0.026

o.o22

0.015

0.0r2

time Column 2

(min.) CO, COr*f CrH. CrHo*f crH6 crHr*f

2:00

3:00

3:2O

3:40

4:00

4:30

5:10

5:30

6:00

6:00

0.209

0.850

0.32

0.203

0.t29
0.097

0.072

0.051

0.18

0.16

0.t92
0.640

0.28

0.178

0.11

0.085

0.063

0.044

0.16

0.14

0.03

0.021

0.005

0.005

0.003

0.003

0.002

0.03

0.o2r

0.005

0.005

0.003

0.003

0.002

o.029

0.026

0.008

0.006

0.004

0.003

0.027

0.024

0.008

0.00s6

0.0037

0.0028
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Temperature: 873 K
Particle size: 5 mm

Initial moisture content: 0.0 g/g dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, O92

co 0.96

cI{4 1.15

crH4 1.0

crH6 o.94

time

(min.) CH' co*f
Column I

cI{,*f co
00:15

00:15

00:25

00:35

00:45

00:45

00:55

1:05

1:10

1:30

0.02r

0.118

0.066

0.063

0.207

o.22

o.232

o.244

0.031

o.o24

0.136

0.076

o.072

o.238

o.253

0.267

0.28r
0.036

0.057

0.046

0.188

o.194

0.988

0.99

0.473

1.078

0.35

0.046

0.055

0.044

0.180

0.186

0.9s

0.9s

0.454

1.03

0.336

0.044

time

(min.) co, cor*f
Column 2

crll, crgo*r crH. c,Hu*f

00:10

00:15

00:15

00:20

00:25

00:35

00:45

00:55

1:05

0.823

t.t2
0.88

0.943

0.712

0.727

1.831

0.s56

0.426

o.757

1.03

0.809

0.8687

0.655

0.669

1.65

0.52

o.392

0.003

0.002

0.001

0.008

0.009

0.049

0.037

0.041

0.0s5

0.003

0.002

0.001

0.008

0.009

0.049

0.037

0.041

0.0s5

0.003

0.003

0.002

o.or2
0.012

0.063

0.06

0.067

0.077

0.0028

0.003

0.002

0.011

0.012

0.06

0.058

0.064

0.074
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1:10 0.059 0.054 0.002 0.002s
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Temperature: 873 K
Particle size: 5 mm

Initial moisture content: I.l glg dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, 0.92

co 0.96

clr4 1.15

crH, 1.0

crH6 0.94

time

(min.) CH4 co*f
Column 1

cHr*f co
1:00

l:20
L:20

1:30

1:40

1:50

2:00

2:lO

2:20

2:30

3:00

0.025

0.041

0.081

o.143

0.3s

o.t79
o.t26

0.028

o.047

0.093

0.164

0.403

0.206

0.145

0.032

0.026

0.077

0.119

0.69

o.297

0.235

o.2

0.082

0.031

0.025

o.074

0.114

0.794

0.285

0.226

0.r92
0.079

time

(min.) co, cor*f
Column 2

C:JI| qlr,*f crH, crH"*r

1:00

l:20
1:30

1:40

1:50

2:00

2:10

2:20

0.394

0.689

0.927

t.t49
1.254

1.515

1.486

0.961

0.362

0.634

0.853

1.06

r.t54
1.39

t.367

0.88

0.02

0.1

o.r7

o.12

o.r7

0.3

0.22

0.34

0.02

0.1

0.t7

0.t2
0.t7

0.3

0.22

o.34

0.005

0.016

0.024

0.017

0.025

0.047

0.034

0.055

0.0047

0.015

0.023

0.016

0.024

0.044

0.o32

0.052
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2:30

3:00

0.29

0.052

o.267

0.048

0.032 0.032 0.052 0.049
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Temperature: 873 K
Particle size: 10 mm

Initial moisture content: 0.0 g/g dry coal

Flow rate: 2.2Um1n.

Conditions: Pyrolysis

Response factors: CO, 0.92

co 0.96

cI{4 1.15

crH4 1.0

crH6 0.96

time

(min.) CH.

Column 1

cl{,*f co co*f
00:30

1:00

l:2O

1:40

2:00

2:2O

2:40

3:00

3:30

4:00

4:30

5:00

0.046

0.067

0.088

0.097

0.107

0.t02
0.08

0.076

0.057

0.o24

0.053

0.077

0.101

0.11

0.r23

0.117

0.092

0.086

0.066

0.028

0.59

0.94

t.29

1.61

r.66

1.36

1.198

0.076

0.053

0.57

0.9

t.24

1.55

1.59

1.31

r.t4
0.073

0.051

tlme

(min.) CO Cor*f
Column 2

crH4 crHo*f crH6 crHu*f2

00:30

1:00

l:20
1:40

2:00

2-.20

2:40

0.296

0.954

1.119

1.2

1.15

0.952

0.897

0.272

0.878

t.o29

1.104

1.058

0.876

0.825

0.005

0.008

0.0r2
0.015

0.013

0.035

0.007

0.008

0.012

0.015

0.013

0.035

0.007

0.011

0.017

0.023

0.021

0.045

0.007

0.011

0.016

o.022

0.02

0.043



3:00

3:30

3:3Q

4:00

4:30

4:30

5:00

0.687

0.468

0.384

0.315

0.255

0.094

0.02

0.632

0.43L

0.353

o.289

o.234

0.086

0.018

0.014

0.012

0.005

0.009

0.007

0.003

285

0.014

0.012

0.005

0.009

0.007

0.003

0.024

0.02

0.01

0.016

0.o12

0.005

0.023

0.019

0.01

0.0154

0.012

0.00s
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Temperature: 873 K
Particle size: L0 mm

Initial moisture content: l.l glg dry coal

Flow rate: 2.2Umin.

Conditions: Pyrolysis

Response factors: CO, O92

co 0.96

cIr4 1.15

crH, 1.0

crH6 0.96

tlme

(min.) cIr4 co*f
Column 1

cg"*r co
3:10

3:30

3:50

4:2O

4:4O

5:10

0.012

0.073

0.055

0.074

0.072

0.052

0.014

0.084

0.063

0.085

0.083

0.06

0.11

0.34

0.45

o.47

o.43

0.33

0.106

0.33

0.43

0.45

0.41

o.3r7

time

(min.) co, cor*f
Column 2

cEo crH.*f c"H" crHu*f

3:10

3:30

3:50

4:20

4:40

5:10

0.2t5
0.343

0.517

0.708

0.335

0.159

0.198

0.316

0.476

0.651

0.310

0.146

0.003

0.005

0.019

0.03

0.03

0.009

0.003

0.005

0.019

0.03

0.03

0.009

0.004

0.007

0.016

0.041

0.041

0.016

0.004

0.007

0.015

0.039

0.039

0.015
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APENDIX B
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PROGRAM NAME: VCFB.FOR

SYSTEM: VAX-VMS (FORTRAN 4.4)

COMMENTS

This program calculates the volatile combustion of a single coal particle in a fluidized bed.

It is assumed, that the coal par:ticle is alternatively in the bubble and emulsion phase. The

characteristic frequency describing this particle mobility between phases as well as the

relative amounts of time spent in each phase for the bubble emulsion-cycle can be

calculated using FREQ.FOR and APQ.FOR respectively. It is assumed that homogeneous

ignition takes place when the coal particle is in the bubble phase and approximately 57o of

the volatiles are released. The flame temperature has been calculated using a modifred

Shwab-Zeldovich approach to the fuel droplet problem. The particle temperature can be

obtained using unsteady state heat conduction equation and convective boundary condition.

The initial condition for the temperature prohle for each change of phase is the temperature

profile at the end of residence time at the previous phase. Devolatilization is modelled

using DAE kinetic model as developed by Anthony and Howard. The order of the

Gaussian quadrature is chosen as 36 for all steps. Lower order results in oscillations of the

results. The program is interactive and the input parameters a¡e asked when running the

progmm.
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. 39VHd f-liItnE UrlJ .r,f,trtfr-ìt9BìJl ð3IN3 . r*rd^..,-
Ø '¡â=!ì.\

VNgISiÉ'Ë + ÐJ=¿iìi.
Vl.¡5I5*'t - ø7'Z-i',.,

3i -lúi.l
J I =íÐl.i
Zi-Igt.j
cid-ïft)(

ti ' tJ=f 1ii
ó!Iþl'l=I¿

ØtJ ' ØÞ--VNÐ IE
øf '*qv3ä

. ( Iour/Il) øf ,r.Ðti3t\,t= hIOIIçAIIfV ã31t,t3 .,*ld^1
ØØ"T ' Pt=V,J1V

dä ' *gv3u
. (urur) dl u3t=hlviq 313I1äVd ¿i3Iht3 .,+=d,\1

(I)-lVAÈ=(I)llg ÈÉe
ÇT'I=I ggÐ ùg

(olt) 31rt ltuS
I'J*JIU=Ð18

(t)IUAA=(I)Ê 666
ÊIrI=I óóo r-ro
( rs ) f,1Ig l-tvf,

'Z=i I U

' ig t*gv3u
. rE u3gta¡flh¡ J-Drt u=IN3 . ,*3d^1

ø'x¿î.=3L
ø. Eipit¿iT =ZAl_

EtEi'tÐZ='äL
Vj. +Ðd f, / Vrl^*l*H-t3U*ËÉ' tð= JL

!'Ø=J
Ðdf, 

f 
JËgvfu

. 9df, ä3rhl3 . 'JÉäd,i.I
vÐÁ r*0u=u

. vo/. ìl3l'Nf . ,*3d,ti
ØØlØT=H-l3G

VI'#GU=U
. ().t) vJ- 3UnJ_vu3dNft -Lh¡3Itt{v u3IN3 . ,*3d.r.I

ì V¿'\t / 1 rl i g / hl0l^li{tl J
JN rsI 'JN'f'rr 

ú 
rNH'rNU'rlJt r j1 rìJvlsr-'t¡1r.¡E iruorr,,¡otur^ro,

ljt ¡tsN É¿ÐN / Jv.Årlt\tDlÂih¡rlJ Hn[3 'l{ncu'!nx'Ë]x r¿nx'¿-lx'r.J ÉvHsis Éø3 *ud-rv'du rg rør,ur /oav/t{ûhilÄroJ (Eï)rt\tur (Ei) rNUf (gTr-lv/\t, (gT)-lJtr (ËT)E I{Ðr5N3t{iG
¿:,N f IJht -lv:¡u

I iNni -lVtiU=tXf
-lScrll{ sJrtlt{rx ouvf'1rlH Åt¡tHINv Jrl ¡\¡'frtvuÐ3rhlr 3Hn-l¡l^ f,

'ätsu3-lf u 3 s3-lr1vlüA %Ë N3Hfl 3lÀlr1 rsurl =Hr än5f,Ð ü1 c=t{i.lËsv Er NOrirNÐr 3
'ugHã/\ 5I/\ güv _rgvr.td ¡tttitÉ tJ_ htûIs-lnt{f 3 l''lÐuJ S3ÐlrtvHf, t\¡Ùrrv3B-t 3lirlllivci =lli l-vHl- Ðhtillnssv ü3s gfzrcrnll Nr J s3-lrlv-'ìoA lo NürrsnsþtDS ctl'lv ñÐirvzr-lrrvr-o/\fo äc'J üt{vusÐud NvuJ-uDl 3 *****.)Ê+***.I.J+åÊJÉ,f**J+****J(**rÉ***JÉJ+**ìJrjJ.tJJA,y+****ìr*JfJÉJË*JÊ*.}Ê*********+jtìÉ**J+J
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READJT ? BU

TYPE*,' E!'.ITER I.IUMP.ER rlF If'ITERVALS Ei'IULSIOI'l FHA5E '
REAI]*. E

hfRITE (ár=øø3)RP,Er
tJRrTE17x5øø=)RPrEr
FORMAT(¡i.'PARTICLE RADIUS = 'rF5.3.'Þ11'l'i1ø¡: ,'BIGT NUI'IBER = '.Fó'S)
tJRTTE t,3t=øøâ ) TFr TA
t¡JRI TE l7 ]=øgt ) TF ' TA
FORMAT(,\: ,'FLAFIE TEMP. = '"FS,3!'l'i'r løX:'EEÐ TE'.ÏP, = '¡Fr-+.3r'K')
t"JRITE (ât=øø7 Ì Eø, SIGFIA
tJRTTE (7 rSøø7 ) E.ø, SrGl.lA
FORf'|AT (Y,r, EØ = ' r F3, 2r tøX r 'Sf GF1A = ' jFã.2)
WÊITE (6t?øø=r|
t^,RrTE t? t2øø3t
FORÈ'IAT (?Nr' -------' )

|/,RITE (êt?øøA)
'úJR I TE (7 .?øø41
FTIRMAT (EXt' TIME (SEC)' l7YiI' VOL' RETAIh¡ED' . E}::'TS(H)' )

t^,RITE (8r 1111) Br, RF, Eø5 TA
I.JRITE (Ar 1 I I 2 ) FIF!.' ¡lFz r RÍ\lTÞl

FÊRMAT ( Xr' E¡=' . F5 . 2 t=y,r' RP=', F5. 2 r 5X t' Eø=' rF7 .2. 5){r' TA=' tF7 . 2l
FORFIAT (Xr' NF1=' . F5, 2. 5¡:r' flF2=', F5. 2t 5>i¡' RflTf'4=' rF7.3)
|,RrrE (6t3øøL ) NF1. NFz, RNTM
l.r,RITE l7 r3øøI ) l'1F1. ¡¡F2. RNTFI

FGRItIAT(|Xr'NF1=' rF6.4r5)<r'NFZ=',,Fó.4rSX,'RNTI'I =' rF7.3)
I'lF=Ø
DO Lø l=2,JØ

TFl=RTM *FLOAT(I-1)

XLlS=TM
fW=?
cALL C CjGIA ( FUhIC 1, ):L- I, .\:U I . t\¡Ci I . Ar\¡5 )

I l.J= I
Al'lS=i. ø*ANS/RP**3
AD5=1.ø-AÌ.13
R?Ø=RP
CAI-L TEÌ'1P ( TT . TM )

T'-T1

'tR i TE ( 6, Lø8? ) R2ø. T5
wRrrEtTtLø89)R2ø!T5
I t.J=f,
CAt-L TEI'fP (T1. TÞl)
cAt_i- TEMP ( TT. TM )

1!. 75=TT
UJR I TE ( ð I L8ta19 ) RDUI'l . T I 75
WRITE (7, lø89 ) RDUI'.l. T175
I W=4
C ALt- TEÞIP ( TT 

' 
Tl'l )

f I1Ø=fT
'ñ,EITE ( 6 I tøBq ) RDUI'j. T 1 5ø
TJRITE (? , LøA9 ) RDUM r T15Ø
I l¡J=5

cALL TEI'IP ( TT, Tl't )

T I 25=TT
tjRITE (6,lø99 ¡ p¡lllrl . T125
h,RiTE (7 ) Løaq ) RDUI'1 , Tl25
i l^J=ó

C ALL TEFIP ( TT . TM )

1 LØØ=TT
|,JRf TE (Ér IøA9 ) RDUF! TlLøø

d
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T.JRITE 17,. Lø89 ) RDUI'l jI Løø
1t4=7
CALL TEF1P ( TT. TM )

T.Ø75=TT
|^JRrTE (tt rø89 ) RDUM ,fø73
t^,RrrE (7 t Lø89 ) RDUM trø7TJ
I l¡l=8
CALL TEF1P ( TT. TM } ,

TØAØ=TT
t',RITE (617øB? ) RDUI'4 jf ø5ø
t,R r TE (7 r Lø89 ) RDUt'l , Tø5ø
I W=?
CAI*L TEF1P { TT , TFl )

fØ?3=TT
UJRTTE ( é, 1ø89 ) RDUF ,Tø?=
wRrTE (7, LøB? ) RDUFI T-lø?=
I W= 1.Ø

cALL TEÞlP ( TT r TÞl )

lØØ t=f1
wRITE ( ó, 1ø89 ) EDUF1 ,løøL
I.JRI TE (7, 7ø89 ) RDUi't, Tøø !
FORFIAT(X.'P ='rF5.2.5Xr'T =' ìF7.?l

UJRITE ( ß, 1 I 13) Tl'1. Af'¡S
FORhtAT t?(v.t E15.5) )

|,,JRITE tó1?øø9 ) TÞlr ANs, T5
WRiTE <7 r2øø9 ) TM, Al'ls, TS
FORt'lAT (2X. 3 (3)ir E15. 5) )

iF (Al'lS.LT.ø,95) GOTO LLø
c Ol.¡T I hlUE
TSTAP = TM

Tl'lT=TSTAR
l¡JRITE 16,?øLø) TSTAR
tJRTTE (7,2øLø ) TSTAR
FORMAT (?)1 ,'COl'tBUSTI ON FEGI l.¡3 AFTER' ,F6. ?,
TÞlB=RltlTMJfNFl /BU
TME=RltlTl'l*¡lF2 / E
C OI.IT I NILIE

T I FtE= TÈtT
DO 6ø ¡¡g= ! . BU
TÞtT = TIþIE + TMF*(FLOAT(NB) )

Tl'l=TÞlB* (FLOAT ( hlB) )

IiU3 = TÞl

l.lF= 1

lW=2
cALL CGOA (FUNC1,):Ll. >:U1. NG1. AN5)
IW=1
AIIS=3. ø*Afl5 / ( RP**3 . €r )

ADS= I . ø-A¡lS
R?Ø=RP
CALL TEI'IPC ( TT I TI'1 )

T9=TT
rrRrrE (6t lØag ) R2ø. TS
bJR I TE (? , Lø99 ) R2ø. TS

I ['J=3
cALL TEÈlPC ( TT r Tf't )

T 175=T-l
rrRlTE ( â ì tøA9 ) RDUM, Tl75
t^JRITE (7, Lßt89 ) RDUFI. T175

I tJ=4
CALI TEMPC (TT, TÞI)

:.trL:-', J

3ø
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T 15.Ø=TT
l^'RrTE (,t, Lø49 ) RDUÞI . T15ø
|¡,RrrE t7, tø89 ) RDUI4 f T15ø

I l¡J=5

cALL TEF1PC ( TT, Tf'J )

T LØØ=T'f
|¡lRrTE t6, Lø89 ) RDUM. T1øø
h,RrrE (7, LøAç ) RDUM TT tøø

f W=ó
CALL TEÞIPC ( TT, Tlì1 )

T 1 25=TT
l¡JRITE (ór 1ø89) RDUlit r T12_
|¡iRrTE: 17 r 1ø89 ) EDUt'l r T1?5

I l,rf =7
CALL TEÞIPC { TT , TM )

TØ73=TI
l¡JRITE ( ó. 1ø€? ) RDUI'1, TÉf75
UJRITE (? 1tø89 ) EDUI't rTø7=

I bl=€
cALL TEFIPC ( TT, TM )

TØ1Çi=f I
l¡JRITE l6 j Løe? ) RDUM Tlø=ø
(,RrTE (7 r 7øA9 ) RDUM r-lø=ø

f W=9
CALL TEI'.IPC { TT. TM )
TØ23=1f

TJRITE (ó. løe9) RDUM,lø2=
tJRrrE (?, Lø39 ) RDUI't rTØ?=

It¿l= LØ
CAL-L TEI'IPC ( TT . TÞ' )

'l Ø5 | =lf
l¿iRITE t.É 

' Løe9 ) RDUM,løøL
l¿JRITE (7 r IøA9 ) RDUM Tløøt
WRITE (8, 1 I 13) TltlT r ANS

I¡,RITE ( ê, 2øø9 ) TNT, AI.IS. TS
f,JR I TE l? ,2øø" ) TMT . Af'I5. Ts
r F ( At'¡s . LT. ø. .Crs ) GOTO 99
C O¡IT I NLIE

T I1'lE=TÞtT
DA "ø flE=lrE
TÞIT--TIÌ'IE + TÌ'IE* (FLOAT (¡IE) )

rN=TÞlE* ( FLOAT ( l'{E ) )

>iU3=Tl'l
I l¿J=2

!'.JF=?

CALL CGOA ( FU¡lC 1 , XL I . >iU I . r\lG1 . A¡lS )

Al.l5=3*Al.lS / RP**3 .

ADS= I . ø-AÌ\tS
TW=1
RaØ=RP
cALL TEMPF ( TT, Tlìl )

TS=TT
T.JRITE (t.lø89 ) R?ø. Ts
UJR I TE 17 , Lçte9 ) P2ø r TS

f W=3
CALL TEI'IPP ( TT , TÞI i
T I 75=TT

{^JRrrE (êr lø8ç ) RDUI'l! T175
t,RrTE (7, lø8? ) RDUM. Tl75

c
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Ì [.]=4
cALL TEMPF (TT, TFI)
T 1-5Ø=TT

h,RITE (é. 1ø89i RDUt'| . T15ø
t^,RlTE (7, Lø89 I RDUFI . T15.ø

I h=5
cALL TEFTPP ( TT r TM )

T1?5=TT
wRrTE (6. 1øA9) RDUMr T12=
t{IRITE l7 | tøe? ) RÐUFl , T12=

f W=é
CALL TEI{PP ( TT. TFI }
T 7ØØ=Í1

l¡JRÍTE (ó. lø89) RDUFI jTlerø
TJRITE 17 r Lø89 ) RDUÞl t-t LØØ

I l¡J=7

c ALL TEÞtPP ( TT r TÞ1 )

TØ7J=TT
wRiTE (ór 1ø89) RDUlrl r1ø7=
t^,RITE 17, tøQg ) RDUlrl ,1ø?=

cALL TEMPP (TTr TM)
TØ5Ø=TT

hIRITE (6r tøe9 ) RDUlì4 rTø=ø
tTRITE (7 r tø?9 ) RDUIìt, Tø5.ø

f W=9
C ALL TEI'IPP ( TT . TFI )

fØ2J=1f
|¿JRITE (ê, Lø89 ) RDUÞl ,Tø2=
b,R I TE (7 , Lø89 ) RDUM, TÉ{25

Il¡l=lØ
cALL TEMPP (TT, TM)
fØØt=lf

l¡JRITE (6,1ø89 ) RDUM,f øø!
WR I TE l? , løA9 ) RDUt'l ,f øø |
|..lRITE(4. lllS)TMTTANS

WPITE ( é, ?øø9 ) TMT. Af.¡S r TS
t^,RITE (?,?øø9 ) TMT, ANS, T5
IF (AN€ . LT. ø,ø5) GOTO 99
COl.lT I NUE
IF (ANS .LT. ø.ø5) THE¡¡
GOTO 99
ELSE
GOTO 5ø
Ef'¡D I F
STOP
END

FUNCTIOT\¡ FUNCl (R)
DIMENSION E (15), BFL (15),BVAL ( 15), RÌ.¡I ( 15), R¡lJ ( 15)
E)<TERNAL FUI.IC?

COMMOiI/ABC/ 1A,TØ.E.RP,ALPA.EØ.5f GHA,FI.):L?.).iLrZ¡),'L3r>iUj,RDLtFlrEDUtl
COt'lÞlO¡l / IRAC / Nc2, l.lG3, EFL
coÞllìlol.¡/coH/ R¡¡Tî,t. TSTAR t TF, BFO f Rl,lI , RNJ. Iht, I,lF ! TS, NC
COI'IMOT'I/BIOT/BVAL

RDUltt=R
CALL CGGB ( FUNCZ, yiLZ. XUz. ll1c2 ! AN52 )

FUIIC l=ANS2*R*R
RETURN
END
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FUÍ.ICTIO¡l FU¡|C2 {E}
DIMENSIOFT Bf l5) .EFL (15) rFVAL (15) 

" 
Rt'tI ( 15) . RNJ ( 15)

EXTERFIAL FUNCS
CCIMMCIN / AFC / TA, Tø, B , RP t ALPA t E.ø. S I GÞIA . F I f XL2 , XU2 . }iL3 t XU3 , RDUI'I . ËDUM
coFlFloN/ IKAC/ NGz r f iGs" BFL
CGFIÞlûN / CA¡'l / Rf'¡TM ! TSTAR, TF, BFO . Rþl I, El'¡J ! I W r t'lF . TS . I'iC
CeMFIßtl / BI GT / BVAL

EDUtI=E
cêLL CGGC i FUFIC3 ! XLs, )<U3. NGS ! ANS3 )

A=ANSS*1.67E13
iF (A. GT.5ø) GCr T0 1t
A=EXP { -A )

GO TO L"
A=Ø. fr
FE=EXP( (-(E-E.ø)**2) / (?.* (SlGl{A**z) ) )

FE=FE/ (9IGf'lAJtSGP.-l (2.ø*PL )

FUltlC2=FE*A
RETURf\I
E¡IÐ

FUl.lCT I0f\¡ FUt!Ci ( T )

DIþIENSIOl.¡ E( 15) . FFL ( 15) !BVAL ( 15) . R¡lI ( 15) . R¡lJ ( l5)
CCIMFIOFI/ABC/ 1AìTø,B.RPIALFA'Eø,5IGFlA,FI,XL2!XU2.)iL3.XUS,RDUFI ,EDUFI
COMI'lOFl / !KAC / NlG2. flG3.. FFL
CûFlÌ'lONl /CO¡,1 / Rl'lTM, TSTAR, TF, BFD, RNI, RNJ.Ilr, ¡lF. TS, t'¡C
COMÞlOll/BIOT/EVAL

IF (ftF .EO. ø' GOTCì 1

IF (NF.EA. 1) GOTO 2
cALL TEÞ|PF(TT,T)
GOTO 3
CALL TEMF (TT, T)
GOTO 3
cALL TEt'tPC ( TT, T )

RT = 8.315E-ø3
EB=(EDUI'l/(RT*TT))
IF (EB. GT. =ø.øIGO TA ?ø
FUltlC3=E):P ( -EB )

GO TO 2l
FUltlC3=Ø. Ø

RETURI.I
E¡ID

SLIBROUTINE TEÈIP (TT. T)
DIÞIENISIONI B(15),BFL(15),BVAL(15) .Rt\lI (15) .RNJ (15)

COMMOhI /AEC/ lA,.|-øTB.RP,ALPA,EørSIGÞlArPIrXL?.-)<u?.>.:L3rXUSrRDUt'l ,EDUÌ'l
COùtlì'lON / Í.KAC,/ NG2, ¡¡G3 . EFL
COÞll'lOFl /CON/ Rl'lTFlr TSTAR, TFr FFO, RÍ!I, RN¡J,ILJ, FlF. TS, lrlC

CCIMMON/BIOT/BVAL
IF (IW .EO. l.) RDUÞI=RP
IF ( Ih, . EO, 3) RDUltl=3.5É¡
IF (Itá, .EA. 4) FDLlÎrt=f,.ØØ
IF (Il, .EA, 5) RDLlltt=Z.5Ér
fF (It/,r ,EGl . 6, RDUI'I=?.ØØ
IF (IUJ .EA. ?) RDUltl=t.=ø
IF (It .EO. A) RDUI'I=1.øø
IF ( Ilá, . EA. 9) RDUM=Ø.5Ø
IF ( IW . EO. 1ø) RDUM=9, Ø1

1i
1-)

?PI

2L

I
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SLtl4L=tJ, Ø

5Ul'1?=f{, Ø

ÐO !Ø l=7 ¡ tØ
Y=B(I)
AØ=SIN (Y) -Y*COS (\')
A1=Y-5IFt (Y) llclìS (Y)
A?=þ'fl / At
A3=S I hl ( Y*RDUÞI/ RP )

A4=\'*RDUÞt / RP
A5=AS / 44
Aé=Y**?*ALPAI+T / RP**?
IF(Aó "GT. =ø.ø) GOTO 11
Aó= EliP ( -Aó )

GOTG T?
Aá= Ø,Ø
A7=A2*45*AôX7. ø'k lT A-Tø,
AA=42*AÉ*?, ø* ( TA-Tø )

IF {]U .GT. 1) GOTG Tø
RltlI(I)=AE
_qutt 1=sul'l I +A7
RNI(1!l=Ø,Ø
Rl'lI(12)=Ø.Ø
RNI (131=Ø.Ø
RtlI ( 14) =Ø. Ø

Rl'lI (15)=Ø,Ø
TT= TA - SUM1

RETUEN
E}ID

SUFROUTTNE TEÞ|PP ( TT, T )

DIIllEl.lSIO¡l B(15) . FFL (15) ,FVAL(15) .Rt'¡l ( 15),RNJ (15)
COMFIOl.,l / AP'C / TA ! Tø, B , RP , ALPA . Eø. S f GÈ14 , F I . XLZ . >:U2 r XL3 , XU3 , RDUþl 

' 
EDUÞl

COlì1Þ1O¡l / f P<AC / ¡1G2, ¡'¡G3. BFL
COhIMO¡¡ /COl'l/ Rl.lTl'l , TSTAR. TF. FFO, RNI , Fî'lJ ! IW,l.¡F, TS, Nc
COI'IMO¡I/BIOT/BVAL

IF (IW ,EO. 1)RDUI'I=RP
IF (Il¡J .EA. 5)RDUM=3.5Ø
IF (IW .EO. 4)RDUtl=S..ØØ
IF (It^, .E!:l . 5)FDUÞ|=Z.5Ø
Itr (IW ,EG. étP.DUF1=?.ØØ
IF (It^J .E0. 7)RDLIÞI--I.5ø
lF (ltj .EA. 8)RDUÞ!=1.ØØ
IF (IW .EO. 9)RDUÞ!=Ø.5Ø
IF ( Il"J , EA. 1Ø) RDUÞI=Ø. Øl
îUt'!3=Cl . Ø

Ct4=Ø.Ø
D¡ lll I=1.15

CL=E(i)
C?=îI¡l(C1)
Cl=COS(C1)
C¿=€ I -C2*C3
C5=C?-C t*CS
C5=2. ølÉ ( TA-TF ) *C5
C5=C5/C4
SUf'll =Ø. Ø

DO ?ø J=l r 15
U1=BFL ( J )

UZ=U I +C I
US=U I -C 1

U4=5lf'l (U?) /U?
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U5=SIN (U3) /UJ
UÉ=-U4+U5
U7= ( (Cl**2) /U1) *Rt'¡J {J ) lÊUó
sulttt=suM1+u7
có= sulrl 1/c4+c5
C7= (C1*RDUÞI/RP)
C8=SIlJlC?l lÇ7
C9=C lJtC 1*ALPAìiT / ( RP*RP )

IF (C? .GT, =ø.ø) GCTTC 13
C IØ=EXP ( -CP )

GOTo t4
CtØ=Ø.Ø
C11=CB*C1Ø
C1?=C11ltCó
IF (IW ,GT. 1) GßTCI Tø
RFII(I)=C6*CtØ
SUM3=SUtrlS+C t z

TT=TA-SUM3
RETURN
END

SUBRoUTINE TEF PC (TT, T)
DIIìIENSION A (15, , BFL ( 1S) , FVAL ( lS) . RNI ( i=) .RNJ ( 15)
COI'IMON,/ ABC / 1A I1ø, B, RP. ALPA ,Eø, s I GÞtA, PI , XL2, XU2 r ){Lf,, XU3, RDUM, EDUI,I
COÞIÌ'ION/ IKAC / NG?! NGS r FFL
COt'lÞlON/CCM/ Rh¡TÌ'1. TSTAR. TF. BFO. RNI, RNJ, iW, l.lF. TS, l..lC
COMÌìION,,BIOT/FVAL

IF(It^, .Ee. 1 ) RDUt'l=Rp
JF(Jf^, .EGl . 3)RDUM=3.5Ø
IF(IW .EA. 4)RDUÞ|=S.CØ
IF(IW .EO. 5)RDUt't=Z.FØ
IF(It^J .EGl . â)FDlJl,l=Z.ØØ
IF ( IW . EC.J. 7) RDUFT=1. S.ø
IF(IW .EA. B)RDUt't=t.ø.ø
IF ( IU . EG, 9) RDUM=Ø. SØ
IF ( IUJ . E6l . tø) PDUI'I=O. Ø1
9Llùl I =Ø. Ø
ÐO ?ci J-l,15
Ul=BFL ( I )

u?=srÀl (Lt ! )

Lll=COS (U1)
U.l-Ul -U2*U3
L¡5=r_lP-U1*U3
U5=? . ø* (ÎF -f A ) *U5
l-ll=95 ¡ g4
3Ul¡l?=Ø. Ø
Ðq f,ø f=I.15
A1=B(I)
A?=Al +Ul
f.3=41-U1
A4=5IN (42) /A2
A5=SIN (43) /43
Aó= -A4+AS
A7= ( (UtJÉ.xz, / AtTJfRNI ( I ) *Aó
SUÞt2=SUlrlZ+A7
Ué=SUM2 / U4 +Us
U7=U1*RDUM / RP

U9=U 1*U 1*ALPAItT / ( Rp*Rp )

IF(U9 .GT. =ø.ø, GOTO 23

3ø
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-?

?4
GOTO 2ø

n

sUÊRCIUTINE BITC (FI )

DIFlEþ¡5IOFI BVAL ( 15)
CËìFIMONiÊIOT,/BVAL
EE = ø.øøL
l.l={T
FFE = t,ø - BI-BEiÉCfiS (BE) /SIN (FE)
IF(ABS(FBE} .LT.ø.ø1)GO TO 1

ÊE=FE+ø,øøøø=
IF {EE .Ë1.3øø.ø) GC|TCT 3
GCTO2
Fl = l.l+ 1

IF(Î,t.cF.ló) G|ITO S

EVAL(N) = BE
EE=FE+2.?
GOTO2
RETLIR¡¡
El.lD

*****JÉ*******Jf *****tÉ.ìttÊJÊ******-,rJt*ìt***Jt.tÉ***JÊ********Jf ******lÊ********lf ****
C***ìt******.,t**Jt***Jt+** SUBROUTIÌ.lE CGAA ****+***JÊJt*'l(*1(lç**ìt*j1*********tç***
c******lf*tÉ+**Jt***JHt*JÉ******Jt**-r+*ìt**JfJf Jf ** {-*l-Jr***{.*JÊ******J(***jtJÊJ( *Jt**JÉJf **
c

SUFROUTTNE CGAA ( CF. >{L. 
"iU. 

¡l! CVAL )

PERFORMS INTEGRATIOT'¡ OF A FU¡,ICTIO|J CìF A SING!-E VARIABLE
BY GAUSS I AN GIUADRATURE .

U 1 Ø=EXP ( -U9 )

GCtTfi 24
LtlØ=Ø , Ø
U1l=Uó*U1ø')FUe
IF {IW .GT, 1)
RFIJ(J)=Uó*U1Ø
SUÞll=ÊUl,l 1+UI1

TT=TF-5Ultl 1

RETURN
END

N

1

=

c
c
C

c
c
C

c
a

c
c
c
c
c
C

c

I

c
c

CF=

ORDER OF GUASS I AT.I GUADRATUIIE APPRO).: I FIAT I OI'I . VALUE ÞIAI' BE OI'¡

(1,?.4r8.1ø,12.16,=.?), rF l'l=1. CGOA PERFORFIS A ONE-POTNT
RECTANGULAR RULE INTEGRATION.

EXTERNIALLY SUFPLIgP PLIFICTICIN. . , . ¡'IUST EE FLI¡¡CTICIN OF CII'¡E

VARIABLE FOR CCIG1.
LOh.lER BOU¡ID OF VARIABLE
UPPER BOUI.ID OF VARIABLE
= RESULT I ¡lG VALUE OF THE I ¡ITEGRAT I O¡l

XL=
XLI =
CVAL

l.lOTE: CF ÞIUST FE LISTED IhI A¡I E).:TERI'IAL 5TATEIIEl..IT I¡I THE

CALL I TIG ROUT I ¡IE

DIÌ'lEhlsIGt\l c1 (52) rQ?l?4) . Gì3(32)' ¡lO (3)' ¡lS (3) . GG (. tø3')
EGUTVALEI'ICE (G'l (1),GG(1) ). (Cl?(1).QG(53) ). (G3(ll.QCì(?7))
DATA A1

!$ /.2AA6731345943L?ÊAZEø'ø.=Eø..43ø5óâl=-'r-¡79?Øoé79Êø,
ç. L739?74??56A?26938ø , . 1á999ø5?L7e?42e'L3Eø t .3?áç17?=7743I?739?Eø ,
g ø, 4€ø | 44928a 4A7 6e lzE-ø. . 5.øó1 42 6el 45 r 8ß I 3øE - I, . 3?A53f, 2387øó8 1 337E9,
fÊ . 1 r I 1 9ø5 I 7"?668??4F'ø , . ?â27662ø49=8 L &44?Eø ! . I 5ó35332?93A943648ø ,

5. 9 t 7 t73Z r?47 9249 øE- l, . t A I 34 LA9 I ôe,? L Aø9 9Eø, . 43ó ?532 óq25S5S=868ø'
f$. 3333=6??L34=44ø?E- 1 , . 43?53 I óA334 44 97"=Eø , .747?=ê7 4=7=??ø3E - 1 ,



( / / ,3-1g.IS5rld IOll ¡lLrrruu9Srl'l I

i T -3øt)êtç ;' / E¿ ÞÞtòPiL¿ÐÞ ' ø

' T-3ø: Þ¿|9 eaþJø9ió TË¿Þ'ø
' T-ftÐ¿¿øÞøbç6éf¿¿6?Þ' ø

' t -=¿Þ¿TÐÐ¿t-\-ó!ó9EssÞ'ø
' | -=9Ø6t úzzØç?Þti9¿¿rþ' t-J

' T -3P¿!t¿þg I r ¿9¿ËË9rÞ' ta

' T -f l'= T çtËs5E¿ þ696øör 'tJ
' T-ftgzþ¿ÞÞ9ø¿6Ð¿¿Tqi' ø

' Ì-39¿óøÊTÐagTr T rT 6¿t' ø

' | -3Þ L¿¿9¿6r¿? Þø¿Þu6¿' ø
' r-3ÐBøgÐT rc9ózø66ÞË¿' ø
' T-3øÞstr r I tPj6Þò¿tÞt¿' ø
' f -tLT¿ørE9ËÞTtó9t I ¿T 'Pi

' T -=øtø rt9þçF¿sei9è9¿r 'ø
' ¿-3øgtÐ¿gÞs9t¿êt LctÐ' ç5

' ¿-3tÐÞ riEr¿ÞøøeÐtós';Ë' ø

'Ð=lUAf,
-1X 

- flX=Xt
( -lX+n:,( ) *Ê 'Ð=){V

I _1.¡+dhl=3hl
( -'l ) 5l{=dl{
3fl1.l I rl lO 3

l'lìlFl.L3ìJ
( -'ÌX-nX ) * ( XU i .J3=-lVir3

( -ìx+n:,( ) Jf Ê 'Ø=xv
l,ldflrld

. '!I' .= USIll..lVUVd Ðl\1 I-l-lVf, ø. ) IUlaldtll
N (';ø6's ) 3I I ìlt4

3nl.¡Il-hlrlf,
Tøt DI 09 ((l)erl'l't3'N)lI

a ' I =-l Í)ø! Dg
øø¿ úr oÐ ( T 'ij3' h¡i lr

/ ¿¿t l';t¿! tg¿'ÊI t-'!' i ¡91,J
t /¿! t Þ¿'çl'¿f 

t 
Ð I të't"¿/'JN'

r - 
=eË 

I ê9¿r.þtr)¿r:Ëtg | Þ¿' ø
| - 3ø';¿Ð 6:il 6¿øÈ6È:i¿¿ ¿' ø
îi+aÞ'3ê98i9¿I IAPtþtóT I ç:'

ti + 
=¿ÐL? 

ø I Þ T T øSt'i¿¡5? I' ¡å

ø + 
=L, 

¿T I g9øBi9';¿9 Ð T ¿' çJ

Ø + aÐ LÞ I T 99Þ ÞÈó 6Þ Þi'=¿' ii
ø +=9 I I Etø¿9þ- ¿e L'=Ú' o¿' îi
ø + 

=ø9 
Lø I Ë9 ÞÈt T ¿¿';T rl' ø

Ø+aÞsþþÍ ø¿î.6=øT 6ø99Ê.' ø
Ø+a'ðz't ¿6Ë.86¿6ÐÍ Þ¿¿61 'Pi
ø + a66Þe¿99e9øÐlË9 Þ¿Þ' ø
ø + Aq øi?¿ÈiËÐÐ L ¿ËÐ I 1 Ð Þ Þ' tò

Ei +3þ8 69 Ð89¿;¿Ëø': E Þ ci Þ' tii
Ø + 3ZZ iE¿î.6 ¿ ¿¿ T T r3'i¿Ð Þ' ø
Pi+3/-| Þtgz¿¿';'3¿='itÙ¿6Þ ' Ð

ri + 
=Ð 

LEiÞ Lþ¿ 6pil6 T 19 Ð 6 þ' ø /

IøI

'¿tø¿

tøÞ
I Piøê
øøi'

-5

5
1i

*
*
Jf
:*

*
*
*
*
*
*
*
*
*
*
Ð

i'o
/ Í-=ELÈ)F¿lx¿9¿6ø6?6';9'ø ' T-3cTÐ¿ø!-TcÞ9ÞÞË¿v)¿i."ø *
' T-iBþlþTÞ'.¿l¿¿¿era¿9'iJ ' I-=øÈTÊøaPl¿î':þósssó'ø +

' r-=9é9Tøó\-9Þ91¿ÈXÐÐ9'ø ' ø+=l6PIÐøAÞEôËËI¿g¿çl'ø *
't-atøÐ¿?Ë?¿øÞtE¿Ê¿¿ç'at ' ø+=!-';¿¿ølIÉËs¿ç¿rÉ91¿'ÈJ *
' Í -a¿T ÐzÐó¿søsË I ¿¿¿Ëç ',3 t f:t* a¿Lal vÞ69';ËLøl ¿¿¿¿' ø Jf

, ï -a|'Þ6pgtJ¿søq¿tâø¿Ðþ'ø r ø+38¿¿ÊÞe96'=¿e9þËJÞ¿t'Fl +

'T-3BspF¿éËp¿øaøËÉøî.Þ'ø ' ø+a'arL¿¿6Ð¿Ê6ø¿9øØ¿Ë.'ø ')É

' T-lgs tÈtÞg:Àø¿øþ¿t¿?gx'.ø ( ø+3?br9ê9Ðê¿6äøøøølþ'ø ìf
, T-3ø6ÐÐfL¿Eþ28¿éÞF6¿'ø ' *f+3¿,:8Ð¿ZftÈ.ç?¿¿Ei¿lÞÞ'ø lf
'T-3søóáEi¿Ðøþ6t¿Ðtr¿¿'ø ú ø+=Ðsq.?lirøø9¿¿Lt'iâçr"ø +
, T-jztË9çtt,T!-þ49g-9¿þÍ'ø r ø+3Ë¿Þ=9ËÐó¿¿¿þ9Ë.åÐÞ'Ei *
' ¿-3Éé6qtâ6âàÐþ'17Ei¿T9'øt ø+'3Ð9ÐlËÐ4ê6ø98êç¿6þ',ø / +

¿ii vLug
/ ï -3';¿þËS¿¿3Eitlç¿¿þè' 5

'f -=pi¿¿ÐTBÐréþË¿qptË¿þ' t T-aa¿f 7b¿¿E¿ø¿TøËrÉ ' t Pi=?þ6¿Çâ'¿tÈL¿TøÐ'xiþl'5
, f -=¿¿TøË¿6qöG¿ê¿sf'Ð " 'ø=ÉFSI?Ð¿Ð'¿Es,êËtpil¿¿ ' t i-l¿ÉÐÊ¿Ðøt'vé&¿éLþ¿'g

' ø3¿Ðf ¿1T ø¿¿¿f .gsósøt ' ' I - 39Ë¿? ? ¿¿¿?ËÐþþ T lE9 ' 'Pi=¿,Êf PiË¿¿l þø¿¿ø¿L¿t '5
, T-f¿619þ¿TþEEq¿é¿S¿þ " '¡83¿ËËIÉtóT Iø9STS¿lþ' 'T-39ÞóË¿f ó9ólcì¿î¿T TE'tË

t 
Eiaa¿q T 99t,; I T Ð¿s¿¿¿ þ ' I r -=¿þpi¿¿ÐEPiL6¿zF¿EË'Í " ' ki:i¿&þ¿e1Év ¿?ÞøPJ¿Þ éÞ 'g

,øaéxlø¿qpté¿¿sr¿Ëþ¿r''T-3Êgi=t't¿,;E¿Þ'ø¿?Tç¿7"'ø=.cJv¿¿Tó9¿ÐF¿9þ¿9rî'*
, 
øzøi øÉEi6áþóþ¿Ër ótÐ T ' 'ø=?É¿ËÊ T tiË I ¿Ê8s T øT ' | í¿3¿¿aøËsþ r ¿¿åÈË9cò¿ ' 5

, T-3Tf t¿9T ¿¿,t,grâxøøÐ''øaþt¿Êr¿é.Et¿ËîTséÞÐË' 'T-3gl¿6Ê9¿âé¿çrà?þr.Ê'#
,ø=Èþ¿Ii¿ËBrÐ¿FaËEi¿ËÞ ''T-ãþTésÈ¿Ë6TB?9¿EEI¿''ø3Ê9óçsË¿T¿-¡Ë'îièêÐÈþ'Øs
,øaþÞ9¿îLüç¿Tr¿F¿¿þ,t ' 'r-=g¡tçËTÊÐ6vógrLtþÞ¿ "€¡3Éf ëa6þÊ?ÈEÊËË9ÞÉr'iF

'Ei=gt¿7þqîi¿Ê7¿êqFT¿' 
i øa¿Èiióó¿g¿TeTËþs6r4T ' 'ø3¿¿TçêþT þ'¿¿Þ'ðLÒËx"5

VI.UC

B6Z
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DCr 35Ê J=þlP 
" 

NE r ?
Dli=GlG(J)',ÉBÌ:
CVAL=CVAL+QG (J+1 I * (CF {AX+DX) +CF (A)4-DX) }

35.ø CClt\¡T I ¡tuE
CVAL=CVAL*Ê)(
RETUEFI
EI'ID

c*lÉ*+fJ+Jflt*.!fJHÉ**lÉttJHf Jf*.Jç******tf ***JilHf***jilf tt**ìåJtJt*Jf**lt*JtJf JtJ+*#x*Ji'lt***JfJf**li***
c*****l+***Jç.ìil(ìHf lt**Jf*** suBR0ur r t¡E cGeB Jf #x9t**J+Jf ***li**ltif ',t***Jf *itJt********)
c *tç*J+Jf{.Jf t+.t+*JÉJf lÉ*J+-rf -{Ê**iÉ***lf ***** ìfJHçtf*Jt*tfJt**Jiltlt***JÊ**JÊ**J+*Jf*****lttÉJt*tÊ*JÊJÊ**l

SUBRCIUT I t'lE CGGIE { CF r XL , }'iU, fl r CVAL )

PERFtrRM5ì II..ITEGRATIAFI CIF A FUI'¡CTlO¡I CtF A:a.INGLE VARlAFLE

BY GAUSSIAI.¡ QUAÐRATURE.

l.

c
c

c
c
c

C

C

C

a

[rl =

CF

)(L =
XU=
CVAL

ORDER CF GUAssIA}.¡ QUADRATURE APFRO){]T'IATlOI'¡. VALUË FIA'T' EE OI\

(1.114'G.1ø'12.1óls?).IFN=I.CGGIBPERF|IRÌ'ISAG¡IE-FCIINT
RECTAI'IGULAR RULE INTEGRATIflN.

EXTERÌ.IALLY SUFPLIED FUI.ICTION' . ' . ÞlUST BE FUI.ICTITN GF OI.IE

VARIABLE FOR CEGl '
LOWER BOUND GF VARIAFLE
UPPER BCUh¡D GF VARIABLE
= RESULT I F¡G VALUE CIF THE I NTEGRAT I Crl'l

bIOTE: CF I'IUST BE LISTED IN AIJ E)':TERÞIAL STATEI'IE¡IT lFI THE

CALLING RCìUTINE

DIMENSIûNl G1(5?) 'ci?(24) 'G3(32) ING(3) '1.13(8) 'QG(løa)
EGUIVALEFICE (c-rl(1),QG(1) ) ' 

(42(1) rGlG(=3) ) ' 
(cì3(1) 

'GG(77) 
)

DATA A1
lF / .?aaé?=1 J45?44 Lzea?Eø'ø, _=Eø l .41Ø5ói-t==79?ø?ð?98ø,
6 . t ?39 ?7 4 ??= öA7 ? 693E1-1 | . L å9 ?9 ø5? t7 9 ?4 ?8 t f Eø,' 3? õø? ?=7 7 43 t ?7 3ø7 Eø'

6 ø . 4Aø L 44??A?447ó3 t?Eø r. 5øé I 42641 45 I A8 I f,øE- 1' . 39835323A?ø 6e1 337Eø r

$ . 1 I I 1 9 ç15 1 7 ?.?ó ãA? ?4Eø . . ?6?7 6a7ø4 95-q L ë4 498ø' . 1 5 ó3=3 37?9 3A9 43 648ø'
ç.91?173?l ?47.J?4eøE- 1, . 1S134 LAgL6As l.q.ø??Eø. .43ó953?Ò4"38=?58óECt'
s.33335é?2154=44ø78-1,.432531ó8f344492"=EC{}.?47?-137437-¿29Ø3E-1'
4 . 33?7 !.1 4? e4 1 4 

" 
6 L ?2É(1. . 1 ø9 5 4 3 l,? 1 2-:7 ? e L ø?Eø. . ? 1 ó ó e 7 ó ?7 ø 6 4 Ô2= ëEø 1

*.1f4ó3335?ó549s?-13E?..744-.7716ç49øgi5óø5E_1,.14?75?i12f,5737ó44Eç1,
çt!,4"ø??g3171?f359ó3Eø..i35373691'9f,2559t4E-11.4=-,?ø=Bó231852374=Eø,
fF.5f4ó9ó 62997¿=92 l5E- 1. .=,-d495L337ø?715234Eç!r .eøø39!é4?7tó73118-1'
c¿. 293 êa???7 t 433øe? 28 ø, . 1 çt !5337 1 33ó 1 =3"?óEO. 

. i a3? I=? 4? 4? 9 ø9 ø LøEø'

6,1.tÈ?46?É","É9t??4ç18ø, ,62é1 ó7ø425573445.3E-1, .1243733??9ç!ó7øI39Eø,
5.49Q7ØØ46?.19=(<?497:E-ø,,1357ó2??7øAA?7ø478-L,.47??A7511'=3óóIâ2?Eøt
s.3I12ó761 9ó93-394óE-l , .4323 15éØt1 9391A?'78ør.',1 .1=-'79?=5441?4óf,9?E-L '
+,.3?7?ø:12ø4177=ø1 5?Eø. . ó23.!,44e5ó27"êâ?=''¿1r-- 1. .3ø3?3?L'22aøI37 187Êø'

* . 7 47 9 7 ? ? 4 4 g?? a,af : E - I t . ??" øøa=aaa?-d 61 3 ó9 Eø I - ? 4'r7 8?=9 É9? 
=ø 

L27 E - I,
6 . L 4ø2ø t7"==?e &?9 4 3Eø. . I 1 3ø l?t17=2 ?4 6 L? 9E- L, . 47 

=ø 
Þ?549 t3.d t-ó7 ?øE - t,

s. 94725Sø=?2-7=a4 25E- 1 t
DATA GI'

s
*
*
+
*
+
+
*
*
+

I ø . 49?=93óç19??G= løói-rE+ã
ø.487=,642??9rta63'115Ê+Ø !

ø.469 t3?"7âøø 1f,óó=aE+cr r

ø.443?ø77633ø2?øø5?E+ø,
ø.A!(1øøç!99?98á9=14äE+ø'
ø.37Øø62ø957A???7t38+ø r

ø.3?4ø4êe259ó3437788+ø'
ø . ???7 tl4?3=,3944 t?778+q ,

ø.?lÉ,3?â,?=381=ø?7578+ç1 r

,ø. 6 L7g6 IQC;99??3=?91E-"'
ø. I47o=6?4=i4466sf,28- I 

'
ø . ??L3A7 L?4ø'¿7ø99ø38- L ,

ø. 29ð4??924Í177 LA39øE- I t

ø.3È87324ø7ø=3.qø153E'-l r

ø . 43ø?-rç-t?ø? ó397 6ó33E - I'
:3 " 4=,?L193?éø52ø=69448- I ,

ø.=3???135ø5798?Al7E- t t

ç1 .=??32334ø26Êó?3ø1E- l' ,

ø. 6øC.{3=7364 63?At L6? ó.=- r,
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3-lj:lvIUVA Jrl Ch¡nOrI HSllrl-l

'I9t93 ìJtfJ 3ISVIHVA
3f.¡Ð JD NDIlf,Nnl 3E ISflH' ' ' 'l.lÐiIf,NnJ C3I-lJCflS .r.-l-']Vl'ld3li{3

' l'ID Il- Ð3lhl I f -ln¿l ¿JU-lt-15Ì.M3rU
rNrod-f NÐ y 5t{uDiH3d f,ÐÐf i=Ì.¡ Jr ' (¿lr9 r j¿T rør úÊ'Þ t¿'r )

l.lD 3t 
^VlJ 

3n-rVA 'NÐMl^,¡ IXOUdJH =ìln1VìlOVncr l.,MSSVfiÐ -rO äfûUO

i i -AÐøâ\-9t¿';¿þ'øø¿¿ÐÞ' ø
' T -=¡rfËþ¿':-çó\:øø?!ò T Ð¿Þ' í]
' r-3tB¿zÐÞçJÞegéT¿¿¿9v' ø
' T -3¿t'é TÐÐ¿þç'é94?EEËþ 'ø
' T -=9.u1é Iø3¿.',j-ç9Þ ø9¿g\=Þ' Ð
I r -3Ð¿t:; ¿Þtt r¿q êEt?T!"È
' T *StcrEtËsÉË¿t49EkJái' Ð

' T-=rÈ¿þ2,þv'Åø¿ÉÈ¿¿Í?t' B

' f -=t¿àøÊTÐeËT ï T T T 4¿Ë.'F¡
' 1 -=Þ¿¿¿9¿6t ¿9þPi¿ÞË.b¿' þJ

' T -f eÐøÐE T T s9å¿ þJâáþ'J¿' ø
' T-=ø'Þ.itT T T t,ÐóÞ¿¿-t þÍ ê' Ð

' T -=¿r¿øTËFçÞTE4P!- I ¿T 'ß
' T -=øË.ø TËFÞË9¿r ø9Ê?¿T ' Ð

' ¿-=øqsE¿ËÞË9t¿éT¿g I I =,r'i

' ¿-=tÐÞøËË¿þøiasør¿øËt'ø

/ T -AÐ¿ø9¿tt¿9¿úøó?Ét?'ø
' T-=ÐÞrÞTþg¿Ta¿¿sTó¿9'ø

NX3
,ì

J
f,

f,
3
3
3

j

J3

t.l

'3ìJnruuqunÐ t'.tvrs5nuÐ 
^g f-ltvruvA 3t5!.irs u :iD NDrtf,htnJ v lo r'¡orrvd931t.JI Fll^turll¡lfd

( -.lvAS'l.l'n){'-l:(' J3) 3u93 3l'ir1rlüdarl9

.)É*********J(l(lf **{'{ iÉ*JÉ*-iFI X* i+ x*** ifJf *'Jfiiif*lf{-*-r******ii****')É***Jú* if )É***1i*******l
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Ol..¡3

l{dn1f u
Xã*-1UA f =.] uñ3

3nh.l III'¡D3 i¿ÊS
( (:,1C-:,{V) l3+ (XCi+>(V) lf, ) * ( T +f ) ÐÐ+-lVrl3=IVAJ

i<A-F(f)ÐD=)iO
¿ 'll{ t ¿l.l=c ÐÈ! ¡'J

'Ø=lUl\f,
li{ - nX=XE

( -l){ + nX ) *E ' rl =l{V
I -ht+¿l,l=fl.l

( -'l ) Sl{=di{
3nl'l I 'Nûf,

I'l¿Jtlj-3U
( 
-rX-n)( ) + (><V i Jf,=-'lVAf,

( lx+n)''i ) *Ë'Ø=l'(u
r{ànr3ä

.'gI' .= dfI3l^lVUVd ÐhlI-l-lVJ ø. )1VþJãOJ
l.,l (gøô'g)=rt¡t4

SnMIl'l[t 3

røs or ÐÐ ( (-l)Ðl.r'03'r.!)lI
E'T=-l øøÊ ÐC

þ:.øg Ol OÐ (f 'Ð3' h¡)lI
/ ¿¿ | Ë,2 t ¿Ë 

t 
E¿ ' q T '¿ 

t i: t i / Ëî'¡

' /¿Ë.t þ¿ i9T t¿r tËÌ dg rÞ r¿lÐl'l i

' i-=gçté"ÈtÞÐ¿ËÐËgîÞ¿'ø
tr,.. JÐ=LéÖL I éLþþO=LLLL P

' Ei+3ÞçgPø?EI rÐ9q'ÞPéï T'ø
' Èi+2Zgt:F,tIþïiøEþ1'ÞÊ?T'g
' çi*=¿9¿ T sË?,aË 
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IF(F¡.EE.NG¡(L)} GT TÛ 3øi
CONTINUE

(,JRrTE{5r?.ø5t N
FCIRMAT {'ø CALLING FARAÞIETER =' , f S¡ ' INTEGRATICìFI t.¡CrT pGSSf FLE, /./ )
RETURN
AX=Ø. 5tÉ (XU+.XL )

CVAL=CF(AX)*{XU-XL)
RETURl\I
COTJT I ¡¡UE
NP=ttlS ( L )
NE=NF+l,l- I
AX=Ø.5* ( XU+XL )

BX=XU-XL
CVAL=Ø.
D0 35ø J=NP r t'lE, z
DX=QG{J)*BX
CVAL=CVAL+QG ( J+ 1 ) * (CF (AX+D,.( ) +CF {A)(*DX) )

COFITI FIUE

CVAL=CVAL*BX
RETURf.I
E¡¡D
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cJç'lf*x'l{'JtJttt*JtlÉ*iÊ*J(Jt*'lÉ'líJÊ+lf**ir**lÉJÉllJÊFRËQ. FORtËJÉtÍ*lÉ****JÊ**ìt***tÈ*JíJf*JÉ****tÊJ+*1f.,É*
C CALCULATICìN EIF FREC+UENCY ÊET{^JEEN EUÊBLE AND EÞ1ULSICìN PHASE P/A

I}] MENSI GN Z { 11 )

TYPEJiT' ENTER DELU'
READJÉ, DELU
TYPE*'' ENTER DÊø 7

REAEjÉr DBø
Z(l)=5.
7 t.El =tØ,
7(3)=2Ø"
7 t4l =3Ø.
Z (5 ) =4Ø.
Z1â1=3Ø.
f{7}=ó.Ø.
z 1q+,¡ =7Ø.
Z(9)=BØ.
7- ( iØl =?Ø,
Z(t1t=LØØ.
Dn 1ø I=1.11
il=?(T!
l\ = (H**(ø.6r, /(S.*A.?)
B = 22, ?é*SQRT (DBø) /€. ?
C = HiÉ* (ø, ?l /B.z
D = SGRT t??.26*SQRT (DF.ø) ) / 1e.. ?*SGRT (A, Z) )

E = H*tÉ (ø.2) *S6IRT (e.Z/ (?Z. Zó*SeRf (DBø) ) )
F = (DELUjÍS..ìt(A-B*(C-D*ATAhl(E) ) ) ) /H
URITE 161 Lgøø ) Fr DELU, Hr DBø

tøøø FORMAT (Xr' F=, rFg .3r,\: r' DELU=', F?. j t ):,, ¡=' . F7. S, Xr, DFØ=, t Fg. S )tø co¡rTIf¡LrE
STOP
END
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c***ìû**JÊ********Jllt****Jf*Jf*iÊ*.{-**JÉ**ApGt . FcrR*******)tìF+JÊJF*r$ltjt*Jt*****tÉ**lÊ****
C CÍ\LCULATICIN CF FREÑUENCY P/

DIMET'ISIÚN U(1?}
T'¡'PE*r' EI.¡TER BED HEIGHT (cm) ,

READIÊ, f H
U { 1) =1.
llt?l=E

U(3)=1Ø.
U {41 =2Ø.
U{3}=?5,
U(é)=4Ø.
U(7)=5Ø.
U (€) =éØ.
tJ\ÇI=7Ø.
U ( 1.Ø) =8.Ø.
U ( 1 1 ) =9.Ø.
U I t/l =tØØ '
DO 1Ø l=1 

^ 
l2

ÐELU=U { f )

DBØ=Ø . øøÅ? 6* ( DELUJí*Z, )

A=5*DELU
B=H*J(Ø,6/ (3.*e,?)
C=?2. 2ó*5ORT (DBø) / A. ?
D=H*:YØ. ?/e".?
E={SQRT (?2.?6*3ORT (DFø', ) ) / ( 3.Z*SGRT (Ê.2) )

1 *ATAN (H**ø.zìTSORT (A,?/ (?2.zótfSART(DBø) ) ) )

F=All{B-Ct(D-E) ) /H
t^JRITE (6, tøøø ) F, DELU, H

I I.JRÏTE \? , Tøøø ) F . DELU. H

I l/JEITE( Ti.TøøL )F.DELU
Iøøø FOF|'|AT().i.'F=',F9.5r5,"ir'DELLI=' rF7.2r5¡:r'H=' rFg.5)
111øl FoR¡'tAT ( )l . F9,5" )4. F7.2)
Lø CCNT]T.IUE

STOP
EFID
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PROGRAMNAME: DVCOMB.FOR

SYSTEM: IBM-XT MS-DOS (Microsoft FORTRAN 4.0)

COMMENTS

This program calculates the coupled drying and devolatilization cha¡acteristics of a single

coal particle under combustion conditions. Drying is modelled from the transient drying

model using a moving wet core radius. The computed temperature prof,rles are used to

determine the devolatilization behaviour of the coal particle. Devolatilization is modelled

using the DAE model as developed by Anthony and Howard. It is assumed ignition takes

place when 5Vo of volatiles are released. The flame temperature is calculated using a

modified Shwab-Zeldovic approach to the fuel droplet problem. The drying time is

adjusted for combustion conditions. After drying is completed, the temperature profile (at

the end of drying) is used as an initial condition in the transient heat conduction equation

with a convective boundary condition. The temperature profrles computed a¡e used to

characterize the devolatilization behaviour. The numerical integrations are performed

using a Gaussian quadrature procedure (subroutine CGQA). The program is interactive

and the input parameters ¿ì¡e asked when running the program.
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t' 3l',il-ll -lUh¡U=IX=

I3ì{n-J -luNiJSrX 3
gt-rt'l j g:{ 'Ð>} ìV=ä

¿ : 
=ÐUH'JIS $

5Ì'Jù i.r- iGi\¡ü3 Trìi-r IlSi-ltt.lÐ;; Ufgi-jn :1f, ilUVcj r-VEf, J
3-lÐN I S U =iO NO I.I-UZ Ì l i IU-ltArC tll*lV Shi i.rric üf -l¿ifiü3 3L1J t{l^i?UstrHÉí NUilIilDi f, +åÊ*+JfJÊ***+JËJ+jrr+i**JÉ-X.*rÁ,**.I-**ìÉiÉ*JrJÉ+¡,rÐj,rf tdùtrAOJÉ****jÊ*++l+JÊ*lÉ***tÊ****.)fåË.FJË;É*JÊ**J

809
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t=ø BIR=BI /2"
FIF=2.*BI
BIFR=BIF/?.
Pf=3,1415?

C CALCULATION OF RNOTS
CALL BTTC (BIR}
DÐ I I=1.8

!. D(T)=DVAL(I)
C IþITEGRATIBN BOUI.IDARIES

I ir.lD=.Ø

XU I =RF
ItlGl=1?
f.iG2= 1 2
I'IGS= I ?
XL?=EØ - S,JtSIGÞ1A
Y,U?=EØ + S,liSIGt'lA
)lL3=Ø. Ø

C PHYSICAL PARAT'IETER$
TE=373. f{
pW=1,
FSW=PW./ PS
Tfrf=2Gi,
RLAT=J7Ø. Ø
FLAT=RLAT+ (TE-îølX ( 1.ø+ (CP/Cl¿t j
P=RLAT*C ø / Cp

C OUTPUT
OPEi'¡ (UtrtIT=óØ. FILE=' OLTTpUT. ÐAT' )

t^lRITE (*t?øø=l
tdR I TE ( 6ø .2øø=)
t",RITE <*r2øøI)
f^JR I TE ( êø ;7øø I I

2øøI FOFI'tAT( Iø}I ,'PHI,SIcAL PR0FERTItr!; oF THE coAL,)
t^JPITE (X 

^2t1ø2 ) CP, ALPA
UTRITE (6ø r?øø2 ) CP, ALPA

2øø? FORMAT(?X,'SPECIFIC HEAT ='!F=,1,'CAL/G DEGREE t-i'.5).:.'TTJERÞtAu DIFIFLISIVITy = ,,FS.Jr'gG! . I,lFf/SEc, )

I¡,RITE(*,?øø3)P5.RP
t^rR I TE ( éø, ?øø3,) P3, ÊP

2øø3 FORMAT (?>:r' DE¡l3ITy SCTLID=' . F5,lr 
=).: 

. ,F,AÊTICLË RADIUS =, ,F?.4. ,HÞt,)
UTPITE (*r2øø4)CØ
t^,PITË (6ø.2øø4lCçr

?Eø4 FORT'IAT(2).i .'II.,IITIAL ÞIoI:iTLIRE cnN]TEI..JT oF TI-.iE CQAL:,,I].4,,G FIC¡ ISTU
1EE/G DRY COAL')

WFITE (*,2øØ?)TF
IJRITE (êØr?fJØr=)f F

"øø3 FORÞ|AT{z)'l:'FLAÌ'tE TEÞ.IFEFATLTQE =' rF1ø.f,.'DEGFEË i.i, l
t4PrTE (*t2øø=)
UJRITE (Éø 1?øøat

?øø= troRÞtAT t.?.\.:.. ,

1---- ')
UJRITE (Xr?øøó,)
t^JRITE (óø1?øøé,)

aøø6 FOPÞlAT ( 5)<. ' SYSTEÞt ppnpERT I E:: ' )

I¿,RITE (*]2øø7 ) BI, TA
h,RITE (6ø,2øø1 ) EI . TA

?øø? FORÞlAT t?:'i¡'HEAT--TFIANISFER BICrT ¡lO. =',F!Ø.3,F).tr'BED/AilFIENI TE¡FER
IATURE = ' r F1ø. 3, ' DEGREE k' )

t^TRITE (*r?øØ=)
|^,RrrE (éø r2øø=,)
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TRIAL AI'ID ERROR PROCËDURE FGR CALCUI-ATIC}.¡ CF DRYIIlG TIT'lE TAU UI.{DER
FYROLYSIS CTh¡D]TIO¡IS

NE=0
IF ( BL LT. =øøç1) THEfI

TAUS= (2. /S " +EL / t.l / \ TA-TE)
TAUâ=TAl-lî+RFJtRP*F / ( ALPA*E I )

CALL TTRCAL (EI. TAUS. TATTE.F. TC! 5El TDPHIl rl.¡ËTALFA.RP)
TTR=TC I
FVAL=ß 1

ÐR=DPHI 1

TDE\,=TTRìÊTAU5
TALI I =TAUi¡

=L5E
Elrlht=_qØ€fØ, .Ø

NE= I
TAUSL=RPJÊRP*F / (â.X' (TA-TE) *'ALFA)
CALL TTRCiI,L (EMN! TAtJSL. TAT TE. F. TC2. F2, DFHI?. I.JEI ALPA, FiP)
TAU2=TC2*TAU-ciL
TTP=TC2
BVAL=FZ
DR=DPH I 2
T Ð Fl' = 

-l- T R JtT 11 Lr 3-: L
Et.ID I F:

f,jR j-iE t,+ 1?.q=44 I

i.to-fet4a 141-ã\
^. 

:,LrLE/r¿-r/-!:."

FOFÞ1AT(?>i .'CHEI'l ICAL i'iI¡¡ETiC FqRAÞIETER:i CrF THE CCAL')
uiE i TE ( *- 1?ØÇ:14 )

|lRiTE ( 6ø. ?øø=)
t,JPI TS (.'+, 

"s-Ìø) Eø. 5rGFIA
l¡jPI TE ( Éø. ?çJ3ø ) Eø, 3 I CìÞ1A

¡:ORMAT(?>: .'ÞlEAf.¡ ACTIVATIO¡¡ E¡lEf-jG\'='.E15.5.'|...J/ I'ÍOL'.5>i. ''rTAÍ'JDAFiD D

I EVIATIOII=' . E1 5. 5,' l.l-'r /¡,lCtL' )

u,P I TE t,+ , ?øø= )

t^JP I TE ( 6ø ,2øø= )

t,PITE(*.?ø.1ø)TDR'í
rrjPITE t êc!,?ø4ø ) TDR'r',

F¡Rl"lAT(?>'.,' T¡TAL DRYI¡iG TIÞtE PÌ'FCrl-YsI:; COl.lD,=',E15.5.'l-EC')
i^JFITE (* )?øç1=)
h,PITE (êø,?øø3\
frÊITE (*,?tztLø)
|rJRITE(6øt2ç!Løt

añ-ã

-ã=1

?(14ø

c
êtø

I løtv

C OI'IT I ¡IUE
t'PITEI*,tl14ø)
WRITE (ðç1 ,ILøøl
FORhJAT (?),i.''Jì'AGE Í / fÍ,
I FLAG I =Ø
ADS = Ø..Ø
hil¡J=Ø

DO lø l=7: LØØ
Tl,l=PTÞl* (.FLCAT ( I -l ) )

TÞlDR=TÞl / TDR'i
I t.j= I
T I =Tl'l

DR'r'I f'JG AIID DEV¡LATÍLiZATINN')

iF (AD5.GE. ø.ø5) GOTO 111
CALI I,JETTÈÞI (T1. II^')
DTH=TÞl / TAUS
I F ( T 1 , LT - ç!. ø . OE . T 1 . GT . I . ø J 1 L=Ø . Ø



3Sr,-tVJ-=Sfldj- J
J I Ol.¡l

J f Hdi=lìJG
T V=:I..IVAB
Jf,1=lìlIJ-

( 3rH,Jr'J31 ,dil I
'lu'ud-lvtf,,l¡ìvr'l,.l,f ,vr,ÐIr,drÐr¡icjr,ÐrrurN.Jtrlrrlr)ot^uc -llv3

I I I + l¿lIl* 35ñU1 =3Sn V.L
( IHJ.ü-' I ) * (Vd-lV* (=I-lI) rf ' 9 ) /Nd*'¿**d¿J=JgtìV.J-

'Øþ92='t\ã,
' PiEilJ,3=l,l !8,

I = I3l'l
35-13

3 I Hdi=lUC
I V=-i-lVAt
l3j.=lUl-I

(JrHdr'-J3t-'dd i
'Ivtv..JlbrtJ::nvltrãtvi,ÐIr,JrÐrHd.,l_,grrvr.JrÈr31 r:r)3r,,,.dû -j-lvJ

gl-tv1/ J9nVr=Jjt-lU*
ÐII+ ( IHfC- 'f ) *3SnV1=J9¡-rVr

( _J I t*VdtV ) / I{dJË' ¿JÊ*dÐ+f, Snvr=iSfrUr_
(31--JI\ / (' 9,zlIt'' l/' ¿) =?SF|V^

I'JfHI ('øçiø9'l--l' lit) li
Ð=I3l,l

d f / l{øf +hi.l- V lë =trtd
( (hl!)J / ¿J, +çi' T ) * ( ÐL-=t) +'LVlU-htiV-là

'Ð1.È=l-V-.làl

Ø3=f.llÐf,
---Nrlr.trghiDf, I'lDr1:fn.fi.lù3 ìJrfl fl{IJ- ShtL\¿lg lÐ 1.1ùr13=¿lEo3 3

T=TÐV-lJI
(,r'.r,lrr'lngl{Df ol,,lv '-1ÐA30'ÐNi.\uü *rrr fÐvr-5.,:,{¿)rvr^,|ìicrj øø¿f

(øø¿l'ø9¡ 
=..1_IU¡nì (Piø¿T'*) 
=IIUrvl ti? rllÐÐ (T 'Er3'IÐU-.'lI) -JI

(tll).lVAg = (t\¡I)t f
ËÉl=l.li ¿ üt

(äJIt) Sj-It t-'tvJ
SIOOU lO t,.¡ÐIJ_v-lnf,-luf, 3

I =l'llrl
('| / 'T ) if*t{f Hd=ÐItJdI

=-l-+ 
( (ÐiHdÈ-'r ) *it+ÐrHJS*'z, / (ÐrHd:-'T ) *rri* (gr-vi) =Ðrsi_

( (ÐrHJ:j-' T )*rE+ÐrHJSiÉ'¿) / rt* (fr-vr)rfSrHcs=Ðrru
(:tu-rlI rÐIHd:l t Ig'IHj-c) -lvf rllc -llui

.gllVJ-/Ðil=IHJ-c
IIIIU-l{I=Ðfl

=uhlIl-htcìi TiT
3

3t]t'tllhi¡fi øT
¿ç' rtr_og (¿ø ' pj '=l ' t{ I HJ } J I

(Ë'ETr'xgtË'ËT3.)<g*Þ,ÈTJtx¿)rvlÄ¡¿iÐJ TTø¿
gNV st{rHd ÉLIr (f tø¿ *øp) 

=J_rufi st,¡v jldrHd rl{i- tTT'¡l¿ t*) frrÐit
ShiU-Et-' T =SGV

( ( 'Ëlf+d¡J) /SNVlfø'Ë) + (l{IHd} =9lrtV
(.sf-ìrrvlÐA,'N,iJ'l '.3unlsioid. íxøT i. (s33glfl.lrr.'i(glrvi¡IEBJ ø,IEi¿

(si{v'r TÐt{ { inx. r-l),(, rf,NnJ) vt!Ð3 -]-.lv3

l{J=É¡lX
f,H= I -ll''i

' Ë** I J=ll| I Hd
T lìfdU=:lii

TIT
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9øør
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5ø
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TAIJCCiFI=TAUSC
ÐRYIT\IG TII'IE UT'I]]ER COFIFUSTIOT.I CCII'IDÏTIONIS
TDRYC=TTEFJT ( TAUSC -T T G ) +TIG

i.rRITE (X j9øøt ) TDR'f'C
I,JRITË (áø.?øøL ) TDÊYC
TDRY=TÐRÌ.C

FfiRÌ,lAT (2,\: ,'TGTAL DR.f'ING TII'lE COI'IB. COI'jD.= 'rE15.5.'
C GFiT i NUE
t¡JRITE {Jf.*l' EFITER TII'.lE I¡JTERVAL RTI'l?'
READ(itãJf)RTM2
Itlt^l= 1

DO 5.ø I=2.5Ø
TM=TIG+RTMz'lf (FLOAT ( I -1 ) )

T 1=Tlv1

Il¿=1
IF (Tl'l .GT. TDR.í'C) GCTTO f,?
cALL h'ETCCìM(T1,IW)
DTH=Tltl /TAUS

IF (T1. LT.ø. ø. OR. Tl . GT. 1.ø) 1 t=Ø.Ø
RE=RP*T1
)iL1 = RE
XUI = RP
)(Uf, = Tl'1

CALL CGCIA (FUNC1, >iL1. )(Ul. t\lGl. At'.lS)
PHIM = (T1**f. )

ANS=(PHII'l) + (3.øltA¡ls/ (RPlf*3, ) )

ADS= 1 . ø-AhlS
WEITE (+,2øt 1) Tl'l . PHIl,'l . A¡¡S
UJRITE (éø t2øt L ) Tl'{. PHIf'l , AflS

IF (PHIÞI .LE. ø.ø?) GOTCI 32
CO¡¡T I I.IUE
XLL=Ø. Ø

XU I =RP
tJR r TE ( *, 13ø.ø )

|¿JRITE (6ø, L3øøt
FORMAT (7><,'STAGE IVr DEVOLATILIZATIO¡¡ Al'!D COI'1ÊUSTICrtl'
rúJPITE(*,*)' EIITER Til'lE INTERVAL RTÌ'.l3'
REAÐ(JÉ.*)RTÞ1f,
DO ?ø 7=7,8Ç4
TTÞt=RTÞtl*FLOAT(l-1 ) r. TH
)(Uf,=TTl"1 - TFI

cALL CGAA (FUt'tC4. XLl . ):Ul . NGl . ANS)
FH I ¡'1=.Ø. fr
AitlS=f .ø*A¡lS/ (RP**3. )

ADS=1.ø-Af'lS
IiJPITE (X,?øL 1) TTFI . PHII't. ADS
f¿JP I TE l6ø r 2ø 11 ) TTI'1 . FH I Þl r ADS
IF (ANS .LE. ø.ø2) GOTO 3¡
C ot'lr I hlUE
STOP
E¡ID

ÊEC',

)

c
FUÌ.ICTIO¡l FUI.¡C I ( R )

EXTERI'IAL FU¡¡C3
DIME¡|SIONt D (5), DVAL (5)

colìlFloN/ABC/ TArTørRP,ALPA.Eø.SIGÞlA!prr).:L2r).iU?.,";L3,).:U3rRDUF1 ,EDLtÞl ,TF
CC¡MFION/ Il.:AC / NGZ r f\lc3, Il.lD, CP ,Cø r TE, P l F3, BI r TDRì', EVAL, DR, TFt , TTR, RE
CGMMON/FGH/ D. SPHICi
COMITION/GH/ TTlrl, AD:-, BfF. TAUS, DFHI. FVALF, DRtrr TTRFr f'lhJ, TPHIGT TAUCOI'l
COI'lMOl'¡/EIOT/DVAL
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RÐUÞ1=R

CALI_ CCìGB ( FUNC2 . ÌiLZ r )<UZ. t\tG?. AN:{Z )
FUhIC 1=ANSZ*E*R
RETURN
EFIÐ

FUi.¡CTINI.i FUFiC2 ( E}
EXTER¡IAL FUI.IC3
DI|IIEIISIOi\¡ D (5) - DVAL (5 )

cflltf lìlcti\¡,/ABC /
COMMOI'I/ IHAC /
CCIHFINN/ FGH /
cfìÞlt'lßN/GH'/ TTI'1 

' 
ADS. BrF. TALlsr DFHr: EVALF, ÐRF. TTRF, Ntr. ïFHrGr TAUcoÞl

C Ol'll'!Ohl./ F I O T / D{"/AL
EDUM=E
cALL. CGGTC I FUNC¡ o )iL3. XUf,. NG3. A¡is3 )
A:AltiSS*1. é781f,
IF(A.GT.óø)GCi TCr tl
A=EXP ( -A )

Gí-¡ Tn t2

A=fl "|7
FE=EliP ( (- (E-Eø)*.tÉ2. ) / (Z.JÉ(SIGI,|AjÉ*2. ) ) )
FE=FE./ (5IGt'lAJfSART (2. ø*pI ) )
FUNC2=FE*A.
RETUPI'.I
EhID

FU¡ICT JONI FLII.JCf ( T )

DIÌ'lE¡lËIO¡l D (E ), DVAL (5)
col'lMo¡l'/AFc / TAt Tø. RF r ALPA. Eø. GIGIìl4. Pr. ),:Lz. xu?. ).iLf, r,"iu3, RDUÌ,r, EDUÞt, TFCDI'tÞtO¡l / I!{.AC / h¡GZ. ¡1G3, IND. CF, Cør TEr p, pS, BI r TDRY. EVAL, DR, Tt,l , TTR, RECOI'tÞlOf.J /FGH/ D. CpHIG
coMl'to¡'l /GH/ TT¡l'ADS.FTF.TAUS.DpHi'BVALF.DRF.TTRFT¡¡u,rTFHrcìrTAUccrFr
C Otll'tOhl ./ F I OT / DVA t_

Il¡l=Ø
l=TÞt

lF (NLJ .EO. ø) THEN
cALL tJE-r1EÌ,l (T! I(.r)

ELSE
CALL t.JETCOÞI (T. II,J)

EI.JD I F
IF ( Jl'lD. EGl. 1 ) T=TA
?T=B. 315E-øf,
trUlrlCl= ( EDLTF| ./ ( RTJfT ) l
IF(trLrh¡cf.GT.óø) c.icr To ?ø
FU¡lCf, =E):P ( -FLt¡lC S )

CiO TO 2l
FU¡IC3=Ø. Ø

RETURI'l
EtlÐ

1 A, T ø, RP, ALFA r E€t r S I GFIA r F I r liL?, >iU? r XLS, ){US r RDUl,f . ËÐUÞ1. TF
l'¡GZ ' NGS ' r I'lD r cF ' cø t TE . P r PS r B r r TDR' r EVAL , DR. TÞr , TTR ! RED.SPHIG

11
L"

c
C

?ø
?1

c ***t(*JÉ+{'****JÊ*****',É**JÉ***JtiÊ******Jt*****tF**{-{-* ***********J( *******i( J( *** **.c******JÊ***********Jt*ll suEROUrr¡lE cGoA -'flÊìfrÉ****ï*******Jt*Ì..,t.tÉJt*tÉ****lt****.
c**Jç************JÉ*'l+JÉ+**lÉ******Jf **+Ê***)ûxJf *** JÉ***lÉ*JÉ*Jt****.if JÉ*Jt*.,fJÉ,Ê**lf **lt**.c

I
SUFROUT I ¡lE CGGA ( CF. >iL . ).íLt. ¡t, CVAL )
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PHI ST=DFHI

CALCULATION CIF THE CUFTC DR\'1|\.IG EGIUATTÙI.I

A?=BVAL
E={TE+P)./?.
B=FHf STJÊF I* ( TA-TE )

B=F./ ( 12,.ø* 17. ø*PHIST+BrtÊ ( 1. ø-PHIST) ) )

C= { TE+5. .ø*TS } / l?. ø
D1={TE+TS} /4.
F= {PHISTJtJ(Z. - I. I / IDR*DR-1,.ø)
G=D 1 -E-B
H=C-E-D1
R=E-C+E-A?)ÊF
PO:€r" 5
hl=.Ø

FDRy=EJÉpO.tf*S . +GJfpOjf*z . + H{.pO + R

DFDRY=3. lËB*PO*JÊZ. +?. *GtfPO+H
Pltl=PO - FDRY / DFDRY
IF (PN. GE.ø.çt. AtlD. Pf\l. LE. 1.ø. AND. AÊS(FN-PO)

I GOTCì 15
l.l=N + 1

IF (¡¡. GT.7øø ) GOTO 14
PO=Pl.l
GCÌTO "5
I FLAG=.Ø
GOTO 1 ó

.LE.ø.øø=t

CALCLILATION OF TET'IPERATURE (TRAÍ\¡SIEI\IT AND P,5.S I'IODELS)

I FLAG= I
GOTO L6

IF (Il¡, ,EA. 1) GOTO L7
GOTO 1A
T I =Pltl
GÚTO L9
RW=RDUl'l / RP
PHI= (RtJ-PN) / ( l. ø-Pl'l)

AS= ( I . ø-P¡¡) *PHIST*BI* ( TA-TE)
AS=45/(2.*PHIST + BI*(1.ø - PHIST))

T1=TE+ (TS-TE ) * (?. ø*PHI -PHIJTPHI ) +A3]f (PHI TPHI -PHI )

IF (T1.LE.TE)Tl = 1Ø
RETUR¡I
END

SUFROLITII.¡E PHICAL IS BASED O¡¡ THE PSEUD{] STEADÌ, STATE FILìDÊL

SUBROUTINE PHICAL (THETA. 8I, PHI. IFLAG)
PO=Ø. 5
FP= (3.+Bt/ (BI+4, ) )*PO*PO- ( (BI-?.') / (FI+4. ) )*?.*PO*PO*pg+THETA- r.ø
DFP=(3.*BI/ (BI+4.) lX?.*PO- ( (FI-2. ) / (BI+4. ) )*ó.*POltPO
Plr,=FO-FP / DFP
IF (PFl.GE.ø.ø. AND.ABS(PN-PO) . LT. ø.øø1, )GCr TO 3C{

PO=Pl.l
GO TO ?ø
IF (PN.LE.ø.Ø) fFLAG=1
IF (P¡¡.L8.ø. ø) GO TO 4ø
fFLAG=Ø
PH I =Pltl
RETURN

c
c
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c
c
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c

C

EIID

THIS SUEROUTINE CALCULATES THE ÐRYIÌ'¡G TIME RATICT ßET{4IEEN TRANSIENT
A¡ID PSEUDO STEAD'/ STATE I4ODELS

SUBRGUTINE TTRCAL {FI. TAU: TA, TE. P. TC.Ê' DFHI I I'IE' ALPAT RP)

COhIV=Ø. øøø3
TC=Ø.5
DTH=TC
CALL PHICAL (DTHf BI. DFHI. IFLAG)
A1=Êf* ( 1. ø-DFHI )

TST=( (TA-TE)JfA1/ (2..øìFDPHI+Al) ) + TÊ
iF(TST,LE.TE)TST=TE
ts=(TE+p)jtø.5 - ( (TE+S.*TST) /1?. )

F=B+BI)IDPHI'tÉ{TA-TEl / (L?.lt(2.ø*DPHI + 'q3} )

I F ( l.lE. Ee. 1 ) Gfi TCt 2
Z= (ALPA-rfBI{ (TA-TE) *TAU) + ( l'.ø-DFHI*DPHI ) if (3' / (EI+4. ) )

GO TCì 3
Z=ALPA* (TC+2. -?. iÉDPHI*DPHI*ÐFHI ) -rt (TA-TE ) *TAU
Z=Z/ I RP*RP )

1F( {ABS(B-Z) /F).GE,ø.øø2ø) GO TEÌ 4

GOTGó
TC=TC +CO¡lV
IF(TC.GT.1.ø)GO TB 5
GCì TO I .,

CONV=CONV / 4. ø
TC=Ø . ?
GOTOl
EETUR¡I
EFID

SLIBROUTIf.IE PHICCFI IS FASED Cr¡¡ THE PSELIDû STEAD'r' STATE I'lClDEL COFIFUST

COONDIT]ONs.

SUBROUTlNE PHICOÈI (THETA, BIF. BI. PHI I TAUCP, TF. TA, TE, SPHIG)
PO=SPH I G

COI'lV=Ø . øøø3
FPI= (TA-TE) / (lF-IE ) lt (FI /BIF1-
FP=FPl / (BI+4. ) *(3.ltFIF*PO**Z. -?.* (BIF-2. )JÉPo**f . )

FP=FP+THETA - TAUCP
rF (AB5 (FP) . LE.ø.øøø= ) Gtro lø
PCt=PCt - COÌ'lV
GOTO 2ø
Pl.l=PO
IF {PÌ\l .LE.ø.ø, Plti=Ø. Ø

PH I =PITI
RETURI'l
END

SUBROUTINE CALCULATES DR.T, IT\IG TIT'IE RATICI FETI^JEE¡I TFAN:iIEI'¡T
AÌ,lD PSEUDO STEADY STATE Þ1ODEL5 CCTMBUSTIOÌ'l COI'lDITlGl'l

SUBROUTIÍ\IE DRI'TC (IF, TE: BIF T ATiG' PHIG' P' TIG 
' 
TA. BI, TAUS'

1 ALPATAITRTTC.PHTC)
TC=Ø.5
TCO=TAUS-T I G

CCll.lV=Ø . eløøs
CALL PHICAL (TC, BTF. PHIC, IFLAG)
TSC= (TF-TE' JIBIF* ( 1. -PHICl / (?..ITPHIC+ÊIF* ( 1. -PHIC) ) +TË

ATC=PHIC*BIF* (TF-TE I / (?. JÊPHIC+BIF* ( 1. -PHIC ) )

t

n

3

4

5

e,

c

c
c

?ø

lø

c
c
c

I



I

5

32t

B1=ATIG/ t2. +( 1. -FHIG)iÉ ( t. -pHIGti*Z. )

E2= (TE+5*TSIG't / t?.Ji { 1 . -pHIG)
F3= { TE+TGIG} /4..tÊPF{IG* ( t. -pHIG)
E4=ATf, / 12 . *PH i 6t+*S .
85= ( TE+5" *TSC ) / í?.*pHIG*+f?.
Fé= (TE+P) /2.
A 1 =F J. -B?-l|3 +El4 _F5+ Fé
A?=ETFJÈ(TF-TE) / (FTF+4. ).,ITCCI+BT*.{TA-TE} / (EI+4, ).}ÊTIG
A2=A?*3. TALPA / IRN-Ì.?. ) ti ( l. -pHIC**2. )

IF{ (ABS(A1-A2) /A1} .GE. ø,øø2} GOTCì 4
GGTCI é
TC=TC +COFIV

rF (TC .'GT. 1,9) G0TO 5
GCìTG I
COÞlV=C0hlV / 4.
TC=Ø,1
GOTO 1

RETUR¡¡
EFID

i,ETcOl'l CALCULATES DRy'IÈlc EGTUATICì¡l AND
EOUATIOI.I UIIDER COMBUSTION CCINDIT]CI¡IS

TEI'IFERATURE PROF I LE TRA¡JG I ENT

SUFROUTT¡¡E WETCOFf ( T1 . IW)
DIFIEÌ.ISION D (5) , DVAL (5)

cCfFlÞlo¡l/ABC/ TA.Tø.RP'ALPA'EørSrGF|A.PI,)'iL2.)lU2r>{L3.),iuf,rRDUÞl .EDLtFtTTF
COÞll'lON/ II<AC / t\lGZ 

" 
l.lGS j f HI_)r Cp ,ç,ø, TE, p. pS, EI, TDR.y.. EVAL. ÐR, TÞt, TTR, RE

COÞIMO¡¡ /FGH/ D. SPHiG
COÞl¡'tOll/GH/ TT¡1 , ADS. BIF, TALtST DFIII, BVALF. DRF, TTRF, NtJ, TpHIG, TAUCOtl
C Cll't I'tCll.¡ / B I O T / DVA L

DTH=T I / TAUS
TAUCP=TAUCOt't / TAUS
cALL pHICOFt(DTH, ErF: EI. pHI, TAUCp, TF, TA, TE, SpHIG)
TSC= (TF-TE) +(BÌFJÉ( 1. -FHI ), / (2,ITF|II+EIFf, ( 1. _PHI ) ) +TE
ATC=BIFJÉ (TF-TE)*PHT / (?.{-PHI+FIF* ( 1. -FHI ) )

A2=BVALF
E=lÍE+P) /2.
C=(TE+5,*TSc| /I?.
Dl=(TE+TSC)/4.
G=ATC / l?.
F= (PIJI**?. - I . ) / (DRFJÉ*?. - t. )

H=C:rÉTFH I G - D 1 *TPH I G - GitTpH f GXI^Z .

R=G*TPHIG-Dl +E
Þa-d Ê¡ ,/-.E¡. çr

Irl=Ø
FDRY=H*Pø-RXPø+*Z. +GJfpø**=. -AZ.tf ( F- 1 . )

DFDRY=H - 2 . *RXP ø +3 . +TG*PøJT*2 .
Pll=PØ-FDRY / DFDRy
IF (PN. GE. ø, ø. AND. PN. LE . L . ø. A¡ID. AFS ( F¡¡-Pø) . LE. ø. øø=)

IGOTO 15
N=lr,l + I
IF(}I.GT.Tøø) GOTO I4
PØ=Pl.l
GOTO 25
f FLAG=.Ø
GOTO lé

6
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15 I FLAG= I
GOTO 1É
IF{IId,EG. 1.) GGTO 17
GCÌTO 1e
T 1=Pll
GÛTO 19
Rtl=RDUltl/RP
PHI.Ø= (EW-P¡l) / ( 1. -PN)
A.3= ( 1"ø-P¡l) l+PH15TìÉBIF# (TF-TE)
A3=A3 / (?, xPHtGT+B1Fìt ( L " -PHIST ) )

T1=TE+{TSC-TE}*{?*PHIø-PHIø**2.)+ASl+(PHIø**?'-PHIø)
IF (Tl .LE. TE) T!=TØ
DPt-i I =PHI
RETURN
El.lD

16

t7

IG

l?

C

c
FUI.ICTICI¡J FUNC4 {R)
E)4TER¡IAL FUI.ICS

ÐIl'lEt'lsIEl¡l D (=) . DVAL (5)
COMl,lcrN/ABC/ TA.TøTRPTALPA,EørSIGt'lArPI'XL2rXU?!)iL3!,"iU3.RDUt'l rEDUÞl rTt--

COMÌ,lCrFl / I KAC / l'lÇz , l'lÇ3 r I t'¡D r CP r Cø r TE. P ! PS r BI t TDRY I BVAL ! ÐR I TÞl ' TTR t RE

cBÞ'lMOl.l /FGH/ D, SPHIG
coÞllìlohl/cH/ TTl,t.ADS.BIFTTAUS.DPHI.FVALFTDRFTTTRF't'.ttJf TPHIG'TAUCCII'1

cßÌ'11'lol'.1 / Br ÇT / DVAL
RDUI'l=R
C ALL CC.ìQÊ ( FLltlCS . L'LZ . liU? . l.lG? 

' 
Af¡32 )

FUI'lC'i =ANS2*RltR
RETURhI
EhID

c
a

FUl.¡CTIO¡¡ FUt\lC5 ( E )

E)(TERI'lAL FUI'¡có
DIilEl.tsIo¡l D (5) . DVA!_ ( 5 )

CO¡ÞtO¡t /ABC/ TA,TøTRP.ALPA.E.CãrSIGÞlA.PI'XL?'XUZ')<L3')iU3'RDUI'l rEDUlltTF
coÌ,tFtoN /lv:.Acl NG2,l.lc3,Il'lDrcP.cørTE.PrPSrBrrTDR'/TBVALtDRtTMtTTRtRE
COt'lMO¡l /FGH/ D 

':iPHIG
COI'ltlOFl ,, cH / TTI'l . ADS. BIF 

' 
TAUS. DPHI 

' 
BVALF 

' 
DRF ! TTRF, NW t TPHI G 

' 
TAUCCTFI

coÞlFlol.l / B I or / DVAt-
EDUM=E
CALL CGOC ( FUI'lCó . )':L3 

' 
)':L|3. NG3 t ANSS )

r-ìRVø594ø
A=Al'lS3*1. ó7E13
rF(A.GT.óø) GOTO ll'
A=EXP ( -A )

GOTO 1?
1 1 A=Ø.Ø
l" FE=EllP( (- (E-Eø)**?. ) / (?. *(SIGMA**Z' ) ) )

FE=FEl ( SIGÌ'IA*SORT (?.ø+PI ) )

FUI'lC5=FE{-A
RETURT'I
EhID

c
FUI..ICTIO¡¡ FU¡¡Có (T)
DII'lEl.lSIOt'l D (5)' DVAL (5)

cott¡lo¡l i AP,c / T A r Tør RP r ALPA r eø r sI GMA' P 7 t >:L?r XU?' XL3' )<U3' RDUI'l r EDUÞf . TF

CeMl,lo¡¡/ IKAc/ NGz,l.¡G3, IND, CP rc.ør TE' Pt PS' BI 
' 
TÐRYr BVAL' DR' TÞl' TTRr RE

coFlMoN/FGH/ D'SPHTG
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CGFIMON/GHi TTt'tt ADSr BrF, TALIS, DPHr. EVALFT ÐRF. TTRF, Nh'r TpHrG, TAUCGÞt
COMFIÛII/BlTT/DVAL
IF {T "GE. TDRÌ') GOTO s.Cd

I l¿J=Ø

TT=T
CALL trETCOltl ( TT, I t,J )

GCrTO 4.C{

Ti{ETA=TM/TAUS
TAUCP=TAUCûÞ1/ TAUS
CALL PHICIIM (THETA, BTF, EI t PHI, TAUCFT TFI TA' TE, SPHIË)
C1=BF* ( 1. -FHI )

C2= { (TF-TE) tlCl ) / (2. *PHI +Ct )

CI=PHI*BIF* ( TF-TE )

C3=C3/ ( 2, JÉPHI +C1 )

SUÞl=Ø, Ø

SUft! 1=.Ø. .Ø

DO Lø I=1r5
Y=D(I)
C4=3f |.1 ('r'i
CE=COS ( Y )

C,5= ( TF-TE ) )í- ( C4-YltC5)
Ct=Cê- (?.*C2-C3)*(C5*( (?. / Y) -Y) +2.*C4- <2. /\') t
Có=Có- (C3-C2 ) * ( CSJi ( (t. / Y ) -Y ) +3. *C4* ( 1. - { ?. / (y*\'} ) ) )

C6=?.XC6/ (Y-C4*C5)
TER=YlfY*ALPA.'t ( T-TDRY ) / ( RFJíRF )

IF (TER. GT.6ø.ø' GOTC 1

TER=EXP ( -TER )

GOTO Z
TER=C{. Ø

TE5=TER* (SI¡l (Y) ) /l'
SUFII=SUÞI+Có*TES
TS=TA -SUÎ¡l 1

TER=TER* (SIN (l'*RDUFI /RPt, / (YlÉRDUt't/RP)
SUI'1=SUM + C ó*TER
CONT I1'¡t-lE
TT=TA-SUM
IF(IND.EA.l) TT=TA
RT=8.3158-øS
FUl.lCó= (EDLlf'l / (RT*TT) )

IF (FUNCó.cT.Éø,ø) GOTO 2ø
FUNC ó=EliP ( -FU¡¡Có )

GOTß 21
FLINCó=Ø. Ø

RETURtI
ENID

SUBROLITINE BITC(BI)
DIÞIE]'ISIGÌ'I D (5), DVAL (5)
COÈ4I'|ON/BIOT /DVAL
BE=. ØØI
Itl=Ø
FBE=1 .ø-BI -EE*COS (FE) /5I¡¡ (FE)
IF(ABS(FBE) .LF .ø.øT) GOTCI 1

BE=EE+Ø. øøøø=
IF(BE.GT.=ø.Eø'ì GOTO 3
GOTO 2
¡l=¡¡+ 1

IF(t\i.GE.á) cìoTfì 3
DVÉrLit'i)=BE

î

a

1
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3

BE=E=+1. 2
GOTCT ?
F?ETURN

El.¡D
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PROGRAM NAME: DSV.FOR

SYSTEM: vAx-vMS (FORTRAN 4.4)

COMMENTS

This program calculates the coupled drying and devolatilization characteristics of a single

coal particle under pyrolysis conditions. Drying is modelled from the transient drying

model using a moving wet core radius and it also includes a moving particle diameter due

to shrinkage. The computed temperature profiles are used to determine the devolatilization

behaviour of the coal particle. Devolatilization is modelled using the DAE model as

developed by Anthony and Howard. Afte¡ drying is completed, the temperature profile (at

the end of drying) is used as an initial condition in the transient heat conduction equation

with a convective boundary condition. The temperature profiles computed a¡e used to

characterize the devolatilization behaviour. The numerical integrations a¡e performed

using a Gaussian quadrature procedure (subroutine CGQA). The program is interactive

and the input parameters are asked when running the program.
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c
c
c

C*lf***-]tiÉJÉ***Jf****+**'lÉ*Jt***ìÉttJtltDSV . FCrÊTrJt**Jt'lt**Jl****tÉ******'lÉ***JtJf***lÈ**'**
FORTRAII PROGRAf'II4 FGR CCIUPLED ÐRYTI.IG AÞID DEVOLATILIZATION C'F A ÊINGLE
PAETICLE SHRIÌ,ìKAGE INCL'JDED

TNTEGER flr irMAX, rEF
REAL PiG ¡ HS i FIUS

REAL l^¡l'í1(??) .PHIS ( 1) , FARl (3) ! F¡lCrRlìl 1

REAL lJH2(2?),PHrT ( 1 ! rPARz (7),FF¡gRP42
ÐitlENEiIC¡.I D {5) ! DVAL (5)

E){TERI..IAL PI]I5FI
E.\:TERf!AL FHITI'1
EXTERI']AL FUI.ICl
E){TER$IAL FUNC4
CCrt"FlC¡l / AEC / TA , Tø. RP . ALFA , E.(l , S I Glì14 , F I . ).:LZ " ¡:U2 , )iLS r XU3 r RDUM . EDUÞ1

COt'iÞ1O1.¡/ IKAC / l'.lG? , t¡GS 
' 

I¡lD ! CF 5 C.ø r TE, F r PS r B I r TDRY 
' 

EVAL 
' 

ÐR 
' 

Tlf 
' 
TI R r F:Ë

CrlÞ11'lCttj/FGH/ D

Cß¡IMCI¡I/CiH/ TTN, TAUSJ XFS
COÞltilQ\l/EIOT/DVAL

C I ¡IPUT PARAI,'1ËTER
T-IPE.Y!' E¡¡TER TIÞlE II.ITERVAL I'JTl'l t-l'
READJÊ. l'¡Tt'l
TYFEJ(. ' EFITER AÞIB I E¡IT TEF1PERATUFE i Ki ] '
READ*: TA
rYFF+ - ' E¡ITER PART I CLE RAD I US I rnm I '
FiEAD*, R=
T'r'frEI.' EF¡TER ALPA lr¡r¡?/=)'
PEADJT, ALPA
T'r'PE*.' Ef.lTER Eø [L<J/rnol]'
?.E.AD+,EÇI

TYFE*.' E¡ITER SIGt'l4 [!rJlrnol ]'
PEAD*,SIGMA
T"'PE*:' ENTER DENISITY OF TllE CCrAL Iq/crnf,]'
PEADJ(, PS
TYPE+,' E¡¡TER SFECIFIC HEAT OF COAL IcaI/': i{]'
READJ+. CP
T\.FE*,' E¡ITER ORIGINAL rìITlISTURE CONITEl..lT OF THE CCrAL i2/9)'
READ*, Cø
TYPEJÉ.' Er\¡TER GAS VELOCIf'r' Itnl=]'
READ*. U

TYPE*.' Eî.ITtrR SHRII.II-.:AGE FACTOE i-]'
READ+. F:-
TYPE*.' ET'¡TER RADIATICII\I FACTCIR T_]'
EEAD*. FPAD
T'(I'E+ , ' Ei\¡TER TIJERIìIAL CO¡IDI-ICT I VI T'f' OF GA3 LIi / ¡¡¡'I')'
READ*, t<G

T'/FE*, ' Elt'IIEP V I 5C OS I Tl' OF GAS AT TA ln2 / =) '
READI-. P¡,lLl

C T NTEGFTAT I O¡.IS FNU¡IDAR I E3
)(U1=RP
l.JG 1= I 2
I'lG?= 1 ? '

IrlGf =3"
>:L?--Eø -. f .*SIGÞjA
>ltt2=EØ + f,.JÊ5 IGf'lA
>il.-3=Ø. Ø

I f'lD=Ø
C CALCULATICIN OF THE ROCITS

Pf=f,.14159
FIR=BI/2.
CALL BITC (BIR)
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Do ?99 I=1 ¡ 5
D{I)=DVAL(I)

FHYSI CAL PARAÎìIETERS
fE=3?3. ØØ

Pl¡l= I . Ø
PSW=Phl / PS
Îã-nôa dãI l,-¿usr..L's,

RLAT=57Ø, Ø

RLAT=RLAT + {TË-Tø)*(1.ø+ (CP/CTT) )

P=RLAT*Cø / CP
HS=CP*PS*ALPA*4. lG
NV--lCø/ Pt.l) / ( t. /Pâ+Cø/PW)
GALCULATICN CIF FIOT NUFIFER
DI=2.iÊRP
REi!=D IllU* I . E - 3 / R¡.¡U

FR=.Ø. 73
NLIS=Z.+ø,6+ (PR*Jt(1. /3. ) )J+(REM*ø.5)
El = ( l'iG / HS ) *NUSItFEAD

CUTPUT
r¿,rRITE (ê,?øø=l
l'JRITE ( 6ø,2øø=)
UJRTTE(ó."øø1)
r¿rP I TE < /rø ,?øø I )

FTJRFIAT ( 1.øY,'PH'r'SlCAL F'ROFERTIE:; CIF THE COAL' )

l¿JRITE <657{1ø2 } CF' ALPA
t.iPITE (6Ø.2øø? ) CF, ALPA
FCIRI'1AT{2).i.'SFECIFIC HEAT =' .F5.J.'cal /g degree l-i', 5)i.'THERI'IAL DiF

IFUSIVITl' =, .F5, 3,' r¡r¡?/ E' )

L'PITE(êr2øø3)F5.RP
tJPTTF ( 6ø ^?ç1ø3) PS. RP
FOFIIAT(2:i,'DE¡|SITY SOLID=':F5.f,,=),í ,'FAFTICLE RADIUS ='rF7.4r':.i'î,')
HPITE (â,?ç!(14)Cçi
ttR r rE t, 6ø , ?øø4 t cø
FORÌ'lAT (?''i.'I1'IITIAL FlOISTURE CONTET¡T ûF THE COAL -' ,F7.4,'9 ùlOIe;TU

lP.E/9 DRY COAL')
l¿,RITE (6.¡^øø31
t^JR I TE ( óø ,2øø5 

'FûRMAT a2X r'
l---- -------')

rú,PITE (ór?øø6)
t^JflITE (óør2øøé)
FORÌ'1AT ( 5l{. ' SYSTEI'1 PFOFEPT I ES ' )

|¿JRITE (6,?øçt? ) Er, ïA
|JRITE 1â.ø.?øø7 ) BI, TA
FORMAT(2:: .'HEAT-TRANSFER FIOT ¡It:ì . ='.F1ø.f,5),: .'ËED/AMBIENT TEI'IPER

IATURE = 'rFLll .3r'F'.')
|^,RrlE (ó,?øø=)
f¿rR I TE l6ç! , ?øø=l

c

?øg !

-ç19"

?øø=

7øø4

7øø=

7Øc!ó

?sø?

c
C

c
CALCULATAT I O¡l OF DR'r'I NG T I ÞlE

)lFS=).iV*FS
!:F913= ( 1. -XFS) JÉ*( 1. /3. )

).1F5?3= ( I . -){FS ì ** ( 2 , /=,. I

IF(BI ,LT. 3Øøø) THE¡I
TALIS=PP**?. *P/ ( BI* ( TA-TE ) JTALPA )

rAUS=TAUS*(2. /XFS*(1. -!{FS13i -FI / (2.*XF5 )*(i.-XF323)+BI/?.1
cALL DRYTIFIE ()1FS, EI, TA. TE, P, ALPA, TAUS, 41, TClC' RP)
C 1=C
BVAL=A 1
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DR=C 1

I?E-T'! ¡ t\- r'u

ELSE
EI=5.ØØØ,
TAUSL=RP.ìÉ*Z.-lf (P/ (lTA-TE)*ALPA)*( 1. /7.-t. / {?. )iFS)Jt(1. -.\:FS23) )

cAr*L DRYTIME ()(FG5 FI' TA! TE. Pf ALPA' TAUsL. A1, TC, Cr RP)
C 1=C
BVAL=A 1

DR=C 1

TTR=TC
ETIÐ Ì F

TÐRY=TC*TAUS

C OUT=UT
tJRITtr(â.?!ã2Øt
trFrTE (¿ø 1?ø2øt

"!4?ø 
FCR}1AT (2}.: . 'CHEÈ!ICAL K.íI¡IETiC PARAÞlETER:. 3F THE COAI-' )

I.JRITE (61?øø51
r.JE r TE { âø , ?øøZ )

UJRITE (6,?ø3ø ) Eø, SIGMA
tJFITE (t!,1 .?ø=ç! ) Eø, SIGt'1A

?er=ø FOR¡,'1AT ( 2).1 r 'FlEAl.l ACTIVATICTÞJ EI.¡ERGY=' : E1=.5, 'l.l j /mol ' ,5I{,
1E{"/IATION=', ElF, 5., kJ,/moi' )

ttRrTE (6,?øø5'.t
UJE I TE ( óø. 2.CdC{5 )

I¡JRITE (4.2ø4ø ) TDRY
I,JPITE 1.6ø)2ø4ø ) TDRY

?ø4ø FlrPl'lAT (").: , 'TOTAL DRYING 'l IÞtE=' , E.l 5. T,'s' )

TJPITE(âr?øø=l
WF'ITE (öø,2Ø("-')
I,JtrITF(ó.?ølC{)
f,JPITF: (6ç1 ,?øtq)

c
C CALCLiLAT I OI.J OF Þ'ICI I STLIRE AN,ID VOLAT I LE CO¡.ITENT
c

n[r LQ¡ Ii\l=lrlrlTl'l
TM=TDRI'/ ( FLOAT ( l.lTl'l) ) *FLOAf ( IN)
tw-l

T 1=TÞl
CALL DRYEGì(T1.Ir¿J)
IF (Tl .Lf .(4..ø. OR. T1. GT. l, ø)f t=Ø.Ø
Rtr=trplT 1

RPS=RP*( l. ->iFS*( 1. -T1f,JÉ3. ) )*+ ( l. i 3. )

LJFt ITE (ér3øøø ) t?PS. FiE

=øç!ø FORI'ÍAT(?)i,'EPS='.E15.5,=).í:'RE='.E15.5)
)(L 1=RE
YUf,=TM
CALL CGOA (FUNICl. >iLl, )<Ll t,l,lc1, Al'!S)
PHIl"t=(Tl*+3. )

"øLø , FORI''IAT (5X. 'TIllE (SECS)' ,Iqti. 'l.'lOISTL|RE' . Lø).: : 'VOLATILES' )

AtlS= (PHII'{) + (3.ø*AtlS/ (PFlÉjff,, ) )

Al5= 1 . ø-A¡13
FO=AL PAIÉTF| / RP**?.
|JR I TE (X r 2ø,1 I ) TM. PH I t'{. A¡lS
|/JPlrE (6ø:2øL I ) TFl , PHIM, AN5

2øl L FüRt'!A'r' (?y,.F !ø,4 ) 5)i. Ë 15. 5 r 5).t . El5. 5 )

1.Cr COf\lTIl'lLlE
i.1Ll=Ø. Ø
)(U I =RP

Ï\,PE ( +, JÊ ) ' E¡ITER T I ÈIE ] NTERVAL I\¡TI'' 1

'S-iAi\¡DARD D



I

c

3?9

RËAD(J(,*)NTÞ11

CALCULATIOI\I ¡F VCìLATILE CCNTEÞ¡T I.IHEf'I DRYIFIG I5 CCII'IPLETÉÐ

DE 2ø .J=1, -3Øt-r

TTI'1=ltiTl'1 I+FLOAT(J-Li + TDRY
¡"iUf,=TTi'1
CAI-L ÇGGIA { Fr-lNC4 r XL1 ! XLI 1 | l'¡G1 . A¡l:i )

PH J Þl=ai, ø
Al'.lS=f .ølÊANÊ/ (RP)i*3. )

ADS= I . ø'Al.lS
FCt=ALPA*Tt4 / RF',(#'2 '
t^JRITE (*r 2øl L ) TT¡'t. PHII'!' AñlS
trtpI TE I åø, ?ø 1 I ) TTr'1. FHIÞ!. AFIS

cnÌ.rT r l'{uE

=TNP
EIID

SUBRr-lLlT I t\lE.:; Al.iÐ trUllCT I ONS

THI.î SLIËFIÛUTII.IE CALCULATES THE ECIOTÊ

-ìUE.ROLITINE FITC (EI )

DIt'lEN:iInN¡ DVAL (5)
C Ol'11'lON ./ B I OT / DVA L
gç,=c.t , ØØ !
Nt-ã

FBE= I . 14-p.t-BEJtCCtS ( FE ),'1 I r\l ( ErE )

IF (ABS(FBE) .L-r.ç-r.sLl Gcrro I
BE=FE +Ø . (:1ØØQt5

IF(BE.Gf .=Ctø,øl cìoTo 3
GLITO ?
li=l.l+ I
IFil.l .CìE.ó) GOTO 3
DVAL(l'!)=BF
FE=BE+2,2
GrITO ?
FFTTIRNI
E ¡.1 iì

THIS:-L|EROLITINE CALCULATES THE DR'T'IN¡G TII'1E RATIC'ì F;ETUEE¡¡ TRANSiEi'¡i
A].ID PS=I-IDN STEADY STATE I''IOÐEL:I

SIIBPOI..ITINE DRYTII'IE ().:FS. F]. iA, TE, F, ALFA, TAUS, A1,-i'C. C. F:P)

IÌ.ITËGEE N, ITFIAX. IER
REAL WPir(7?\.PHIS(l).FA!ì1(f ) rF¡lOt?Fl 1

EXTEPI.IAL . PH I:ìÞI
Nl= 1

IfVf])<=løø
Ìt¡5I G=5
cCl'lV=Ø. øø5
1C=Ø,3
FAFI(l)=TC
FAF{1 (2)=}íFS
PAPI(3)=BI
|?HIî(1)=Ø.5

CALCULATII]I'¡ OF PHIS (PSEUDLî STEADI,GTATE EQI-IATIONI ) USING ISþIL

nrÁ

3f,

n

L

C

c
c

C

-

I

c

c

c
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SUEROUTII.IE ZSCFJT

CALL ZSCl.lT ( PHISFI. tlSIG. l'l, ITfylAyi, PARi , FH15, Fl..¡OÊÈl1 , WK1 , lER )

CALCULATIC!I.i OF A1 FTìR TRIAL âIID ERROE

SPHI=FHIS ( I )

X55=(1' -XFS*(1" -SPHIlt*S" ) )

XSSlS=XSS++(1./f.)
XS523=X5={-*{2. /=. I

AT=RI*SPHItÉ i TA-TE I

AT=AT i <!?. *(?.*SPHI-BIJfXG61f,*(SPHl-):_51f,) ) ) * ( 1. -liFS)
TS= (TA-TE) JfBI*)1SS23Jt { 1. -SPHI / (Xî513) )

TS=T5/ ( ? ' |SPHI -EI*¡iSS13* ( SFHI -):SS1f,) j +TE

A1=AT- (TE+=. *TS) / L?.* ( 1. -XF3) ** (? . /=. I ) + (F+TE) /2.
A1=41-TS*( 1. - ( 1. -XFS)-lÊJÉ(2 " /=t. ) ) /?.

CALCULATIGN CIF q2 FOR TFIAL AND ERROR

XFSIS= { L ' -YFS) -ltJÉ ( 1. /3. )

XFS?f,= { 1. -XFS) ** (". /i. )

Fl{=Z" /XFS*( l. -}iFLì1f,) -ÊIl {2.+}:FS)*( 1. -}iF5?:a) +È'I/?.
A2=ALFA*TAUS{ (TA-TE \ +81/ ( tF):-Ì.2- JhFi';l+?. )

C5= ( 1" -SFH!t-#'?. )

A2=42*C5
a -ãÐu I

iF ((AES(A1-A2)/A1 ..-.T, O.r-tøS) GOTû "
CitTCì 4
TC=TC + C Crl'JV

IF (rC .GT. Ìt.99) GOTÛ f
GCTC 1

COhIV=CnItV / 4.
1î-ã 1I v -L'. ¿.

GOTC| 1

P 
= 

T LIR¡I
EIJD

THIS !|-IERCUTINIE CALCULATE:-: THE STEAD'r' STATE DR'r'Il'lc EGUATION

SUÊROUTI¡lE PHI3I'l ( PHIS' F. l'1, PARl )

REAL PHr3(l),F(1),PARl (f )

A1=(1.-FARI(2)) *J((l' /3. r

A?= ( 1.. -PAR1 l?) \*+ (?. /f . )

Atr=(1. -PARI (?)+(1. -PHI5( 1)*tf,' ) )*J( (1. /1.
A4=t I. -PARI t,?)* ( i, -PHIS ( 1)l-Jtl . ) )++ (?. /4.
Fl= (2. / (PARI (2) ) )*i !. -Af,)
F2= (PARI (f,) / (:.'tPARl (2) ) )+( l. -44)
F]=PARl (3) /?.+(!. -PHI':(l )**?' )

FUI'lC I =F 1-Fî+F j
F4=(?. / (FARI (2) ) )*( 1. -Al )

F5= (PARl {3) / (2.+|PAP1 (2) ) )*( 1. -42)
Fó=PARL(31 /2.
FUNC?=F4 -p5+Fó
F ( I ) = (FUï\¡Cl /FUN¡C2) -PARI ( I )

R ET UR!.i

E¡¡¡

THI5 5I-IFROLITIhJE CALCLILATE'i THE TRêNSIE¡]T DRYING FLIÌ'¡CTIO''I

SUEROUTIT'¡E PHI:ìTÞ1 ( PHIT. FCT. ¡¡. PAR2)
REAL PHIT ( 1 ) .FCT ( I ) .PARz (7}
IF (PHIT(1) .LE. ø.øøø1) PHIT(1)=Ø.øøøL
XFT= ( l. -PAR2 (?, *( 1. -PHIT ( 1) **3. ) )

)iFT13=)iFT+t* ( I . t3. )

)4FT23=)4FTJÉ* (2. /3. )

c

1

3

4

I

c

;
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B1=PAR?i1)*()iFT-PHIT{1)JÊ}{FT?3-PHIT(1.)Jf*?.lt>iFT13+FFi IT(tl**3,)
F?= (PAR? {?) +5. IIFARZ 13') ) / l?" * (),iFT23-FHIÍ ( 1 ) *}:FTLf, )

B3= (PARZ (2) +PARZ(3) I i4.*(FHIT ( 1 il+>lFT13-FHiT ( L )it*?. )

P4= (PAR? {4) +PAR? (?} .\ / 2.* ( 1. -=l-llT ( 1) +*2. )

B5=PARZ i3) * ( I . -¡ltrj'?f, ) /E.
FCT ( f ) =F1-Ë2-E;rr E4-85-PAR2 (=) +FARZ (é )

RETLJRI..!

=tlÐ

ÏHIS SUEEI:ìUTII.¡E CALCULATES THE TRAI\¡'JIEF|T DRYIh¡G ËEUATITi\.I

SUeRrlUTIl¡E DRYEG {T1 . Itt)
cflFlt4cl\JIABC/ TA.T.€f.RF.ALFA.Eø!5rGÌ'1ArPr.)<L"r¡:U?r¡:L;r){u3rRDU}1 tËDUFl
C0Þlt'lohl/ IKAC / l'¡G? r tlGf , I l.lÐ. CP - Cø r TE r P, FS ! ET' TÐRY' EVAL T DR' TÞ1' TTR' F:Ë

CßlìtÞtOt'l /FGll/ D

COÞlÞlC¡Fl ./GH/ TTÞ! , TAU5, XFS. C1

CNFlÞÍON/BIOT/DVAL
II'ITEGER I'ì. ]TI'!AXI IER
RtrAL Wts1 t."?),pHIS( 1 ) .FARI (3) .FtiORÈti
REAr ttv? í.-?l,PHIT( L) .FARz(7) !FI..IORMZ
E).:TERhIAL PI] I:ìÞI
tr),:TEqt!Al- FHÌ TM

Ti-¡ETA=TÞl / TAUS
PAEi(1)--THETA
FAFi (1)=liFS
,j{,.F'.!,. f ) =Bi
t'l= I
\.^ ? 

^_Èt,: i J- -,

1Til!A)::: ! ørã

F.¡I: ( 1l =Ø.5
f Éri :_ ::,cî.¡T (PHI5Þt . fl5IG. hl , ITÞlA!: . PAR1. PHI:i, F¡JtlÊl'l 1. Wl-:L.IER)
î-PtrI=PHIS ( 1)
FHiT(l)=Ø.5
)isar= ( 1 . ->.:F-ì* ( I . -SPHIJÉ*3, ) )

){5! I f=}i---:S** ( 1 . / 3. )

)1 € 5,"3=>::iC** ( 2 . / 3. )

A.-l-=EI*SPHI* ( TA-TE )

AI=AT / ( I" . JÉ ( 2. *SFHI -El *>:S:ì1:* ( SPHI -)'iS31l ) ) )

T3= (TA-TE ) *Fr*X5E;23* ( 1 . -3PHI /){551f )

TS=TSi ( 2. *SPl'lI -EIJtli:ìs13i( ( SPHI - ),ii;31 1 ) ) +TE

FA92(1)=AT
F,AF? r.2 ) =ll
Ê:Þ.F? (3) =TS
FAFr?(4)=F
FAP"(5)=BVAL
pAP? ló) = (sPHI**2. - l. ) / iCl*Jf?. -1. )

PAR?(7)=XFS
PHIT(1)=Ø.5

CALCULATIO¡I OF PHIT (TRAÌ.¡SIE¡¡T I'ILINEL) LICI¡IG Iì\1SL SUBF:LìI*ITI¡¡E
zScr'rT

CALL ZSCf'll ( PHI TFl. hisI G, hl, ITF!A).;, PARz. FHI T. F¡lOPFl?, UJI'iZ. I EFì )

ehl=PHIT ( 1)
IF (Ih, .EGì. l) GCìTC tø
GCTC 2ø
Tl=PHIT(1)
GOTO 3ø
RP:j=RP* ( l. ->iFS*(1. -Pl.¡**3. ) )*l( ( l. ./3. )

RW=RDUM / RPS
Pfl6=P1,1*RP / RPS
PHI= (RW-P¡¡5) / (L. -PNS)

c
c

lc{

?ø
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A3=1?. *AT* ( 1 . -F¡lS) JÉRP5/ÉP
T1=TE+ (TS-TE) J+ (?. JfFilI -Ël-lI+*2. ) +ê:f.- {PHIi(J+?. -FHi )

IF (T1 .LE. TE) T1=TØ
RETUAN¡
Ei.ìD

FU¡ICTICII'¡S FOR I.IUÞIEETCAL INTECiEAT]CIN:{
C

c
c

FUNCTIO¡I FUT.¡C1(R)
EXTERNAL FUI'IC?
COf'lMO¡¡/AEC/ TArTø.RP.ALPA.E.etrÊIGMA,FI t)lLTtllU?.).iLir).:L¡SrFiÐUÞi ,EÐUl'i

ccrMÞloÞl/IttACl NGZrNGSrIh¡D"CP*Cef.TE,FTPCTEITTDRYTEVALTDR.TÞi.TTRrÊE
CCiFIFII]Ì!/ GH / TTM I TALIç

EDUI'1=R
cAt L cGOB ( FUhlC2, >.:L2, XU2, I'iG?. AN52 )

FUt¡C i =AFlSZJf R*R
RETUR¡J
EtlÐ

c
c

Fl.-lFiCTICiltl FUltlCÎ, ( E )

E}iTERIIAL FUNC3
COI'll'!C¡.l i ABCi TA, Tø, RP. ALPA, Eø. SIGFIA, tr I. >:L2r XU?, ).iL3r lill3. RÐL!Þl , EDUI'I

cot'lþlDF¡/ Ip:Ac / ¡lG?. Î'lG=, IND. CP rCø r TE. P, P5, BI , TDR'/, BVAL, DR. Tl''! . TTR, RE

c cr¡'lî'loFl / GH / TTI''! . TALrS
EÐUÞ1=E
CALL CCìGC ( FU¡lCf, . >;L3. )41-13. NGf . Al'l3f )

A=Ati5f*1. ó7E13
IF (A. Gî ,6ø. ) CìO TCI 1 t
A=E)4F ( -A )

GO TO t2
1l A=rJ.Ø
!? FE=EliP ( ( - (E-Eø) **2. I / t?. * (SIGÞIA**?. ) ) )

FE=FÊ./ (SIGI'14*SQRT (".çl*FI) I

FUltlC2=FE*A
PETLIRÌ.I
E¡ID

c
c

Ft_r¡¡çTrc¡t FUt,tc3 ( T )

cnÞlMo¡l/ABc/ TA.Tø.RP.ALPA,Eø.SICìt'fA,PI,).:L2.).:U2,).:L3,)it_t.l ,F(ÐUl'l .EDUÞ|
COI'lt'lOl¡ / IP:.AC / 1.¡G2. N]Gs, I I'lD, CF, Cø. TE. P, FS. BI . TDR'r'. EVAL. DR. Tl'l . TTR r RE

coÞÎ'to¡¡/GH/ TTÞt. TAUS
ll¡J=Ø
TT=T
CALL WETTEI'I{TT.IW)

IF(INID,E¡].I)TT=TA
RT=3. f,15E-ø3
FUhlCf= (EDUt'l/ ( RT*TT ) )

IF(FUtiC3.GT. 6ø.) GOTr_r 2.ø
FUl.lCf =EXP ( -FUI.¡CS )
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FU|\¡CTION FUNCS (E)
EliTER¡IAL FUFICÉ

COFIÞlOt\l/ABC/ TAr-lØlRP.ALPA!EøTSIGMA!Pf rXL2r)(U2rXL3!XU3rRDUt'f 1EÐUt,i
COFtltlcl¡l / iviqc / I'lG?, FIGS. If\lD. CF. c.ø. TEr F. PC, Êf . TDRI', EVAL. DFj. Tttl , TTRr RE
COI'4FIEN /FGH/ Ð

coÞlÞlcr¡.1 /GH/ TTF . TAU5. )iFS! c1
Crl¡lfitOFl / B I OT / ÐVAL

EIIUFI=E
CALL CGQC ( FLINCó, )iLSI )<US, hIG3. Ah¡53 )

A=ANSS*1. ó7E13
lF(A.GT,ó.ø,) GOTCI 11
A=EXF ( -A )

GG TO T?
A=Ø, Ø

FE=E)(P ( (- l9-Etlr*Jt?. ) / t?, Ji (SIGlfA**?. ) ) )

FE=FEl ( SIGFIA*SGRT { ?. ø*PI ) )

FUhIC 5=FE*A
RETUR¡'I
EI\ID

FU¡ICTlO¡¡ FUNCó (T)
DITIE¡ISIIIII D (5)

c
c

11
l?

3t!

cot'1Þ10¡t / ABC /
cot'!t'toFl / I!<AC /

TA. Tø! RP. ALPA, Ëø. 5rGÞlA. FI ! ),iL?, )<U2. ),:i_=, ).;L¡f . F<DLiil. EDLilìl
t'lc?. Ì'1G3, I llD. cp, cø. TE. F t F:i. E I . TDE.|, BVAL, DIi, Ttl. TTR. RE

caÞ1Þror,l /FGH/ D

COÞlùlONl / GH / TTI'1 , TALtS. XFS. C 1

COIII'IO¡I/FIOT /DVAL
REAL WP,:L(?? ).PHIG(1).PAÊI (3) !F¡IîFÞÎ 1

REAL WV:z t,77_) . PHIT ( 1 ) . PARZ (7) . FÌ'¡OFlìrz
IF (T ,GE, TDR'/) CiCTN 

=,øI t¿,=Ø

TT=T
CALL DR'r'E6ì ( TT. I l¡J )

GDTO 4ø
':PH I =C I
!i33=(1. -).:F::+(1, -SpHI*J(1, ) )

){'¡îi l=){!3** ( I .,' :., )

llSî?f=riSS*J( ( 2,,t i. )

C?= (TA-TE ) tÊEI.Ë)(552=+ ( 1 . -3PHI )

C?=a2,t <2. *?Pr-lI -FI JtXSSl f* ( SPHI -).;:-:5 1 f ) )

C3=F I*X5S2SJíSPH I * ( TA - TE l
Cl=Ctr / !,?. *=PHI-FI*):î5lf* ( SPHI ->iSS1tr) )

PP= ( I . -YF'¿) l+*( 1 . /3, )

ßUM=Ø. .Ø

5LtÞl 1=Ø. Ø
Do 1Ø f=1r5
Y=D(Il

C4=ÊINl(Y)
'C5=COS ('/ )

Cé= (TA-TE ) * ( C4-l'*C5 )

C6=C6- (?.øXC?-C3) * (C5* ( t.?, ø/ y) -.r') +". C{*C4- (2. €f ,/}.: )

Có=Có- ( C3-C2 ) Jl ( C=* t. ( 6. ø / l') -t') +3. ø*C4Jt ( 1 . ø- (?..c:r / ('r,*.r')
C 6=2. ø+C 6/ ('r'-C4JÊC5 )

TER=\'*Y*ALPAJf ( T-TDFIY ) / ( RPì+RP )

IF (TER. GT. 6ø.ø)GOTCI I
TER=E)4P ( -TER)
GOTO2

)))
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fER=6. Ø
TES=TERit{SIN(Y) } /Y
suMl.=suÞll +có*TE5
TS=TA-SUlt'i1
TER=TER* (5I¡I ( Y*RDUFI/RP) ) / ('Í'JÊRNUN/RF)

GUI'l=SUltl+ CólfTER
CCIÞ.IT I NUE
TT=TA-5Ultl
|¿JRrTE t*r t?9? ) TT, RDUI'I

hJRTTE léø, t?9? ) TT. RDUf't
FCtRÞ1AT ( ?X. F1ø. 4, ?1.: r F l.ø. 4 )

IF ( I¡lD. EG. 1l TT=TA
RT=8. 31 5E-ø3
FUÍ.ICó= { EDUÞI/ ( RTJTTT ) )

IF(FUNC6.GT.ó.ø. ) GOTß "ø
FUNCé=EXP ( -FUNCó )

GÉì TO 21
FUl.lCó=Ø. Ø

RETURII
EI!D

tø

c
c
79?9
4ø

?ø
?l




